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Unlocking Potential and Limits of Kinase Inhibitors:
The Highway to Enhanced Cancer Targeted Therapy
Francesca Musumeci * and Silvia Schenone

Department of Pharmacy, University of Genoa, Viale Benedetto XV, 3, 16132 Genoa, Italy; silvia.schenone@unige.it
* Correspondence: francesca.musumeci@unige.it

Kinases are a family of enzymes comprising over five hundred members, which, when
overexpressed or hyperactivated, are implicated in the pathogenesis of numerous hema-
tological and solid cancers. This evidence has spurred extensive research into molecules
with targeted anti-cancer activity and led to the approval of the first monoclonal antibody,
trastuzumab, in 1998 and the first small-molecule kinase inhibitor, imatinib, in 2001. Since
then, the search for new kinase inhibitors has attracted the attention of scientists, as they
can provide a powerful approach to mitigating the side effects associated with traditional
antineoplastic agents and enabling convenient oral administration in the case of small-
molecule inhibitors. The impact of targeted cancer therapy is underscored by the approval
of over 70 kinase inhibitors, with approximately 25 new compounds emerging in the past
five years [1,2]. Traditionally, small-molecule kinase inhibitors are classified into six types:
type I inhibitors, which target the ATP-binding pocket of active kinases; type II inhibitors,
which target the ATP-binding pocket of inactive kinases; type III inhibitors, allosteric in-
hibitors that bind a site adjacent to the ATP-binding pocket; type IV inhibitors, allosteric
inhibitors that bind a site distant from the ATP-binding pocket; type V inhibitors, bivalent
inhibitors; and type VI inhibitors, covalent inhibitors. Most currently approved kinase
inhibitors belong to types I and II. Some examples of other types of kinase inhibitors include
trametinib (a type III allosteric inhibitor targeting MEK1/2), asciminib (a type IV allosteric
inhibitor targeting Bcr-Abl), and afatinib (a type VI covalent inhibitor targeting EGFR).

The fervent interest in kinase inhibitors from the academic and industrial world
points toward a promising expansion of this field in the coming decades. This enthusiasm
is driven by the untapped potential of targeting kinases alongside the pressing need to
address current limitations.

Notably, despite significant progress, only approximately 20% of the kinome has been
targeted to date, indicating vast opportunities for discovering novel treatment options once
the roles of additional kinases are elucidated. Furthermore, ongoing research points out
allosteric inhibition as a powerful approach to reduce adverse effects and fight resistance
to the drug due to mutations in the active site of the enzyme. In this context, developing
novel types of allosteric inhibitors, such as compounds targeting pseudokinase domains or
extracellular domains, is a promising new route [2,3].

Regarding the current limitations of kinase inhibitors, major issues can be identi-
fied in the onset of mutations that confer drug resistance and the general suboptimal
pharmacokinetic profiles exhibited by small-molecule kinase inhibitors.

Drug resistance poses a significant challenge to the long-term efficacy of kinase in-
hibitors, as treatment with most approved drugs is eventually interrupted following pro-
longed use. Resistance can arise through various mechanisms, with gene mutations being
the most prevalent cause. Mutations in the catalytic domain frequently confer resistance
to type I and II kinase inhibitors. This evidence encouraged, and is still encouraging, the
search for new efficacious approaches [4].

First, the most intuitive strategy plans the design and synthesis of compounds that are
also active against resistant isoforms. The approval of ponatinib is a pertinent example,
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as it is a multitargeted covalent kinase inhibitor that is able to inhibit the T315I Bcr-Abl
gatekeeper mutation.

Second, as previously mentioned, the development of allosteric inhibitors constitutes
another exciting opportunity to bypass resistance related to mutations in the catalytic
domain. In particular, combining an ATP-competitive inhibitor and an allosteric inhibitor
often led to improved efficacy compared to the single-agent regimen [3].

Third, the development of antibody–drug conjugates (ADCs) has been highlighted.
An ADC comprises a monoclonal antibody and cytotoxic agent attached by a linker. The ra-
tionale behind the design of this class of compounds lies in the synergy between the highly
specific targeting ability of monoclonal antibodies and the potent cytotoxic activity of the
attached agents. Gemtuzumab ozogamicin (Mylotarg®) was the first ADC approved by the
FDA in 2000. Since then, about 15 ADCs have been released. Notably, Fam-trastuzumab
deruxtecan (Enhertu®) is an ADC targeting the HER kinase and incorporates the topoi-
somerase I inhibitor DXd as its cytotoxic agent. It was approved in 2019 as a second-line
treatment for patients with unresectable or metastatic HER2-positive breast cancer [5].

Fourth, a recent approach gaining attention is synthetic lethality, which exploits
the concept that in certain tumors, the expression of two or more genes is altered, and
targeting both synthetic lethal factors enables the selective killing of cancer cells. The most
relevant example of synthetic lethality is the use of the poly(ADP-ribose) polymerase
inhibitor olaparib in the treatment of breast cancer associated with BRCA1/2 mutations [6].
However, kinase inhibitors also present an opportunity to leverage the concept of synthetic
lethality. For instance, cyclin-dependent kinases (CDKs) are being investigated as synthetic
lethal players when combined with specific oncogenes, such as MYC, TP53, and RAS [7].

At the same time, the poor suboptimal pharmacokinetic profile generally associated
with kinase inhibitors has prompted the search for efficient drug delivery systems. In this
frame, nanoformulations offer an effective tool to improve the absorption, distribution,
metabolism, and excretion (ADME) properties and, consequently, the bioavailability of
kinase inhibitors. Nanocarriers include liposomes, micelles, gold and polymeric nanopar-
ticles, bovine serum albumin, and metal–organic frameworks. Notably, the nanoparticle
surface can be functionalized with specific ligands, such as antibodies or peptides, ca-
pable of recognizing particular proteins on the surface of cancer cells, thus facilitating
active targeting. This approach enables the selective release of the drug to the neoplastic
cells, thereby enhancing therapeutic efficacy while minimizing off-target effects. Moreover,
nanodelivery represents an effective strategy for overcoming resistance mechanisms [8].

The Special Issue features a comprehensive overview of the latest developments in
kinase inhibitor research across various fronts, including in silico studies, the synthesis and
identification of new compounds, drug delivery methods, overcoming resistance mech-
anisms, the potential to target specific kinases or use selected inhibitors, and biological
and pharmacokinetic evaluations. Herein, an overview of the most innovative articles
is reported. Čermáková et al. (contribution 1) provided deep insight into the ability of
Bruton’s tyrosine kinase inhibitor zanubrutinib to modulate cancer resistance by inhibiting
anthracycline metabolism and efflux, suggesting a new combination therapy including
both the drugs. Sunoqrot et al. (contribution 2) proposed vitamin E TPGS-poloxamer
nanoparticles to deliver the new PI3Kα inhibitor R19 in breast cancer cell lines. The re-
search carried out by the authors showed that the formulation possessed enhanced activity
compared to R19 alone, good cancer cell selectivity, and high biocompatibility, paving
the way for clinical translation. Poggialini et al. (contribution 3) performed a study to
identify new candidates for glioblastoma (GBM) treatment since this tumor still has a
poor prognosis. Starting from the in-house library of pyrazolo[3,4-d]pyrimidines, they
performed extensive research, including enzymatic assays of Src/Bcr-Abl kinases, in vitro
tests on four GBM cell lines, and a deep ADME evaluation that led to the discovery of a
compound (namely derivative 5 of the paper) as a suitable candidate for in vivo evaluation.
Sabetta et al. (contribution 4) analyzed the effect of dasatinib in 2D monolayer cultures
of prostate cancer and glioblastoma cell lines and the corresponding 3D spheroids and
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3D bioprinting models. Three-dimensional cell models better resemble tumor complexity
associated with drug resistance than two-dimensional models and, for this reason, are
gaining increasing attention in preclinical studies. In this work, the authors took a step
forward in this field, identifying that the 3D bioprinted model utilizing an alginate–gelatin
hydrogel was endowed with improved feasibility, reproducibility, and scalability than the
classical 3D spheroid model.

Overall, this Special Issue offers a panoramic view of the current state of the field.
Each contribution showcases the multifaceted approaches researchers are employing to
unlock the power of kinase inhibition for cancer treatment. These studies contribute valu-
able data to the scientific community and pave the way for translating the findings into
clinical applications.

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract: Hepatocellular carcinoma (HCC) poses a significant global health concern, with its inci-
dence steadily increasing. The development of HCC is a multifaceted, multi-step process involving
alterations in various signaling cascades. In recent years, significant progress has been made in
understanding the molecular signaling pathways that play central roles in hepatocarcinogenesis. In
particular, the EGFR/PI3K/AKT/mTOR signaling pathway in HCC has garnered renewed attention
from both basic and clinical researchers. Preclinical studies in vitro and in vivo have shown the
effectiveness of targeting the key components of this signaling pathway in human HCC cells. Thus,
targeting these signaling pathways with small molecule inhibitors holds promise as a potential thera-
peutic option for patients with HCC. In this review, we explore recent advancements in understanding
the role of the EGFR/PI3K/AKT/mTOR signaling pathway in HCC and assess the effectiveness of
targeting this signaling cascade as a potential strategy for HCC therapy based on preclinical studies.

Keywords: hepatocellular carcinoma; EGFR/PI3K/AKT/mTOR signaling; animal models; targeted
therapy

1. Introduction

Liver cancer presents a significant global health challenge due to its rising incidence
and mortality rates. According to the World Health Organization, liver cancer accounted
for approximately 800,000 deaths, positioning it as the fourth leading cause of cancer-
related mortality [1]. Liver cancer comprises a heterogeneous group of malignant tumors
with varying histologic characteristics and poor prognoses. Among these, hepatocellu-
lar carcinoma (HCC) represents the most prevalent primary liver cancer, accounting for
approximately 80% of cases, followed by cholangiocarcinoma (CC), which contributes to
10–20% of primary liver cancers [2,3].

Existing treatment modalities for HCC offer limited success, with a considerably low
5-year survival rate. Surgical resection or local ablation therapy is typically favored for
early-stage HCC; however, tumor recurrence occurs in approximately 70% of patients
within 5 years [1,4]. For advanced HCC, systemic therapy is recommended as the standard
treatment option, but the overall prognosis has been unsatisfactory [1,2].

HCC is a heterogeneous tumor with diverse phenotypic and genetic characteris-
tics, and its tumorigenesis involves a range of molecular mechanisms [5,6]. Extensive
research on the molecular pathogenesis of HCC has identified several critical signaling
pathways involved in tumor initiation, promotion, and metastasis. These pathways include
the mitogen-activated protein kinase/extracellular signal-regulated kinase (MAPK/ERK),
Wnt/β-catenin, Hedgehog (HH), Hippo-YAP/TAZ, and phosphatidylinositol 3-kinase
/AKT/mammalian target of rapamycin (PI3K/AKT/mTOR) signaling pathways. Recently,

Pharmaceutics 2023, 15, 2130. https://doi.org/10.3390/pharmaceutics15082130 https://www.mdpi.com/journal/pharmaceutics
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we have extensively reviewed the roles of MAPK/ERK, Wnt/β-catenin, HH, and Hippo-
YAP/TAZ signaling in HCC development together with preclinical and clinical studies
targeting signaling pathways in HCC [7,8].

In this review, our aim is to provide an overview of the tumor-promoting effects exerted
by the PI3K/AKT/mTOR signaling pathway in hepatocellular carcinoma (HCC), which is
primarily triggered by the epidermal growth factor receptor (EGFR). Additionally, we discuss
the results from recent preclinical and clinical studies that target the EGFR/PI3K/AKT/mTOR
signaling cascade as a potential therapeutic approach for treating HCC.

2. Role of EGFR/PI3K/AKT/mTOR Signaling Pathway in HCC
2.1. Overview of EGFR/PI3K/AKT/mTOR Signaling Pathway

Epidermal Growth Factor Receptor (EGFR) is a cell surface receptor that belongs to
the ErbB family of receptor tyrosine kinases. EGFR is activated by binding specific ligands,
such as the epidermal growth factor (EGF) or transforming growth factor-alpha (TGF-α).
Ligand binding induces receptor dimerization, leading to the activation of the intrinsic
kinase activity of EGFR. The catalytic domain of EGFR kinases carries out a transphos-
phorylation process by which an array of tyrosine residues at the c-terminal cytoplasmic
domain of EGFR are phosphorylated by its dimerized partner. Phosphotyrosine (pY) at the
cytoplasmic domain of an activated EGFR acts as a docking site for proteins containing Src
homology 2 (SH2) domains, such as Phosphatidylinositol 3-kinase (PI3K). The SH2 domain
of PI3K binds to phosphorylated tyrosine residues on EGFR, bringing PI3K in close prox-
imity to the plasma membrane. Upon recruitment, PI3K converts phosphatidylinositol-4,5-
disphosphate (PIP2) in the plasma membrane into phosphatidylinositol-3,4,5-trisphosphate
(PIP3) [9,10]. This conversion is carried out by the lipid kinase activity of the catalytic
subunit of PI3K. The conversion of PIP2 to PIP3 can be antagonized by lipid phosphatase
PTEN that converts PIP3 into PIP2 [11]. PIP3 serves as a docking site for proteins containing
pleckstrin homology (PH) domains, such as the serine/threonine kinase AKT (also known
as protein kinase B). Thus, the presence of PH domains in AKT allows the serine/threonine
kinase to be recruited to the plasma membrane where AKT is phosphorylated at two
critical residues: Thr308 by phosphoinositide-dependent kinase 1 (PDK1) and Ser473 by the
mammalian target of rapamycin complex 2 (mTORC2). These phosphorylation events lead
to the full activation of AKT [12]. Fully activated AKT phosphorylates regulates numer-
ous downstream effectors, including proteins involved in cell survival, protein synthesis,
metabolism, and cell-cycle progression. One of the key targets of activated AKT is the
mammalian target of rapamycin (mTOR), which exists in two complexes: mTORC1 and
mTORC2 (Figure 1).

The mammalian target of rapamycin (mTOR) is a serine/ threonine protein kinase that
regulates tumor growth, proliferation, metabolism, cell growth, and immunity [13]. mTOR
has two complexes, which are mTORC1 and mTORC2. mTORC1 consists of mTOR, which
is a regulator-associated protein of mTOR (Raptor), the DEP domain-containing mTOR
interacting protein (DEPTOR), mammalian lethal with SEC13 protein 8 (mLST8), and the
proline-rich AKT substrate 40 (PRAS40). mTORC2 contains the rapamycin-insensitive
companion of mTOR (Rictor), DEPTOR, mLST8, Rictor-1 (Protor-1), Protor-2, and mam-
malian stress-activated protein kinase-interacting protein 1 (mSin1). mTORC1 is involved
in cell growth and proliferation through nutritional sensing, and mTORC2 regulates the
rebuilding of cytoskeletons and cell survival [14]. To activate mTORC1, RHEB, a small
GTPase, is required. However, RHEB is usually inactivated by TSC1/2, a GTPase-activating
protein (GAP) inhibitor [15]. The activated AKT can inhibit TSC1/2 and let RHEB be acti-
vated, resulting in the activation of mTORC1 and its downstream targets. Active mTORC1
increases protein synthesis by phosphorylating the eukaryotic translation inhibition factor
4E binding protein1 (4EBP1) and ribosomal proteins S6 kinase 1/2 (S6K1/2). Consider-
ing that these cellular processes are closely involved in carcinogenesis, it is no surprise
that the dysregulation of the mTOR pathway has been observed in multiple human solid
tumors [16].
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Figure 1. Schematic illustration of EGFR/PI3K/AKT/mTOR signaling pathway. Receptor dimeriza-
tion induces the phosphorylation of tyrosine residues at the c-terminal cytoplasmic domain of EGFR.
PI3K binds to phosphorylated tyrosine residues on EGFR and converts phosphatidylinositol-4,5-
disphosphate (PIP2) in the plasma membrane into phosphatidylinositol-3,4,5-trisphosphate (PIP3),
leading to the recruitment and subsequent phosphorylation of AKT by PDK1 and mTORC2. Phospho-
rylated AKT, in turn, leads to the activation of mTORC1 by regulating the activity of RHEB. Active
mTOR induces the phosphorylation and activation of S6K1 and 4EBP1.

2.2. Activation of EGFR/PI3K/AKT/mTOR Signaling Pathway in HCC

The EGFR/PI3K/AKT/mTOR signaling pathway is a major pathway in diverse
types of cancers. This pathway actively regulates various aspects of cellular processes,
including cell proliferation, survival, migration, and metabolism. It also plays a pivotal
role in regulating the tumor microenvironment via angiogenesis and the recruitment of
inflammatory cells [17]. Also, the EGFR/PI3K/AKT/mTOR signaling is significantly
involved in therapy response and metastasis [18,19]. Considering the multifaceted roles in
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carcinogenesis, it is no surprise that the signaling pathway is commonly upregulated in a
variety of human cancers [20].

In HCC, the EGFR/PI3K/AKT/mTOR pathway is abnormally activated in approx-
imately 50% of cases, and this dysregulated activation is involved in various cellular
processes, including cell proliferation, tumor cell differentiation, autophagy, metabolism,
and the epithelial–mesenchymal transition (EMT) [14]. EGFR overexpression occurs in 68%
of human HCC cases and significantly correlates with metastasis, poor patient survival,
and aggressive tumors [21]. Moreover, EGFR ligands are overexpressed in human liver
cancer cells and tumor tissues [22]. In higher stages of HCC, this signaling pathway is
associated with vascular invasion, poor differentiation, and reduced survival rates [23].
Additionally, it has been reported that 40% of HCC patients who underwent orthotopic
liver transplantation exhibited elevated mTOR activity [24].

PTEN suppresses AKT activation by converting PIP3 to PIP2. The loss of tumor
suppressor PTEN and reduced expression of PTEN are primarily observed in the majority
of patients with HCC in the early stages [25,26]. Somatic mutations in PTEN have been
reported in HCC tissues [27,28]. Moreover, Fujiwara et al. observed 12 allelic losses of
PTEN in 37 patients with HCC [29]. Loss-of-function mutations in TSC1/2 were found in
approximately 20% of patients with HCC, which serves as another major suppressor of the
EGFR/PI3K/AKT/mTOR signaling pathway [30].

3. In Vitro Studies Investigating EGFR/PI3K/AKT/mTOR Signaling in HCC Cell Lines
3.1. Tumorigenic Roles of EGFR/PI3K/AKT/mTOR Signaling in HCC Cells

The activation of the EGFR/PI3K/AKT/mTOR pathway has been observed in various
cancer types. Although ligand binding to EGFR is the natural process, which induces the
dimerization of the receptors and subsequent phosphorylation of the cytoplasmic tails,
the overexpression of EGFR alone can lead to the enhanced formation of its dimerization
and activation of the downstream signaling pathway in the absence of its ligands. EGFR
overexpression can be achieved through various mechanisms [31]. In addition to gene
amplification and the epigenetic upregulation of the EGFR gene, changes in positive or
negative regulators of EGFR can also affect its abundance in cancer cells. For example,
NT5DC2 suppresses the ubiquitination of EGFR, preventing its ubiquitin-mediated pro-
teasome degradation and leading to increased EGFR levels. In HCC cell lines, such as
MHCC97H and PLC/RLF/5, the upregulated NT5DC2-induced overexpression of EGFR
and the activation of the downstream PI3K/AKT/mTOR signaling pathway occurs [32].
Similarly, Song et al. reported that 14-3-3σ can interact with EGFR and stabilize the receptor,
prolonging the activation of EGFR signaling in Huh7 and HepG2 cells [33]. Tropomodulin
3 (TMOD3), a member of the pointed-end capping protein family, is significantly upreg-
ulated in HCCs and is correlated with poor survival in patients with HCC. In various
HCC cell lines, including Huh-7 and Hep3B, TMOD3 was found to facilitate the phos-
phorylation of the cytoplasmic tail of EGFR, triggering the activation of the downstream
PI3K/AKT/mTOR signaling cascade [34].

In addition to the EGF/EGFR-mediated activation of the PI3K/AKT/mTOR sig-
naling pathway, various molecules can contribute to eliciting this pathway. Recently,
DEAD/DEAH box helicase 11 (DDX11) and Apelin (APLN) were identified as activators
of the PI3K/AKT/mTOR signaling pathway in HCC. The overexpression and/or knock-
down of these molecules substantially altered the PI3K/AKT/mTOR signaling in HCC
cell lines and significantly affected the tumorigenic potentials of HCC cells [35,36]. Alpha-
fetoprotein (AFP), which is strongly correlated with the aggressiveness of HCC, is a serum
biomarker routinely used for the diagnosis and prognosis of HCC. Recently, Wang et al.
investigated the role of AFP in HCC using two HCC cell lines. They reported that AFP
interacted with PTEN, a negative regulator of AKT, and activated the PI3K/AKT/mTOR
signaling pathway [37]. The role of claudin-6 (CLDN6) was investigated in HepG2 cells,
where CLDN6 was found to activate the EGFR/PI3K/AKT/mTOR signaling pathway.
The knockdown of CLDN6 led to decreases in the proliferation, migration, and invasion
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of HepG2 cells [38]. MicroRNAs (miRNAs) can also contribute to the activation of the
EGFR/PI3K/AKT/mTOR signaling pathway. For example, miR-494-3p is correlated with
aggressive clinicopathological characteristics and poor prognosis in HCC patients. Lin
et al. showed that miR-494-3p bound to the 3′UTR of PTEN mRNA and repressed its
translation in two HCC cell lines, SMMC7721 and HCCLM3 [39]. Notably, the suppression
of PTEN expression by the ectopic expression of miR-494-3p led to the activation of the
PI3K/AKT/mTOR pathway and enhanced the metastasis potentials of HCC cells [39].
Another in vitro study using the PLC/PRF/5 HCC cell line showed that the Mac-2-binding
protein glycan isomer (M2BPGi) activated mTOR and exerted tumor-promoting effects on
HCC [40].

3.2. Anti-Tumor Effects of Targeting EGFR/PI3K/AKT/mTOR Pathway in HCC Cells

Given that the EGFR/PI3K/AKT/mTOR signaling pathway exerts strong tumor-
promoting effects on HCC, it is reasonable to attempt to inhibit this pathway for the treat-
ment of HCC. EGFR is a direct target of miRNA-133b. The overexpression of miRNA-133b
significantly suppressed EGFR protein expression and led to decreased activities of PI3K, AKT,
and mTOR in the HepG2 cells [41]. Of note, the inhibition of the EGFR/PI3K/AKT/mTOR
pathway via the overexpression of miRNA-133b induced the activation of caspase-3/-8 and
apoptotic cell deaths in HepG2 cells. Methyltransferase like 14 (METTL14) can destabilize
EGFR mRNA via an N6-methyladenosine (m6A) RNA methylation. METTL14 is significantly
downregulated in HCC and is associated with the poor prognosis of HCC patients [42].
Similarly, an m6A-binding protein, YTH-Domain Family Member 2 (YTHDF2), binds to
m6A sites in 3’UTR of EGFR mRNA and promotes the degradation of EGFR mRNA in
HCC cells. In HCC cells such as HEP3B and SMMC7721, the overexpression of YTHDF2
suppressed cell proliferation via destabilizing EGFR mRNA and, thus, acting as a tumor
suppressor [43]. In summary, inhibiting EGFR by the overexpression of endogenous EGFR
suppressors such as miRNA-133b, METTL14, and YTHDF2 led to the subsequent inactiva-
tion of the downstream PI3K/AKT/mTOR signaling pathway and effectively reduced the
malignancy of HCC cells by inducing cell apoptosis and suppressing cell proliferation.

In line with the observations in HCC cells characterized by the overexpression of
endogenous suppressors of EGFR, the pharmacological inhibition of EGFR in HCC cell
lines elicited similar effects. Specifically, it led to the suppression of cell proliferation and
the induction of apoptosis in HCC cells through the downregulation of PI3K, p-AKT, and
p-mTOR. For instance, the treatment of HepG2 cells with GW2974, an EGFR inhibitor,
induced the attenuation of the downstream PI3K/AKT/mTOR signaling pathway, result-
ing in decreased cell proliferation and increased apoptosis in HCC cells [41]. Moreover,
the inhibition of EGFR using erlotinib demonstrated inhibitory effects on the migratory
capabilities and cell proliferation of HCC cells [32,44]. Similarly, the administration of
EGFR inhibitors AG1478 and Gefitinib led to a reduction in cell proliferation, decreased
invasion, and enhanced apoptosis in HCC cells [38,45].

In addition to targeting EGFR, the inhibition of its downstream effectors, such as PI3K,
AKT, and/or mTOR, exerted similar tumor-suppressing effects on HCC cells (Table 1).
Its treatment with LY294002 or Wortmannin, potent inhibitors of PI3K, downregulated
the phosphorylated levels of AKT and induced apoptosis in HCC cells such as MHCC97
and Huh7 [46]. The treatment of HCC cells with a PI3K inhibitor 740Y-P showed similar
effects [47]. These results consistently show that the inhibition of PI3K leads to the suppres-
sion of tumor growth and the induction of apoptosis. Cell cycle arrest was also observed in
HCC cells when they were treated with inhibitors of PI3K. For example, the treatment of
Huh7 and HepG2 cells with copanlisib induced cell-cycle arrest via the downregulation of
CDK4/6 and cyclin D1, although this treatment had a minor effect on apoptosis [48].
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Table 1. The inhibition of the EGFR/PI3K/AKT/mTOR pathway in HCC cell lines.

Drug Target HCC Cell Line Phenotype Reference

erlotinib EGFR
MHCC97H, PLC/RLF/5 reduced cell proliferation [32]

Huh7 reduced migration [44]

AG1478 EGFR HepG2 reduced cell proliferation and invasion [38]

gefitinib EGFR Huh7 induced apoptosis [45]

GW2974 EGFR HepG2
reduced cell proliferation,

induced apoptosis
[41]

copanlisib PI3K Huh7, HepG2
induced apoptosis, inhibited cell
growth, inducing cell cycle arrest

[45,48]

LY294002 PI3K

MHCC97-H induced apoptosis [49]

Huh7, Mahlavu
suppressed cell growth,

induced apoptosis
[46]

wortmannin PI3K
Huh7, Mahlavu

suppressed cell growth,
induced apoptosis

[46]

HepG2 induced apoptosis [46]

740Y-P PI3K SMMC-7721, MHCC-97H
reduced cell proliferation,

induced apoptosis
[47]

MK2206 AKT
Hep3B, Huh7, PLC/RLF/5 growth-inhibitory, induced apoptosis [50]

HepG2 anti-proliferative [51]

AKT inhibitor VIII AKT Huh7, Mahlavu
suppressed cell growth,

induced apoptosis
[46]

rapamycin mTOR Hep3B prevent enrichment of CSCs [52]

RAD001 (everolimus) mTOR Hep3B, Huh7, PLC/RLF/5 growth-inhibitory, induced apoptosis [50]

BEZ235 PI3K/mTOR Hep3B, Huh7, PLC/RLF/5 growth-inhibitory, induced apoptosis [50]

lenvatinib AKT/mTOR Hep3B, HepG2 reduced cell proliferation, migration [53]

MK2206 effectively interacts with the pleckstrin–homology (PH) domain of AKT
and hinders its recruitment in the plasma membrane, inhibiting PDK1 binding and the
subsequent activation of AKT [54]. MK2206 has shown strong potency in inhibiting
AKT [55]. Similar to the findings in HCC cells treated with PI3K inhibitors, treatment
with MK2206 also induced growth inhibition and apoptosis in HCC cells [50,51]. The AKT
Inhibitor VIII, which also blocks the activity of AKT through binding to the pleckstrin
homology (PH) domain in AKT, suppressed cell growth and induced apoptosis in HCC
cells [46].

Recent studies have indicated that mTOR plays a critical role in maintaining stemness-
related functions in cancer stem cells (CSCs), and the inhibition of mTOR leads to the
sensitization of CSCs to radiation therapy in breast cancer [56]. In line with these findings,
treatment with rapamycin, the prototypic mTOR inhibitor, significantly reduces the fre-
quency of CD133+/EpCAM+ cells in Hep3B and Huh7, which are widely considered liver
cancer stem cell populations [52]. RAD001, also known as everolimus, is an inhibitor of
mTOR. Its binding to the FK506-binding protein12 (FKBP12) allows the RAD001–FKBP12
complex to interact with mTOR, which subsequently inhibits S6K1 and 4EBP1 phospho-
rylation by mTOR. Treatment with RAD001 resulted in the induction of apoptosis [50], as
well as a decrease in cell proliferation in diverse HCC cell lines, including Hep3B, Huh7,
and HepG2 [50,51].
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The PI3K/mTOR dual inhibitor BEZ235 induced growth inhibition and apoptosis in
HCC cells [50]. Similarly, the treatment of HCC cells with Lenvatinib, which targets both
AKT and mTOR, exhibited inhibitory effects on cell proliferation and migration [53]. In
summary, targeting the EGFR/PI3K/AKT/mTOR signaling pathway via the inhibition of
EGFR, PI3K, AKT, and/or mTOR has consistently shown anti-tumor effects on HCC cells
in vitro (Table 1).

3.3. Targeting EGFR/PI3K/AKT/mTOR Signaling on Sorafenib-Resistant HCC Cells

Sorafenib is the first-line systemic therapeutic for patients with advanced HCC, which
inhibits both receptor tyrosine kinases (RTKs) and RAF [57]. However, the development
of resistance to drugs and disease progression are nearly inevitable during the course
of treatment [58]. Sorafenib resistance appears to be associated with the activation of
PI3K/AKT/mTOR signaling [59]. Therefore, the combination of sorafenib and an inhibitor
of the EGFR/PI3K/AKT/mTOR signaling pathway has been proposed as an effective
therapeutic approach [45,51,60].

Copanlisib, a PI3K inhibitor, down-regulates downstream targets of AKT, leading
to cell-cycle arrest and the suppression of cell proliferation, although it has a minimal
effect on apoptosis [48,61]. Copanlisib counteracted sorafenib-induced AKT phospho-
rylation and synergistically enhanced anti-tumor effects on HCC when combined with
sorafenib [48]. Likewise, combined treatment with sorafenib and capsaicin, an inhibitor
of the PI3K/AKT/mTOR signaling pathway, also showed enhanced anti-tumor effects in
Hep3B and HuH7 cells [62].

Lenvatinib is another first-line treatment for HCC which also inhibits RTKs. The com-
bination of lenvatinib and copanlisib effectively suppressed the phosphorylation of AKT,
which had been induced by treatment with lenvatinib. Copanlisib enhanced pro-apoptotic
effects on HCC cell lines that were resistant to Lenvatinib [45]. Moreover, the sequential
treatment of Huh7 cells with rapamycin, an mTOR inhibitor, following treatment with
sorafenib substantially increased the sensitivity of HCC cells to sorafenib and decreased
the frequency of liver cancer stem cell (CSC)-like cells, which are considered primary cells
resistant to chemotherapy [52].

In summary, the combination of sorafenib or lenvatinib with agents targeting PI3K/AKT
/mTOR signaling can enhance the anticancer activity of RTK inhibitors and is expected to
overcome the emergence of therapy-resistant cells.

4. Animal Studies Investigating EGFR/PI3K/AKT/mTOR Signaling in HCC
4.1. Animal Models for HCC Induced by Activated EGFR/PI3K/AKT/mTOR Signaling

Studies have demonstrated the induction of hepatocarcinogenesis through the modi-
fication of genes involved in the PI3K/AKT/mTOR signaling pathway (Table 2). PTEN
functions as a negative regulator of PI3K/AKT/mTOR signaling because it counteracts
PI3K-mediated AKT activation (Figure 1). For the inactivation of PTEN, specifically in the
liver, genetically engineered mice were used that carried two Pten alleles flanked by loxP
sites as well as the Cre transgene under the promoter of albumin. These mice (referred to
as “AlbCre; Ptenfl/fl mice”) were prone to the development of HCC as well as intrahepatic
cholangiocarcinoma (ICC). Tumors from the mice exhibited significant increases in the
phosphorylated level of AKT, confirming the activation of the PI3K/AKT/mTOR signaling
in Pten-deleted livers [63].

Table 2. Mouse models for HCC induced by activated EGFR/PI3K/AKT/mTOR signaling.

Gene Mouse Model Phenotype/Tumor Type Ref.

Pten
Alb-Cre; Ptenfl/fl ballooning, steatosis/ICC, HCC [63]

sgPten
sgPten/c-Met

lipid accumulation/no tumor
lipid accumulation/HCA, HCC [64]

10



Pharmaceutics 2023, 15, 2130

Table 2. Cont.

Gene Mouse Model Phenotype/Tumor Type Ref.

AKT

HA-myr-AKT1
HA-myr-AKT1/V5-c-Met

hepatic steatosis, proliferation/HCC
rapid liver tumor growth [65]

myr-AKT1
myr-AKT1/N-RasG12V

hepatocyte proliferation/HCA (12 w), HCC (6 m)
spotty and pale color/nodular lesions (~4 w) [66]

Tsc1/Tsc2

Alb-Cre; Tsc1fl/fl dysplastic foci, nodules, hepatomas/HCC [67]

Alb-Cre; Tsc1fl/fl moderate tumor incidence rate/HCC [68]

Alb-Cre; Tsc1fl/fl

Alb-Cre; Tsc1fl/fl/Ptenfl/fl
no steatosis/HCC, ICC hepatomegaly (early),

large tumor (14 w)/HCC [63]

ICC, intrahepatic cholangiocarcinoma; HCA, hepatocellular adenoma; HCC, hepatocellular carcinoma.

Recently, simple liver-specific transgenesis has been developed that allows the liver
in adult mice to be transfected with DNA. This methodology, called hydrodynamic tail
vein injection or simply HTVI, employs the application of physical force through the
rapid injection of a large volume of DNA solution into the lateral tail vein. This process
generates increased pressure within the vena cava, propelling the DNA solution into the
large hepatic vein and eventually reaching the hepatic tissue and hepatocytes [69,70]. For
genome editing in the liver using the CRISPR/Cas system, plasmids containing Cas9
and sgRNA are delivered to the liver via the HTVI method [71]. Using CRISPR-based
gene editing combined with the HTVI method, the Pten gene was ablated in a subset of
hepatocytes in murine livers [64]. In this setting, however, the tumor failed to develop
in mice (referred to as “sgPten mice”). The discrepancy in these results between sgPten
and AlbCre; Ptenfl/fl mice were thought to be partially due to the lower frequency of
hepatocytes having undergone the loss of PTEN in sgPten mice compared with that in
AlbCre; Ptenfl/fl mice. Moreover, in the case of the latter, the Pten gene was deleted during
early embryogenesis, as opposed to sgPten mice, in which the deletion was induced in
adult livers. Considering massive cell divisions during embryonic and fetal development,
the deletion of Pten in embryos is expected to create a more favorable tissue environment
for hepatocarcinogenesis [72]. Although the tumor failed to develop in the sgPten mice,
concomitant c-Met overexpression in the liver led to the formation of hepatic adenomas
(HCA) as well as HCC [64].

Plasmids delivered to the liver via HTVI remain as episomes in the nucleus and, thus,
are prone to degradation. To overcome this limitation, the Sleeping Beauty transposon system
is often coupled with HTVI, which allows genes of interest to be integrated into the genome.
The HTVI of transposons encoding an activated form of AKT (myr-AKT1) alone induced
HCC after 24 weeks post-HTVI [65,66]. Notably, the simultaneous expression of myr-
AKT1 and c-Met significantly accelerated HCC development, causing complete lethality by
8 weeks post-HTVI [65]. Likewise, the co-expression of myr-AKT1 and N-RasG12V led to
the rapid emergence of HCC [66]. The studies indicate that oncogenic AKT synergistically
cooperated with another oncogene in the development of HCC.

TSC1 is an upstream inhibitor of mTOR which suppresses an mTOR activator, RHEB
(Figure 1). The liver-specific knockout of Tsc1 using a similar method, as described in
AlbCre; Ptenfl/fl mice, resulted in the development of HCC by the age of 9–10 months
old [67]. Similar experiments using AlbCre; Tsc1fl/f mice conducted by other groups also
showed HCC development with a minor presence of ICC by 40 weeks of age. Tumors
from AlbCre; Tsc1fl/f mice consistently exhibited the activation of mTOR signaling [63,68].
Of note, the concomitant deletion of both Tsc1 and Pten in the liver gave rise to the rapid
induction of HCC, usually around the age of 14 weeks, showing the simultaneous deletion
of the two major negative regulators of PI3K/AKT/mTOR signaling strongly enhanced the
signaling pathway and carcinogenesis in the liver [63].
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4.2. Preclinical Animal Studies Targeting EGFR/PI3K/AKT/mTOR Signaling in HCC

Since the activation of the EGFR/PI3K/AKT/mTOR signaling pathway significantly
contributes to HCC development, various inhibitors of this signaling pathway have been
administered to murine models of HCC to investigate their effects on HCC in vivo (Table 3).
MUC15 is a member of the high-molecular-weight glycoprotein family of Mucins. It has
been shown to bind to EGFR and induce EGFR degradation, subsequently suppressing
the downstream PI3K/AKT/mTOR signaling pathway [73]. In xenograft models of HCC,
mice transplanted with HCCLM3 cells overexpressing MUC15 displayed fewer and smaller
tumors, leading to increased survival rates compared to the control mice transplanted with
HCC cells overexpressing the green fluorescent protein (GFP): an inert protein. Additionally,
the degradation of EGFR by MUC15 resulted in fewer lung metastases in the MUC15 group
compared to the control [73]. RHEB, as an activator of mTOR, was also targeted in a
xenograft model of HCC. When human HCC cells, which were manipulated to express
short hairpin RNA downregulating RHEB (RHEB-shRNA), were transplanted to immune-
deficient mice, they grew more slowly than tumor cells expressing the control of shRNA
in vivo [74].

Table 3. HCC suppression in xenograft models by targeting EGFR/PI3K/AKT/mTOR signaling.

Agent Target Administration
Route

HCC Cell Line
Transplanted Phenotype Ref.

MUC15 EGFR NA HCCLM3 delayed tumor formation,
higher survival rate [73]

RHEB-shRNA RHEB NA SMMC-7721 decrease in tumor growth [74]

DZW-310 PI3K OA Hep3B decrease in tumor growth [75]

MK2206 AKT IP Hep3B, Huh7 decrease in tumor growth [50]

ZJQ-24 AKT/mTOR OA HepG2 Tumor cell death/reduced
tumor growth [76]

RAD001 mTOR OA Patient-derived HCCs decrease in tumor growth [77]

rapamycin mTOR OA HepG2 no effects [78]

rapamycin +
bevacizumab mTOR + VEGF OA + IP HepG2 decreased tumor

size/increased survival [78]

metformin mTOR IP Bel-7402 decrease in tumor growth [79]

miRNA-199a-3p mTOR IV Huh7 decreased tumor
growth/increased survival [80]

miRNA-99a mTOR IT SMMC-LTNM reduction in tumor size [81]

NA, not applicable; OA, oral administration; IP, intraperitoneal; IV, intravenous; IT, intertumoral.

The pharmacological inhibition of PI3K, AKT, or mTOR has exerted similar anti-cancer
effects in xenograft models of HCC. Recently, a novel small-molecule inhibitor of PI3K,
DZW-310, was developed. The administration of the drug to a Hep3B xenograft tumor
model resulted in a significant decrease in tumor growth [75]. As observed in in vitro
studies using HCC cells (see above in Section 3.2), administration with an AKT inhibitor,
MK2206, led to the growth inhibition of tumors in xenograft models transplanted with
Hep3B and Huh7 [50]. A novel dual inhibitor was developed that simultaneously inhibited
AKT and mTOR. The compound, ZJQ-24, suppressed tumor growth in HepG2 xenograft
mice in a dose-dependent manner [76].

Rapamycin (sirolimus) and its derivatives, RAD001 (also known as everolimus), func-
tion as highly selective allosteric inhibitors of mTORC1. They bind tightly to its primary
target, the FK506-binding protein12 (FKBP12), which allows the complex to associate with
the FKBP-rapamycin binding domain (FRB domain) of mTOR, which is located proximal to
the active site of mTOR kinase. The formation of the FKBP12–rapamycin–mTOR complex
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restricts the access of mTOR substrates and, thus, inhibits the phosphorylation and activa-
tion of S6K1 and 4EBP1 [82,83]. In patient-derived HCC xenograft models, treatment with
RAD001 led to a significant reduction in tumor growth in a dose-dependent manner [77].
Molecular analysis confirmed significant decreases in the phosphorylated levels of S6K1
and 4EBP1, while the level of phosphorylated mTOR was not altered. RAD001-induced
growth suppression was associated with the inhibition of cell proliferation via the down-
regulation of Cdk-6, Cdk-2, Cdk-4, cdc-25C, cyclin B1 and c-Myc [77]. Treatment with
rapamycin alone in the HepG2 xenograft model, however, showed no significant benefit to
animal survival compared to the control mice treated with the vehicle [78]. Instead, com-
bination therapy with rapamycin and bevacizumab, a monoclonal antibody targeting the
vascular endothelial growth factor (VEGF), led to reduced tumor sizes as well as prolonged
survival in xenograft mice. Although the discrepancy in the results between RAD001 and
rapamycin treatments was not clear, it was speculated that xenograft mice transplanted
with HCC directly derived from patients might better represent the characteristics of human
HCC compared to those transplanted with HepG2, which had been long maintained in
the tissue culture in vitro. Metformin inhibits mTOR via the activation of AMPK: a strong
suppressor of mTOR. It is noteworthy that treatment with metformin also retarded tumor
development in HCC xenograft models transplanted with Bel-7402 cells [79].

Recently, there has been increasing interest in applying the RNA interference (RNAi)
approach to HCC therapy [84–86]. A variety of short interfering RNAs (siRNAs), as well as
miRNAs have been tested for anti-cancer effects in HCC cells in vitro, targeting the major
components of the EGFR/PI3K/AKT/mTOR signaling pathway. For example, miRNAs target-
ing EGFR, such as miRNA-137, miRNA-302b, and miRNA-486-3p, have consistently shown
anti-proliferative effects on HCC cells, including HepG2, Huh7, and SMMC-7721 [87–89]. Like-
wise, PI3K and AKT were downregulated in HepG2 cells using miRNA-124 and miRNA-149,
respectively, which led to decreases in the proliferation and migration of HCC cells [90,91]. In
particular, attempts have been made to inhibit mTOR using miRNA in vivo. The intravenous
injection of miRNA-199a-3p encapsulated in nanoparticles efficiently reduced the growth of
tumors in HCC xenograft mice [80]. In this study, target delivery to the liver was achieved
by conjugating lactobionic acid (LA) with nanoparticles, the receptor of which was overex-
pressed in HCC cells. In another study, the intratumoral injection of cholesterol-conjugated
miR-99a, which targets mTOR, led to a reduction in tumor mass in xenograft mice bearing
HCC [81]. With the recent improvements in the stability of RNA, nanoparticle technology, and
targeted delivery, RNAi-based therapy is expected to arise as a promising approach to target the
EGFR/PI3K/AKT/mTOR signaling specifically and effectively in HCC in vivo.

5. Clinical Studies Targeting EGFR/PI3K/AKT/mTOR Signaling

Given the significant roles of the EGFR/PI3K/AKT/mTOR pathway in human cancer,
there has been a strong emphasis on investigating its clinical potential by targeting the
major components of the EGFR/PI3K/AKT/mTOR signaling pathway using specific small-
molecule inhibitors. For instance, copanlisib, an inhibitor specific to PI3K, was administered
to patients with cancers carrying an activating mutation in PI3K (NCT02465060) [92]. In a
similar vein, a phase II clinical trial evaluated the efficacy of the allosteric AKT inhibitor
MK-2206 (NCT01239355) [93]. Both clinical studies, however, were prematurely terminated
due to discouraging results, including various adverse side effects (Table 4).

Various drugs have been employed to inhibit mTOR in clinical studies of HCC [94]. In the
phase I/II study, patients with advanced HCC were given everolimus at 10 mg/day as a single
agent. The treatment failed to consistently show effectiveness, as only two patients (8%) were
progression-free at 24 weeks (NCT00516165). HCC patients treated with the mTOR inhibitor
sirolimus (rapamycin) exhibited significantly longer overall survival (OS) compared to the
control group [95]. A phase II clinical study demonstrated that sirolimus extended the survival
of patients with HCC after liver transplantation (NCT01374750). Onatasertib (CC-223), an
orally administered mTOR inhibitor, has been found to induce mitochondrial dysfunction in
HCC cell lines [96]. In an open-label phase II trial (NCT03591965), researchers explored the
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use of onatasertib in subjects with hepatitis B virus (HBV)-positive HCC who had previously
undergone at least one line of therapy. Another completed phase I/II study investigated
AZD8055, a novel ATP-competitive mTOR kinase inhibitor, evaluating its safety, tolerability,
pharmacokinetics, and preliminary efficacy [97]. Overall, although some clinical trials have
shown that mTOR inhibitors can provide a survival benefit in patients with advanced HCC,
especially when they were intolerant to sorafenib (a standard first-line therapy for advanced
HCC), not all trials have demonstrated a significant improvement in overall survival with the
treatment of an mTOR inhibitor.

Table 4. Clinical trials targeting the EGFR/PI3K/Akt/mTOR signaling pathway in HCC.

Agent Target Phase Clinical Outcomes Adverse Events (Side Effects) NCT #

Copanlisib pan-class I
PI3K II discontinuation due to

disease progression

hyperglycemia (63%), fatigue (40%),
diarrhea (37%), hypertension (33%),

nausea (33%), maculopapular rash (30%)
02465060

MK-2206 AKT II early termination for
discouraging results

anemia (73.33%), hyperglycemia
(60.00%), hypoalbuminemia (46.67%),

hyperbilirubinaemia (13.33%)
01239355

everolimus
(RAD001) mTOR I/II only 2 patients (8%)

responded to treatment
hyperglycemia (42.86%), diarrhea
(39.29%), hyponatremia (32.14%) 00516165

sirolimus
(rapamycin) mTOR II

MOS of 21.1 m vs. 14.1 m
for control (survival
benefit over control)

dyslipidaemia, oral mucositis, diarrhea 01374750

onatasertib
(CC-223) mTOR II preliminary antitumor

activity

diarrhea (60.38%), hyperglycaemia
(60.38%), thrombocytopenia (30.19%),

hyperbilirubinaemia (11.32%)
03591965

AZD8055 mTOR I/II not yet determined increased aspartate aminotransferase
(22%), fatigue (16%) 00999882

rapamycin +
bevacizumab mTOR + VEGF I

no survival benefit over
bevacizumab-only

treatment

hyperglycaemia (83%),
thrombocytopenia (75%), fatigue (46%),

mucositis (46%), anorexia (42%),
Diarrhea (33%)

00467194

erlotinib +
bevacizumab EGFR + VEGF II no improvement over

sorafenib-treated group
increased alkaline phosphatase (38.30%),

hypoalbuminemia (29.79%) 00881751

temsirolimus +
sorafenib mTOR + RTK II no survival benefit over

sorafenib-only group
hypophosphatemia (60.71%), diarrhea

(28.57%), anemia (10.71%) 01687673

MOS, mean overall survival; VEGF, vascular endothelial growth factor; RTK, receptor tyrosine kinase.

The combinatory inhibition of mTOR and VEGF using rapamycin and bevacizumab
significantly reduced tumor growth in xenograft models of HCC [78] (Table 3). A phase I
clinical trial explored the combination of rapamycin with bevacizumab at the maximum
tolerated dose in patients with HCC, demonstrating a complete response in one case and
stable disease states in the majority, although this combinatory treatment did not show sig-
nificant improvements in overall survival compared to patients treated with bevacizumab
only (NCT00467194). Phase I/II clinical trials are ongoing to further investigate the efficacy
of the combination therapy in HCC [94]. Erlotinib is an EGFR inhibitor that effectively
suppresses the phosphorylation of its downstream effectors, such as AKT and mTOR. The
combined inhibition of EGFR and VEGF using erlotinib and bevacizumab showed similar
anti-cancer effects in patients with advanced HCC (NCT00881751) [98].

In an attempt to improve outcomes, a single-arm phase II trial combined temsirolimus
and sorafenib to exploit mTOR inhibition along with sorafenib’s effects on HCC [99]. However,
it failed to achieve an improvement in overall survival compared to the control group, who
were treated with sorafenib only (NCT01687673). Despite this setback, ongoing research
continues to explore drug combinations, and several clinical studies are underway [100,101].
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It is noteworthy that while mTOR inhibitors, as well as other therapeutics targeting the
EGFR/PI3K/AKT/mTOR pathway, have shown some promise in preclinical studies, their
efficacy in patients with advanced HCC remains uncertain. These findings highlight the
complexity of targeting the EGFR/PI3K/AKT/mTOR pathway in HCC and underscore the
need for further investigation to identify more effective treatment approaches.

6. Perspectives and Conclusions

A comprehensive understanding of the molecular pathway leading to carcinogenesis
is crucial for predicting patient responses to targeted therapies, significantly impacting
clinical decision-making. The development of HCC is a complex process involving various
alterations in multiple signaling cascades [5,6]. Among the various oncogenic signals,
the EGFR/PI3K/AKT/mTOR pathway stands out as it is activated in over 50% of HCC
cases, making it a crucial target for patients with this condition. Research has emphasized
the pivotal role of the EGFR/PI3K/AKT/mTOR cascade in the development of HCC.
Promisingly, preclinical studies using human HCC cells have consistently demonstrated the
effectiveness of targeting the key components of this signaling pathway. Such interventions
have been shown to suppress the proliferation of tumor cells in vitro and inhibit the growth
of HCC in vivo, offering hope for potential therapeutic approaches.

While preclinical studies have shown promise in targeting the PI3K/AKT/mTOR
pathway, clinical trials have not consistently demonstrated a significant improvement in
patient outcomes. The overall response rate and survival benefits observed in clinical
studies targeting the EGFR/PI3K/AKT/mTOR signaling pathway have been modest or
disappointing. These less-than-satisfactory outcomes could be attributed, in part, to the
significant toxicities and adverse effects caused by PI3K/AKT/mTOR inhibitors, nega-
tively impacting patients’ quality of life and leading to treatment discontinuation. Notably,
adverse effects routinely observed in administering these inhibitors include decreased liver
functions, as determined by increased alkaline phosphatase (ALP) and aspartate amino-
transferase (AST) levels, hypoalbuminemia, thrombocytopenia, and hyperbilirubinemia
(Table 4). The side effects on the liver exerted by PI3K/AKT/mTOR inhibitors are especially
detrimental to HCC patients who already have pre-existing liver damage.

In this sense, successful therapy for HCC should enable the efficient targeting of the
EGFR/PI3K/AKT/mTOR pathway with minimal toxicities and adverse effects. One promising
approach is the targeted delivery of drugs to HCC using polymeric nanoparticles (PNPs) [86,102].
In other words, for HCC-targeted delivery, inhibitors of EGFR/PI3K/AKT/mTOR signaling
are encapsulated in PNPs that are conjugated with targeting ligands specific to HCC cells. For
example, the asialoglycoprotein receptors (ASGP-R) and Glypican-3 (GPC3) are overexpressed
in HCC and are considered highly specific markers for HCC [103,104]. Conjugating monoclonal
antibodies or ligands that specifically recognize ASGP-R or GPC3 with PNPs are expected to
allow the encapsulated drugs to be specifically delivered to HCC, minimizing various side
effects and drug-related toxicities commonly found in the systemic delivery of these inhibitors
for EGFR/PI3K/AKT/mTOR signaling. Thus, there is hope for the future as new drugs and
therapeutic approaches are anticipated to be developed.
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Abstract: CK2 and PIM-1 are serine/threonine kinases involved in the regulation of many essential
processes, such as proliferation, differentiation, and apoptosis. Inhibition of CK2 and PIM-1 kinase
activity has been shown to significantly reduce the viability of cancer cells by inducing apoptosis. A
series of novel amino alcohol derivatives of parental DMAT were designed and synthesized as potent
dual CK2/PIM-1 inhibitors. Concomitantly with the inhibition studies toward recombinant CK2 and
PIM-1, the influence of the obtained compounds on the viability of three human carcinoma cell lines,
i.e., acute lymphoblastic leukemia (CCRF-CEM), human chronic myelogenous leukemia (K-562), and
breast cancer (MCF-7), as well as non-cancerous cells (Vero), was evaluated using an MTT assay.
Induction of apoptosis and cell cycle progression after treatment with the most active compound and
a lead compound were studied by flow-cytometry-based assay. Additionally, autophagy induction
in K-562 cells and intracellular inhibition of CK2 and PIM-1 in all the tested cell lines were evalu-
ated by qualitative/quantitative fluorescence-based assay and Western blot method, respectively.
Among the newly developed inhibitors, 1,1,1-trifluoro-3-[(4,5,6,7-tetrabromo-1H-benzimidazol-2-
yl)amino]propan-2-ol demonstrates the highest selectivity and the most prominent proapoptotic
properties towards the studied cancer cells, especially towards acute lymphoblastic leukemia, in
addition to inducing autophagy in K-562 cells.

Keywords: 4,5,6,7-tetrabromo-N,N-dimethyl-1H-benzimidazol-2-amine (DMAT) derivatives; protein
kinase CK2; protein kinase PIM-1; dual protein kinase inhibitors; antitumor activity; apoptosis; autophagy

1. Introduction

Protein kinase CK2 (an acronym derived from the old misnomer “casein kinase 2”)
and PIM-1 (proviral integration of Moloney virus-1) are protein serine/threonine kinases
that have been implicated in cell growth and proliferation [1,2]. CK2 phosphorylates over
300 substrates and has multiple roles in the cell cycle, including in cell growth, proliferation,
and survival [3,4]. The PIM kinase family contains three strongly evolutionary conservative
isoforms: PIM-1, PIM-2, and PIM-3 [5]. Although CK2 and PIM kinases belong to different
branches of the kinome [6], they exhibit structural and functional similarities. Unlike other
eukaryotic kinases, both CK2 and PIM-1 demonstrate constitutive activity associated with
a lack of phosphorylation sites in the activation loop [7,8]. Overexpression of these kinases
occurs in many types of cancers, including leukemia, breast, and prostate cancer [9–12].
The increased catalytic activity of PIM-1 and CK2 kinases has been shown to enhance
cell resistance to chemotherapy, inter alia, by inactivating BAD protein, a member of the
Bcl-2 family [13], and interacting with the Myc factor [14]. It has been reported that the
phosphorylation of BAD by CK2 and PIM kinases inhibits its proapoptotic functions in
leukemia and prostate cancer, contributing to increased cell survival [13,15]. Moreover,
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PIM-1 overexpression combined with Myc leads to the development of the advanced form
of prostate carcinoma [16]. The data show that overexpression of CK2 and PIM-1 kinases
is a poor predictor in many cancers, such as prostate cancer and breast cancer, among
others [17–19], and the reduction in CK2 and PIM-1 activity by chemical or molecular
methods induces apoptosis in tumor cells [20–22].

Recent studies have shown that the contribution of CK2 and PIM-1 kinases to the
regulation of transcription, differentiation, or signaling of DNA damage/repair systems
is achieved by regulating survival pathways and hypoxia [23]. The activity of both CK2
and PIM-1 has been demonstrated to be elevated in hypoxia, which increases HIF-1 tran-
scriptional activity (hypoxia-induced factor), whereas under normoxia, this factor is de-
graded [24]. In contrast, in hypoxia, its active form impacts the expression of many genes,
stimulating angiogenesis and tumor cell resistance to chemotherapy [25–27]. Moreover,
both kinases activate the transcriptional factor NF-κB, which is observed in transformed
cells [28]. Furthermore, tumor transformation of lymphocytes with PIM-2 involvement
depends on the activation of NF-κB [29]. In addition, PIM-1 is essential in activating the
NF-κB pathway, which allows for the survival of prostate cancer cells treated with doc-
etaxel, whereas PIM-1 knockdown or expression of a dominant negative protein sensitizes
cells to the cytotoxic effects of docetaxel [30].

Over the last three decades, a plethora of potent and cell-permeable ATP-competitive
inhibitors for CK2 kinase has been developed [4]. Among the most prominent examples
are the polyhalogenated compounds depicted in Figure 1.

Pharmaceutics 2023, 15, x FOR PEER REVIEW 2 of 27 
 

 

vating BAD protein, a member of the Bcl-2 family [13], and interacting with the Myc 
factor [14]. It has been reported that the phosphorylation of BAD by CK2 and PIM ki-
nases inhibits its proapoptotic functions in leukemia and prostate cancer, contributing to 
increased cell survival [13,15]. Moreover, PIM-1 overexpression combined with Myc 
leads to the development of the advanced form of prostate carcinoma [16]. The data show 
that overexpression of CK2 and PIM-1 kinases is a poor predictor in many cancers, such 
as prostate cancer and breast cancer, among others [17–19], and the reduction in CK2 and 
PIM-1 activity by chemical or molecular methods induces apoptosis in tumor cells 
[20–22]. 

Recent studies have shown that the contribution of CK2 and PIM-1 kinases to the 
regulation of transcription, differentiation, or signaling of DNA damage/repair systems is 
achieved by regulating survival pathways and hypoxia [23]. The activity of both CK2 and 
PIM-1 has been demonstrated to be elevated in hypoxia, which increases HIF-1 tran-
scriptional activity (hypoxia-induced factor), whereas under normoxia, this factor is de-
graded [24]. In contrast, in hypoxia, its active form impacts the expression of many genes, 
stimulating angiogenesis and tumor cell resistance to chemotherapy [25–27]. Moreover, 
both kinases activate the transcriptional factor NF-κB, which is observed in transformed 
cells [28]. Furthermore, tumor transformation of lymphocytes with PIM-2 involvement 
depends on the activation of NF-κB [29]. In addition, PIM-1 is essential in activating the 
NF-κB pathway, which allows for the survival of prostate cancer cells treated with 
docetaxel, whereas PIM-1 knockdown or expression of a dominant negative protein sen-
sitizes cells to the cytotoxic effects of docetaxel [30]. 

Over the last three decades, a plethora of potent and cell-permeable 
ATP-competitive inhibitors for CK2 kinase has been developed [4]. Among the most 
prominent examples are the polyhalogenated compounds depicted in Figure 1. 

 
Figure 1. Chemical structures of the representative examples of CK2 inhibitors 
(5,6-dichloro-1-β-D-ribofuranosylbenzimidazole (DRB), 4,5,6,7-tetrabromo-1H-benzotriazole 
(TBBt), 4,5,6,7-tetrabromo-1H-benzimidazole (TBBi), 
4,5,6,7-tetrabromo-2,3-dihydro-1H-1,3-benzodiazol-2-one (K32), 
4,5,6,7-tetrabromo-2,3-dihydro-1H-1,3-benzodiazol-2-one (K37), and 
4,5,6,7-tetrabromo-N,N-dimethyl-1H-benzimidazol-2-amine (DMAT)), and dual CK2/PIM-1 inhib-
itors (1-(β-D-2′-deoxyribofuranosyl)-4,5,6,7-tetrabromo-1H-benzimidazole (TDB, also termed 
K164), 3-(4,5,6,7-tetrabromo-1H-1,3-benzodiazol-1-yl)propan-1-ol (N1-PrOH-TBBi), and 
3-(4,5,6,7-tetrabromo-2-methyl-1H-1,3-benzodiazol-1-yl)propan-1-ol (N1-PrOH-TBBi)). 

Essential chemical features necessary for efficient inhibitory activity toward CK2 
have already been well-identified. Moreover, most of the structural characteristics of 

Figure 1. Chemical structures of the representative examples of CK2 inhibitors (5,6-dichloro-
1-β-D-ribofuranosylbenzimidazole (DRB), 4,5,6,7-tetrabromo-1H-benzotriazole (TBBt), 4,5,6,7-
tetrabromo-1H-benzimidazole (TBBi), 4,5,6,7-tetrabromo-2,3-dihydro-1H-1,3-benzodiazol-2-one
(K32), 4,5,6,7-tetrabromo-2,3-dihydro-1H-1,3-benzodiazol-2-one (K37), and 4,5,6,7-tetrabromo-
N,N-dimethyl-1H-benzimidazol-2-amine (DMAT)), and dual CK2/PIM-1 inhibitors (1-(β-D-2′-
deoxyribofuranosyl)-4,5,6,7-tetrabromo-1H-benzimidazole (TDB, also termed K164), 3-(4,5,6,7-
tetrabromo-1H-1,3-benzodiazol-1-yl)propan-1-ol (N1-PrOH-TBBi), and 3-(4,5,6,7-tetrabromo-2-
methyl-1H-1,3-benzodiazol-1-yl)propan-1-ol (N1-PrOH-TBBi)).

Essential chemical features necessary for efficient inhibitory activity toward CK2 have
already been well-identified. Moreover, most of the structural characteristics of halogenated
compounds were proven beneficial for the inhibition of the catalytic activity of PIM-1 [31,32].
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Since complex signaling pathways and multiple targets are often involved in cancers,
synergistically inhibiting multiple targets may be a more effective therapeutic strategy than
a convenient single-target approach [33]. To date, quite a few multitarget CK2 inhibitors
have been disclosed, which have the potential to become clinical candidates [31]. In this
regard, the real breakthrough in the field of developing cell-permeable dual inhibitors of
protein kinases CK2 and PIM-1 was achieved by discovering 1-(β-D-2′-deoxyribofuranosyl)-
4,5,6,7-tetrabromo-1H-benzimidazole (TDB, also termed K164) [34,35]. These studies have
shown that the use of dual inhibitors of CK2 and PIM-1 is beneficial for the reduction in
cell proliferation and induction of apoptosis in cancer cell lines, i.e., cervical cancer (HeLa)
and chronic myeloid leukemia (CML) [35,36]. The most recent studies demonstrated that
inhibitor K164 is a promising compound that can be considered a potential active agent in
targeted therapy in selected types of breast cancer [37].

In our previous studies [38,39], we evaluated the influence of the structure of the
TBBi-alkanol side chain. We found that introducing hydroxyl groups into the aliphatic
substituent attached to the hydrophobic TBBi scaffold is critical for the efficient inhibi-
tion of CK2. Although this structural fragment is located towards the outer part of the
CK2 ATP-binding site, it generates additional polar interactions with a catalytic cavity,
which increase the affinity toward the kinase receptor. In view of these findings, we also
obtained a novel potent dual CK2/PIM-1 inhibitor, namely 3-(4,5,6,7-tetrabromo-2-methyl-
1H-1,3-benzodiazol-1-yl)propan-1-ol (N1-PrOH-TBBi), which, after functionalization into
its corresponding acetyl prodrug, turned out to be a very promising anticancer agent to-
ward breast cancer cell lines [40]. Therefore, we expect that further structural modification
of aliphatic substituents possessing efficient hydrogen bond-forming moieties installed
at the appropriate distance from the TBBi core structure will enhance the affinity and
selectivity of the designed 2-alkanol-TBBi derivatives toward titled kinases.

In this work, our ultimate goal was to design and synthesize novel amino alcohol
derivatives of parental DMAT as potent dual CK2/PIM-1 inhibitors exhibiting promising
anticancer activity. In this regard, intending to potentiate a DMAT-lead structure, we
obtained a series of its model analogs differing in the structural topology of aliphatic amino
alcohol substituents. Given that previous studies showed that breast cancer, as well as
leukemic cells, is sensitive to dual CK2/PIM-1 inhibitor treatment [35–37], two leukemic
cell lines, i.e., CCRF-CEM and K-562, and breast cancer cells, i.e., MCF-7, were used in the
present study.

2. Materials and Methods
2.1. Chemistry
2.1.1. General Procedure for the Synthesis of 2-Bromo-1H-benzimidazole (2)

Compound 2 was synthesized according to the procedure reported by Ellingboe et al. [41].
Br2 (12 mL, 0.24 mol) was added dropwise to a cooled (water bath, 5–10 ◦C) and mechani-
cally stirred mixture of 2-mercapto-1H-benzimidazole (1, 10.0 g, 66.58 mmol), 48% aqueous
HBr (10 mL), and glacial AcOH (100 mL) over 25 min. The mixture warmed slightly
(40–45 ◦C) during the addition, and additional glacial AcOH (50 mL) was added to aid in
the stirring of the thick mixture. After the addition was complete, stirring was continued at
room temperature for 4 h. Afterwards, H2O (200 mL) was added, and the resulting solution
was cooled in an ice bath (0–5 ◦C). The pH was adjusted to 4 with solid NaOH (ca. 40 g),
and the precipitate was collected by filtration to afford a crude product, which was further
purified by recrystallization from acetone to afford 2-bromo-1H-benzimidazole (2, 6.93 g,
35.17 mmol, 53% yield) as a white solid. Mp 194–196 ◦C (acetone) [41] 190–192 ◦C (acetone);
Rf [CH2Cl2/MeOH (99:1, v/v)] 0.24; 1H NMR (500 MHz, DMSO-d6): δ 13.18 (br. s, 1H),
7.51 (s, 2H), 7.19 (m, 2H), 2.07 (s, 1H); 13C NMR (126 MHz, DMSO-d6): δ 139.7, 127.2, 122.2,
114.6; MS (ESI-TOF) m/z: [M + H]+ Calcd for C7H6BrN2

+ m/z: 196.9709, Found 196.9697;
FTMS (ESI-TOF) m/z: [M + H]+ Calcd for C7H6BrN2

+ m/z: 196.97089 and 198.96884, Found
196.97125 and 198.96854; GC [200–260 (10 ◦C/min)]: tR = 3.16 min.
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2.1.2. General Procedure for the Synthesis of 2,4,5,6,7-Pentabromo-1H-benzimidazole (3)

Compound 3 was synthesized according to the procedure reported by Andrzejew-
ska et al. [42]. Br2 (8 mL, 160 mmol) was added portionwise to a stirred and refluxed
suspension of 2-bromo-1H-benzimidazole (2, 1.5 g, 7.6 mmol) in H2O (60 mL) within
6 h. The reflux was continued for 24 h under irradiation of purple LEDs (390 nm) (for
details, see Figure S1 in the Supplementary Materials). Afterward, the reaction mixture
was cooled, and the orange precipitate was filtered off under suction. The collected solid
was dissolved in MeOH/25% NH3aq. (80 mL, 3:1, v/v) and treated with charcoal (1.3 g)
and Celite® 545 (3.5 g). After filtering the solids under suction, the pale-yellow solution
of the permeate was brought to pH 4–5 with conc. AcOH (150 mL), and the formed
precipitate was recrystallized from a mixture of MeOH/H2O (50 mL, 1:1, v/v) to afford
2,4,5,6,7-pentabromo-1H-benzimidazole (3, 1.65 g, 3.22 mmol, 42%) as a yellowish solid.

Yield, 42% (1.65 g); yellowish solid; Rf [hexane/AcOEt (50:50, v/v)] 0.15; 1H NMR
(500 MHz, DMSO-d6): δ Not found; 13C NMR (126 MHz, DMSO-d6 + 2 drops of 2M HClaq.
and registered for 16 h): δ 142.7, 138.9, 138.0, 131.3, 121.0, 120.9, 110.3; FTMS (ESI-TOF) m/z:
[M + H]+ Calcd for C7H2Br5N2

+ m/z: 512.60884, Found 512.60913.

2.1.3. General Procedure for the Synthesis of Dual CK2/PIM-1 Inhibitors—TBBi Amino
Alcohol Derivatives (4–11)

Compounds 4–11 were synthesized according to the procedure reported by Kazimierczuk
and Pinna et al. [43].

Method A: A mixture of 2,4,5,6,7-pentabromo-1H-benzimidazole (3, 150 mg, 0.30 mmol)
and the respective amino alcohol (4.9 equiv) in anhydrous EtOH (4.5 mL) was heated in an
ace pressure tube (bushing type, back seal, V = 15 mL, L × O.D. 10.2 cm × 25.4 mm, Sigma
Aldrich (Darmstadt, Germany): Z181064) at 110–115 ◦C for 72 h. Afterward, the reaction
mixture was cooled to room temperature, and the volatiles were evaporated under reduced
pressure using a rotavap. The oil residue was purified by a column chromatography using a
sequential mixture of hexane/AcOEt (500 mL, 50:50 v/v) and CHCl3/MeOH (500 mL, 90:10
v/v) as an eluent to afford the desired solid-state products (4, rac-6, 8, rac-9, 10, and 11).

Method B: A mixture of 2,4,5,6,7-pentabromo-1H-benzimidazole (3, 500 mg, 0.98 mmol)
and racemic 2-hydroxypropylamine (1.10 g, 14.63 mmol, 1.13 mL) in anhydrous EtOH
(7.5 mL) was heated in an ace pressure tube (bushing type, back seal, V = 15 mL, L × O.D.
10.2 cm × 25.4 mm, Sigma Aldrich (Darmstadt, Germany): Z181064) at 110–115 ◦C for
72 h. Afterward, the reaction mixture was cooled to room temperature, and the volatiles
were evaporated under reduced pressure using a rotavap. The oil residue was purified by
a column chromatography using a sequential mixture of hexane/AcOEt (500 mL, 50:50
v/v) and CHCl3/MeOH (500 mL, 90:10 v/v) as an eluent to afford the desired product,
1-[(4,5,6,7-tetrabromo-1H-benzimidazol-2-yl)amino]propan-2-ol (rac-5, 247 mg, 0.49 mmol,
50%), as a white solid.

Method C: A mixture of 2,4,5,6,7-pentabromo-1H-benzimidazole (3, 50 mg, 98 µmol)
and optically active (S)- or (R)-1-aminopropan-2-ol (110 mg, 1.46 mmol, 113 µL) in dry
PhCH3 (1 mL) was heated in an ace pressure tube (bushing type, back seal, V = 15 mL,
L × O.D. 10.2 cm × 25.4 mm, Sigma Aldrich (Darmstadt, Germany): Z181064) at 100 ◦C for
48 h. Afterward, the reaction mixture was cooled to room temperature, and the volatiles
were evaporated under reduced pressure using a rotavap. The oil residue was purified by a
column chromatography using CHCl3/MeOH (95:5 v/v) as an eluent to afford the desired
enantiomerically pure (2S)-1-[(4,5,6,7-tetrabromo-1H-benzimidazol-2-yl)amino]propan-2-ol
[(S)-5, 46 mg, 91 µmol, 93% yield, >99% ee] or (2R)-1-[(4,5,6,7-tetrabromo-1H-benzimidazol-
2-yl)amino]propan-2-ol [(R)-5, 42 mg, 83 µmol, 85% yield, >99% ee] as a white solid.

4,5,6,7-Tetrabromo-N,N-dimethyl-1H-benzimidazol-2-amine (DMAT, 4)
Synthesized according to Method A (Section 2.3). Yield, 29% (41 mg); white solid; Rf

[CHCl3/MeOH (95:5 v/v)] 0.82; 1H NMR (500 MHz, DMSO-d6): δ 11.44 (br. s, 1H, NH),
3.13 (s, 6H, CH3); 13C NMR (126 MHz, DMSO-d6): δ 158.1 (CNCH3), 38.3 (CH3), the rest of
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the peaks were not detected; FTMS (ESI-TOF) m/z: [M + H]+ Calcd for C9H8Br4N3
+ m/z:

477.74053, Found 477.74015.
1-[(4,5,6,7-Tetrabromo-1H-benzimidazol-2-yl)amino]propan-2-ol (rac-5)
Synthesized according to Method B (Section 2.3). Yield, 50% (247 mg); white solid; Rf

[hexane/AcOEt (50:50, v/v)] 0.22 or Rf [CHCl3/MeOH (90:10, v/v)] 0.60 or Rf [CHCl3/MeOH
(95:5 v/v)] 0.54; 1H NMR (500 MHz, acetone-d6): δ 11.04 (br. s, 1H), 6.48 (br. s, 1H), 4.70
(br. s, 1H), 4.07–3.92 (m, 1H), 3.56 (ddd, J = 13.6, 6.5, 3.5 Hz, 1H), 3.33 (ddd, J = 13.5, 7.3,
5.1 Hz, 1H), 1.19 (d, J = 6.3 Hz, 3H); 1H NMR (500 MHz, DMSO-d6): δ 11.41 (br. s, 1H),
6.62 (br. s, 1H), 4.95 (br. s, 1H), 3.83 (d, J = 5.9 Hz, 1H), 3.38 (ddd, J = 13.2, 6.5, 4.4 Hz, 1H),
3.26–3.18 (m, 1H), 1.10 (d, J = 6.2 Hz, 3H); 13C NMR (126 MHz, DMSO-d6 + 2 drops of 2M
HClaq. and registered for 16 h): δ 154.8, 153.2, 131.5, 130.5, 120.8, 118.0, 106.4, 103.7, 65.2,
50.1, 20.8; FTMS (ESI-TOF) m/z: [M + H]+ Calcd for C10H10Br4N3O+ m/z: 507.75110, Found
507.75086; HPLC [n-hexane-2-PrOH (95:5, v/v); f = 0.8 mL/min; λ = 225 nm; T = 25 ◦C
(Chiralpak AD-H)]: tR = 19.105 (S-isomer) and 21.524 min (R-isomer).

1,1,1-Trifluoro-3-[(4,5,6,7-tetrabromo-1H-benzimidazol-2-yl)amino]propan-2-ol (rac-6)
Synthesized according to Method A (Section 2.3). Yield, 28% (46 mg); beige solid; Rf

[CHCl3/MeOH (95:5 v/v)] 0.55; 1H NMR (500 MHz, DMSO-d6): δ 11.69 (br. s, 1H), 6.76 (t,
J = 5.9 Hz, 1H), 6.66 (br. s, 1H), 4.39–4.27 (m, 1H), 3.70 (ddd, J = 13.8, 6.1, 4.0 Hz, 1H), 3.49
(ddd, J = 13.9, 8.1, 5.8 Hz, 1H); 19F NMR (470 MHz, CD3CN): δ –77.26 (d, J = 7.4 Hz, 3F).;
FTMS (ESI-TOF) m/z: [M + H]+ Calcd for C10H7Br4F3N3O+ m/z: 561.72283, Found 561.72251.

3-[(4,5,6,7-Tetrabromo-1H-benzimidazol-2-yl)amino]propan-1-ol (7)
Synthesized according to Method A (Section 2.3). Yield, 44% (67 mg); light green solid;

Rf [CHCl3/MeOH (95:5 v/v)] 0.32; 1H NMR (500 MHz, DMSO-d6): δ 11.59 (br. s, 1H), 6.77
(t, J = 5.4 Hz, 1H), 3.50 (t, J = 6.1 Hz, 4H), 3.43 (q, J = 6.6 Hz, 2H), 1.71 (p, J = 6.5 Hz, 2H);
FTMS (ESI-TOF) m/z: [M + H]+ Calcd for C10H10Br4N3O+ m/z: 507.75110, Found 507.75116.

2-[Methyl(4,5,6,7-tetrabromo-1H-benzimidazol-2-yl)amino]ethanol (8)
Synthesized according to Method A (Section 2.3). Yield, 37% (56 mg); white solid;

Rf [CHCl3/MeOH (95:5 v/v)] 0.60; 1H NMR (500 MHz, DMSO-d6): δ 11.44 (br. s, 1H),
4.89 (br. s, 1H), 3.67–3.59 (m, 4H), 3.17 (s, 3H); FTMS (ESI-TOF) m/z: [M + H]+ Calcd for
C10H10Br4N3O+ m/z: 507.75110, Found 507.75116.

1-(Diethylamino)-3-[(4,5,6,7-tetrabromo-1H-benzimidazol-2-yl)amino]propan-2-ol (rac-9)
Synthesized according to Method A (Section 2.3). Yield, 64% (112 mg); white solid; Rf

[CHCl3/MeOH (95:5 v/v)] 0.48; 1H NMR (500 MHz, DMSO-d6): δ 8.22 (br. s, 1H), 5.32 (dt,
J = 11.1, 5.5 Hz, 1H), 5.04 (ddd, J = 13.3, 5.8, 4.4 Hz, 1H), 4.85–4.76 (m, 1H), 4.24–3.80
(m, 12H); FTMS (ESI-TOF) m/z: [M + H]+ Calcd for C14H19Br4N4O+ m/z: 578.82459,
Found 578.82454.

2-[(4,5,6,7-Tetrabromo-1H-benzimidazol-2-yl)amino]propane-1,3-diol (10)
Synthesized according to Method A (Section 2.3). Yield, 13% (20 mg); white solid; Rf

[CHCl3/MeOH (95:5 v/v)] 0.10; 1H NMR (500 MHz, DMSO-d6): δ 6.39 (d, J = 7.7 Hz, 1H),
3.88–3.79 (m, 1H), 3.55 (qd, J = 10.7, 5.4 Hz, 4H); FTMS (ESI-TOF) m/z: [M + H]+ Calcd for
C10H10Br4N3O2

+ m/z: 523.74601, Found 523.74597.
3-[(4,5,6,7-Tetrabromo-1H-benzimidazol-2-yl)amino]propane-1,2-diol (rac-11)
Synthesized according to Method A (Section 2.3). Yield, 38% (60 mg); white solid; Rf

[CHCl3/MeOH (95:5 v/v)] 0.13; 1H NMR (500 MHz, DMSO-d6): δ 6.61 (t, J = 5.3 Hz, 1H),
4.09 (d, J = 4.7 Hz, 1H), 3.70–3.60 (m, 1H), 3.51 (ddd, J = 13.4, 6.3, 4.6 Hz, 1H), 3.43–3.36 (m,
1H), 3.17 (d, J = 2.6 Hz, 2H); FTMS (ESI-TOF) m/z: [M + H]+ Calcd for C10H10Br4N3O2

+ m/z:
523.74601, Found 523.74584.

2.2. Biological Evaluation
2.2.1. Reagents and Antibodies

Dimethyl sulfoxide (DMSO), a molecular-biology-grade solvent used for all stocks of the
chemical agents, was obtained from Carl Roth (Karlsruhe, Germany). All reagents used in
flow cytometry analysis were purchased from BD Biosciences Pharmingen (San Diego, CA,
USA). Information about antibodies is provided in Supplementary Materials (Section S3.1).
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2.2.2. Cloning, Expression, and Purification of Human CK2α, holoCK2, and PIM-1

CK2α, holoCK2, and PIM-1 were obtained according to Borowiecki [44] and Choj-
nacki [45]. The protein concentration in the final solution was 12.68 mg/mL for CK2α,
1.61 mg/mL for holoCK2, and 3.0 mg/mL for PIM-1 (determined by the Bradford method
using bovine serum albumin as a standard) [46].

2.2.3. Inhibition of Recombinant CK2 and PIM-1

The obtained compounds were tested for their inhibitory activity toward human CK2α,
human CK2 holoenzyme, and PIM-1 using a P81 filter isotopic assay as described previ-
ously [39]. IC50 values were determined for the tested compounds at eight concentrations
in the range of 0.005 to 400 µM. The experimental data were fitted to the sigmoidal dose–
response equation, i.e., (variable slope) Y = Bottom + (Top-Bottom)/(1 + 10((LogIC50−X)∗HillSlope),
in GraphPad Prism (Prism 9, v. 9.0.1).

2.2.4. Cell Culture and Agent Treatment

An acute lymphoblastic leukemia ALL cell line (named CCRF-CEM) was purchased
from the European Collection of Authenticated Cell Cultures (ECACC), whereas MCF-7
(hormone-dependent breast adenocarcinoma), K-562 (human chronic myelogenous leukemia),
and Vero cells (Cercopithecus aethiops kidney) were purchased from the American Type Cul-
ture Collection (ATCC, Manassas, VA, USA). For more details, see Supplementary Materials
(Section S3.2).

2.2.5. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bromide (MTT)-Based
Viability Assay

After incubation with the tested compounds, an MTT test was performed as described
previously [39]. Optical densities were measured at 570 nm using a BioTek microplate
reader (BioTek Instruments, Inc., Winooski, VT, USA). All measurements were carried out
in a minimum of three biological replicates.

2.2.6. Detection of Apoptosis by Annexin V/propidium Iodide (PI) Labeling

MCF-7 cells were seeded in 6-well plates at 1.2 × 105 cells/well, whereas CCRF-CEM
and K-562 cells were seeded in 24-well plates at a density of 2 × 105/mL. Cells were treated
with the tested compounds used in 5 µM and 10 µM concentrations. Then, the plates were
incubated for 48 h. After exposure to the examined compounds, the cells were collected and
centrifugated at 200× g at 4 ◦C for 5 min, washed twice in cold phosphate-buffered saline
(PBS), and subsequently suspended in binding buffer at 1 × 106 cells/mL. Subsequently,
100-µL aliquots of the cell suspension were labeled according to the instructions of the
respective manufacturer’s kit. Briefly, annexin V-fluorescein isothiocyanate and propidium
iodide (BD Biosciences, Pharmingen, San Diego, CA, USA) were added to the cell suspen-
sion, and the mixture was vortexed, then incubated for 15 min at RT in the dark. A cold
binding buffer (400 µL) was then added, and the cells were vortexed again and kept on ice.
Flow cytometric measurements were performed within 1 h after labeling. Viable, necrotic,
early, and late apoptotic cells were detected by flow cytometry using a BD FACSCanto
II flow cytometer and analyzed using BD FACSDiva operating software (BD Biosciences,
San Jose, CA, USA).

2.2.7. Mitochondrial Membrane Potential (∆Ψm) Assay

Mitochondrial membrane potential was assessed by flow cytometry using 5,5′,6,6′-
tetrachloro-1,1′,3,3′-tetraethylbenzimidazolocarbocyanine iodide (JC-1; Sigma-Aldrich,
St. Louis, MO, USA). JC-1 undergoes potential-dependent accumulation in mitochondria.
In healthy cells, the dye accumulates in mitochondria, forming aggregates with red fluores-
cence (FL-2 channel), whereas in dead and apoptotic cells, the dye remains in the cytoplasm
in a monomeric form and emits green fluorescence (FL-1 channel). Cells were harvested
by centrifugation 48 h post treatment, suspended in 1 mL of complete culture medium

26



Pharmaceutics 2023, 15, 1991

at approximately 1 × 106 cells/mL, and incubated with 2.5 µL of JC-1 solution in DMSO
(1 mg/mL) for 15 min at 37 ◦C in the dark. The stained cells were then washed with cold
PBS, suspended in 400 µL of PBS, and examined by flow cytometry.

2.2.8. Microscopic Examination

K-562 cells were seeded in 6-well plates at 2.5 × 105/mL and subjected to the tested
compounds. After 48 h of incubation, cells were centrifugated at 200× g at 4 ◦C for 5 min,
subsequently suspended in PBS containing 2 µg/mL AO and Hoechst 33342, and incubated
at 37 ◦C for 20 min in the dark. Subsequently, cells were centrifugated at 200× g at 4 ◦C for
5 min. Then, 5 µL of the sample was mounted on a glass slide and covered with a coverslip
and examined under a Nikon ECLIPSE Y-TV55 fluorescent microscope.

2.2.9. Fluorescence Intensity Assay

K-562 cells were seeded in 6-well plates at 2.5 × 105/mL and subjected to the tested
compounds. After 48 h of incubation, cells were centrifugated at 200× g at 4 ◦C for 5 min,
subsequently suspended in PBS containing 2 µg/mL AO and Hoechst 33342, and incubated
at 37 ◦C for 20 min in the dark. Subsequently, cells were centrifugated at 200× g at 4 ◦C for
5 min, and 150 µL of the sample was measured on dark plates (Sarstedt). The fluorescence
intensity of AO at Ex. 502 nm/Em. 520–524 nm (aggregated or DNA complexed form),
Ex. 457 nm/Em. 630–644 nm (aggregated or RNA complexed form), Ex. 540 nm/Em.
640–660 nm (red-stained lysosomes), and Ex. 488 nm/Em. 540–550 nm (yellowish stained
lysosomes) and that of Hoechst (nuclei, Ex. 361 nm/Em. 497 nm) in K-562 cells was
measured with a Synergy H4 Hybrid Multi-Mode Microplate Reader (BioTek Instruments,
Inc., Winooski, VT, USA). The data were normalized to the intensity of Hoechst (nuclei,
Ex. 361 nm/Em. 497 nm) in comparison to control cells serving as the reference point,
showing 100%.

2.2.10. Detection of Cell Cycle Progression by Flow Cytometry

MCF-7, CCRF-CEM, and K-562 cells were cultured in 6-well plates and treated with the
tested compounds for 48 h. After exposure to the compounds, the cells were collected and
washed with cold PBS and fixed at −20 ◦C in 70% ethanol for at least 24 h. Subsequently,
cells were washed in PBS and stained with 50 µg/mL PI (propidium iodide) and 100 µg/mL
RNase solution in PBS supplemented with 0.1% v/v Triton X-100 for 30 min in the dark at
RT. Cellular DNA content was determined by flow cytometry employing a BD FACSCanto
II flow cytometer (BD Biosciences, San Jose, CA, USA). The obtained DNA histograms
were analyzed using MacCycle software (Phoenix Flow Systems, San Diego, CA, USA) for
evaluation of the distribution of the cells in different phases of the cell cycle.

2.2.11. Western Blotting

All the procedures are described in detail in Supplementary Materials (Section S3.3).
The protein concentration was determined using a Bradford assay [46].

2.2.12. Densitometry

For densitometry, immunoblots were scanned using G Box Chemi (Syngene, Cambridge,
UK), and the density of each lane of phosphorylated and total protein was quantified using
GeneSys software (Syngene, Cambridge, UK). Phosphorylated protein densities were nor-
malized to GAPDH densities, assuming 1 for untreated cells; then, they were converted to
a percentage of the appropriate control.

2.2.13. Statistical Evaluation

Results are represented as mean ± s.e.m. of at least three independent experiments. Sta-
tistical analysis was performed using GraphPad Prism 5.0 software (GraphPad Software Inc.,
San Diego, CA, USA). Significance was determined using a one-way ANOVA analysis.
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The statistical significance of differences is indicated in figures by asterisks as follows:
* p ≤ 0.05, ** p ≤ 0.01, and *** p ≤ 0.001.

2.3. Molecular Docking
2.3.1. Molecular Docking Preparation

Molecular docking studies to establish favorable ligand binding geometries for both
studied inhibitors, namely 1,1,1-trifluoro-3-[(4,5,6,7-tetrabromo-1H-benzimidazol-2-yl)amin
o]propan-2-ol (rac-6) and 3-[(4,5,6,7-tetrabromo-1H-benzimidazol-2-yl)amino]propane-1,2-
diol (rac-11), were performed using AutoDock Vina v. 1.1.2 (http://autodock.scripps.edu/;
accessed on 21 October 2021) [47]. First, ligands rac-6 and rac-11 in non-ionizable form were
prepared with ChemAxon MarvinSketch v. 14.9.1.0 (http://www.chemaxon.com/marvin/;
accessed on 9 September 2014). The initial geometries of the ligands with the minimum
energy conformation (Ecalc. = −226.758 kJ/mol for rac-6 and Ecalc. = −171.375 kJ/mol
for rac-11) were optimized in Avogadro v. 1.2.0. (http://avogadro.cc/; accessed on 15
June 2016) using General Amber Force Field (GAFF) [48] and/or MMFF94 force field
with 500 steps and the steepest descent algorithm. The visualization of the optimized
geometries was performed using POV-Ray for Windows v. 3.7.0.msvc10.win64 licensed
under the terms of the GNU Affero General Public License (AGPL3) (Figure 2). Afterward,
the Gasteiger partial charges were calculated with AutoDock Tools v. 1.5.6 (ADT, S3
http://mgltools.scripps.edu/; accessed on 29 October 2022). In contrast, all torsion angles
for each ligand were considered flexible, and all the possible rotatable bonds and non-
polar hydrogens were determined. The final ‘ligand’ files were saved as PDBQT files
(.pdbqt format) and were ready for the docking procedure disclosed below in Section 2.3.2.
Molecular Docking Procedure.

Pharmaceutics 2023, 15, x FOR PEER REVIEW 8 of 27 
 

 

2.2.11. Western Blotting 
All the procedures are described in detail in Supplementary Materials (Section S3.3). 

The protein concentration was determined using a Bradford assay [46]. 

2.2.12. Densitometry 
For densitometry, immunoblots were scanned using G Box Chemi (Syngene), and 

the density of each lane of phosphorylated and total protein was quantified using 
GeneSys software (Syngene, Cambridge, UK). Phosphorylated protein densities were 
normalized to GAPDH densities, assuming 1 for untreated cells; then, they were con-
verted to a percentage of the appropriate control. 

2.2.13. Statistical Evaluation 
Results are represented as mean ± s.e.m. of at least three independent experiments. 

Statistical analysis was performed using GraphPad Prism 5.0 software (GraphPad Soft-
ware Inc., San Diego, CA, USA). Significance was determined using a one-way ANOVA 
analysis. The statistical significance of differences is indicated in figures by asterisks as 
follows: * p ≤ 0.05, ** p ≤ 0.01, and *** p ≤ 0.001. 

2.3. Molecular Docking 
2.3.1. Molecular Docking Preparation 

Molecular docking studies to establish favorable ligand binding geometries for both 
studied inhibitors, namely 
1,1,1-trifluoro-3-[(4,5,6,7-tetrabromo-1H-benzimidazol-2-yl)amino]propan-2-ol (rac-6) 
and 3-[(4,5,6,7-tetrabromo-1H-benzimidazol-2-yl)amino]propane-1,2-diol (rac-11), were 
performed using AutoDock Vina v. 1.1.2 (http://autodock.scripps.edu/; accessed on 21 
October 2021) [47]. First, ligands rac-6 and rac-11 in non-ionizable form were prepared 
with ChemAxon MarvinSketch v. 14.9.1.0 (http://www.chemaxon.com/marvin/; accessed 
on 09 September 2014). The initial geometries of the ligands with the minimum energy 
conformation (Ecalc. = −226.758 kJ/mol for rac-6 and Ecalc. = −171.375 kJ/mol for rac-11) were 
optimized in Avogadro v. 1.2.0. (http://avogadro.cc/; accessed on 15 June 2016) using 
General Amber Force Field (GAFF) [48] and/or MMFF94 force field with 500 steps and 
the steepest descent algorithm. The visualization of the optimized geometries was per-
formed using POV-Ray for Windows v. 3.7.0.msvc10.win64 licensed under the terms of 
the GNU Affero General Public License (AGPL3) (Figure 2). Afterward, the Gasteiger 
partial charges were calculated with AutoDock Tools v. 1.5.6 (ADT, S3 
http://mgltools.scripps.edu/; accessed on 29 October 2022). In contrast, all torsion angles 
for each ligand were considered flexible, and all the possible rotatable bonds and 
non-polar hydrogens were determined. The final ‘ligand’ files were saved as PDBQT files 
(.pdbqt format) and were ready for the docking procedure disclosed below in Section 
2.3.2. Molecular Docking Procedure. 

 
Figure 2. The geometries of 
1,1,1-trifluoro-3-[(4,5,6,7-tetrabromo-1H-benzimidazol-2-yl)amino]propan-2-ol (rac-6, (A)) and 
3-[(4,5,6,7-tetrabromo-1H-benzimidazol-2-yl)amino]propane-1,2-diol (rac-11, (B)) optimized in 

Figure 2. The geometries of 1,1,1-trifluoro-3-[(4,5,6,7-tetrabromo-1H-benzimidazol-2-yl)amino]
propan-2-ol (rac-6, (A)) and 3-[(4,5,6,7-tetrabromo-1H-benzimidazol-2-yl)amino]propane-1,2-diol
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visualization software. Nitrogen atoms are presented with blue color, oxygen atoms with red color,
bromine atoms with burgundy (maroon) color, and fluorine atoms with light blue color, whereas
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The crystal structures of human protein kinases, namely CK2-α (PDB code: 4KWP) [35]
of the highest available resolution (1.25 Å) and PIM-1 (PDB code: 4DTK) [49] with a reso-
lution of 1.86 Å, were downloaded from the PDB database (http://www.rcsb.org/pdb/).
The crude target proteins were prepared using the UCSF Chimera v. 1.11.2 package
(http://www.cgl.ucsf.edu/chimera/; accessed on 2 December 2016) [50] after remov-
ing all nonstandard molecules, including 4,5,6,7-tetrabromo-1-(2-deoxy-beta-D-erythro-
pentofuranosyl)-1H-benzimidazole (EXX), sulfate ion (SO4), 1,2-ethanediol (EDO), triethy-
lene glycol (PGE), di(hydroxyethyl)ether (PEG), and dimethyl sulfoxide (DMS) in the case
of 4KWP, as well as (5Z)-5-{2-[(3R)-3-aminopiperidin-1-yl]-3-(propan-2-yloxy)benzylidene}-
1,3-thiazolidine-2,4-dione (7LI), EDO, and SO4 in the case of 4DTK. All the procedures are
described in detail in Supplementary Materials (Section S5.1).

2.3.2. Molecular Docking Procedure

Docking was performed using standard protocols as described in Supplementary
Materials (Section S5.2). For validation of the docking calculations, two prominent ki-
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nase inhibitors crystalized with 4KWP and 4DTK, i.e., 4,5,6,7-tetrabromo-1-(2-deoxy-
beta-D-erythro-pentofuranosyl)-1H-benzimidazole (EXX) for CK2-α and (5Z)-5-{2-[(3R)-3-
aminopiperidin-1-yl]-3-(propan-2-yloxy)benzylidene}-1,3-thiazolidine-2,4-dione (7LI) for
PIM-1, were docked as control ligands. The docking modes of each studied ligand (i.e.,
1,1,1-trifluoro-3-[(4,5,6,7-tetrabromo-1H-benzimidazol-2-yl)amino]propan-2-ol (rac-6) and 3-
[(4,5,6,7-tetrabromo-1H-benzimidazol-2-yl)amino]propane-1,2-diol (rac-11)) were clustered
and ranked based on a mutual ligand–protein affinity expressed as absolute free binding
energies (∆Gcalc (kcal/mol)), as well as the values of root mean square deviation (rmsd)
in both modes with respect to the rmsd lower bound (l.b.) and the rmsd upper bound
(u.b.). The rmsd values were computed with reference to the input structure submitted to
docking simulations. For CK2-α (PDB code: 4KWP), the used random seed amounted to
+1342461868 for rac-6 and –2037069392 for rac-11, whereas for PIM-1 (PDB code: 4DTK), the
used random seed amounted to +956047904 for rac-6 and –769683352 for rac-11. The results
of docking are collected in Table S3. The optimized binding poses of rac-6 and rac-11 in
hypothetical complexes with CK2-α and PIM-1 were visualized using PyMOL Molecular
Graphics System software, v. 1.3, Schrödinger, LLC (https://www.pymol.org/; accessed
on 13 October 2011).

3. Results
3.1. Chemical Synthesis

Taking DMAT (4) as the lead compound, a series of dual CK2/PIM-1 inhibitors were de-
signed and synthesized in analogy to the methods already reported in the literature [41,42].
The general synthetic route is described in Scheme 1. Briefly, in the first step, a commercially
available 2-mercapto-1H-benzimidazole (1) was brominated with bromine (Br2) diluted in
a mixture of 48% aqueous HBr and glacial acetic acid to afford 2-bromo-1H-benzimidazole
(2) in 53% yield. Next, an exhaustive bromination of the resulting 2 with Br2 in boiling
water performed under irradiation of purple LEDs (390 nm) for 24 h afforded the desired
2,4,5,6,7-pentabromo-1H-benzimidazole (3) in 42% yield. Finally, the aminolysis of the key
intermediate 3 was carried out using the appropriate amino alcohol in anhydrous ethanol
in a pressure glass tube reactor at elevated temperatures (110–115 ◦C) to afford DMAT (4)
and its derivatives (5–11) in the yield range of 13–64%.
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Due to the strong impact of the stereochemistry of xenobiotics on their biological
activity in vivo, there is an urgent need to evaluate the single enantiomers of designed
inhibitors toward target proteins, as well as cancer cell lines. Such an evaluation is incredibly
valid especially when one of the optical isomers from the pair acts as the eutomer, while
its counterpart behaves as the distomer. We envisioned that if the eudysmic ratio (ER)
is high in the case of the developed chiral compounds (i.e., rac-5, rac-6, and rac-11), then
the inhibitory activity of each enantiomer will significantly differ toward target kinases.
Therefore, we found it pivotal for biological studies to elaborate on a highly efficient and
stereoselective synthetic method for the preparation of both enantiomers of one of the
chiral products (rac-5). This task was accomplished by employing commercially available,
optically pure (S)- and/or (R)-1-aminopropan-2-ol (>99% ee) as chiral building blocks.
Unfortunately, conducting the reaction with (S)-1-aminopropan-2-ol using a standard
protocol afforded (S)-5 with only 39% ee. To our delight, a detailed screening of the
reaction conditions, including the selection of organic solvent, as well as the evaluation
of the effect of the reaction time and temperature on the stereochemical outcome, led to
obtaining enantiomerically pure antipodes (S)-5 and (R)-5 (>99% ee) in the 85–93% yield
range (for details, see Table S1 in Supplementary Materials). Among the solvents used, only
toluene (PhCH3) guaranteed that the enantiomers of 5 were isolated without undesired
racemization. Other tested solvents (i.e., 1,4-dioxane, DMF, and CH3CN) achieved inferior
results in terms of enantiomeric purity (26–83% ee). The considerable erosion in % ee-values
with respect to the desired products ((S)-5 and (R)-5) obtained from the reactions performed
in aprotic polar solvents is interesting; however, the explanation for the racemization
phenomenon is complex and definitely exceeds the scope of these studies.

All the resulting products (4–11) were characterized by single-proton nuclear mag-
netic resonance (1H-NMR) spectroscopy, high-resolution mass spectrometry (HR-MS), and
high-performance liquid chromatography (HPLC). A lack of 13C-NMR spectra is typical for
polyhalogenobenzimidazoles, since recording the narrow signals corresponding to quater-
nary carbon atoms is highly challenging for these compounds due to the electronic features
of the TBB-ring possessing a N-H tautomeric proton. On the other hand, this problem is
not observed in all the cases when the tautomeric proton is replaced by any substituent [45].
A series of modifications of the NMR experimental conditions implemented to overcome
this drawback, including the significant extension of the time of analysis, changes in the
values of relaxation times, application of high magnetic fields, and the use of lower temper-
atures to achieve slow exchange conditions, failed to obtain spectra with all the predicted
signals. Interestingly, only the treatment of the samples with hydrochloric acid to avoid
the existence of 1,3-tautomeric equilibrium by the protonation of nitrogen atom present
in the imidazole ring allowed the 13C-NMR spectra to be recorded with the appropriate
signals. Nevertheless, these results are subject to the risk of error, as no correction for the
substituent effect was performed. For details, see copies of the recorded spectra appended
in Supplementary Materials.

3.2. Biological Evaluation
3.2.1. Inhibition of Recombinant CK2 and PIM-1

Inhibition of the human CK2 catalytic subunit (CK2α), CK2 holoenzyme (CK2α2β2),
and PIM-1 by the newly obtained compounds was evaluated using a radiometric assay
(Table 1, Figure S2). The synthetic peptide RRRADDSDDDDD was used as the substrate
of CK2, and peptide ARKRRRHPSGPPTA was used as the substrate of PIM-1. The val-
ues of the inhibition constant (Ki) were calculated using the Cheng–Prusoff equation:
Ki = IC50/(1 + [S]/Km) [51].
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Table 1. Inhibition of CK2 and PIM-1 by compounds 4–11.

Cpd.
Ki (µM)

CK2α CK2α2β2 PIM-1

4 0.223 0.056 0.052
rac-5 0.296 0.127 0.064
(S)-5 0.271 0.167 0.099
(R)-5 0.394 0.104 0.089
rac-6 0.294 0.112 0.067

7 0.156 0.114 0.082
8 0.256 0.072 0.071

rac-9 1.671 0.605 0.267
10 0.139 0.124 0.093

rac-11 0.151 0.089 0.073

All the tested compounds were efficient inhibitors of both recombinant forms of CK2
and PIM-1, with Ki values in the range of 0.56–0.605 µM for CK2α2β2 and 0.052–0.267 µM
for PIM-1. None of the newly obtained inhibitors inhibited CK2α2β2 or PIM-1 more
strongly than the parent compound, DMAT (4); however, compounds 7, 10, and rac-11
demonstrated lower Ki values for CK2α than for DMAT (4), i.e., 0.156 µM, 0.139 µM, and
0.151 µM, respectively. Among the newly obtained compounds, the rac-11 derivative
was the most efficient inhibitor of CK2α2β2, with Ki values equal to 0.089 µM, whereas
rac-5 was the most potent inhibitor of PIM-1, with Ki = 0.064 µM. The effectiveness of
rac-11 towards CK2 kinase can be attributed to the presence of two hydroxyl groups in its
structure, which can additionally interact with structural water molecules accommodated
in the enzyme’s active site. On the contrary, the weakest inhibitor of CK2, compound rac-9
(Ki = 0.605 µM), has the largest substituent when compared to other studied inhibitors and
can therefore potentially undergo clashes with amino acid residues present in the binding
pocket of the enzyme.

3.2.2. Cytotoxic Effect of DMAT Derivatives 4–11 toward Cancer Cell Lines: CCRF-CEM,
K-562, MCF-7, and Non-Cancerous Vero Cells

To test the cytotoxicity of the DMAT derivatives, we treated the CCRF-CEM, K-562,
MCF-7, and Vero cells with the newly synthesized compounds in the concentration range
of 1.575–100 µM for 48 h. The representative plots demonstrating sigmoidal dose–response
curves for compounds 4–11 are shown in Figure 3. The IC50 values describing the half-
maximal effective concentration of each tested compound were calculated and are summa-
rized in Table 2. Selectivity is an important feature of compounds demonstrating anticancer
properties; therefore, the selectivity indices (SI) were calculated, as presented in Table 2.
Using an MTT viability assay, we demonstrated that all tested compounds significantly
decreased the viability of the studied cells, with IC50 values ranging from 9.66 µM to
41.53 µM. Among the newly obtained DMAT derivatives, rac-6 and rac-9 were the most
cytotoxic toward the tested tumor cells (Table 2). The viability of CCRF-CEM and MCF-7
was most strongly reduced by rac-6, with IC50 values of 11.83 µM (for CCRF-CEM) and
9.66 µM (for MCF-7), whereas the viability of K-562 was the most strongly decreased by
rac-9, with an IC50 value of 11.61 µM. Interestingly, rac-6 demonstrated higher SI values
than rac-9, with the highest value of 2.11 obtained for MCF-7. Considering the obtained
results in terms of the lowest IC50 and the highest SI values, subsequent biological studies
were devoted to rac-6 and 4 (DMAT) as lead compounds.
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Figure 3. Sigmoidal dose–response curves for compounds 4–11 determined for CCRF-CEM (a), 
K-562 (b), MCF-7 (c), and Vero cells (d) after 48 h of treatment. Plots were generated by GraphPad 
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10^((LogIC50 − X)*HillSlope)). 

Table 2. Viability of CCRF-CEM (acute lymphoblastic leukemia), K-562 (chronic myelogenous 
leukemia), MCF-7 (breast carcinoma), and non-cancerous Vero cells after treatment with the tested 
compounds. The IC50 values were calculated using an MTT-based assay and the following equation: 
Y = 100/(1 + 10^((LogIC50 − X)*HillSlope)). 

Cpd. 
Cell Line SI * 

logP ** 
CCRF-CEM K-562 MCF-7 Vero CCRF-CEM K-562 MCF-7 

4 18.94 ± 0.88 22.54 ± 6.09 14.68 ± 0.27 18.72 ± 0.33 0.99 0.83 1.27 5.39 

Figure 3. Sigmoidal dose–response curves for compounds 4–11 determined for CCRF-CEM
(a), K-562 (b), MCF-7 (c), and Vero cells (d) after 48 h of treatment. Plots were gener-
ated by GraphPad Prism after fitting the MTT data to the sigmoidal dose–response equation:
Y = 100/(1 + 10ˆ((LogIC50 − X) ∗ HillSlope)).

Table 2. Viability of CCRF-CEM (acute lymphoblastic leukemia), K-562 (chronic myelogenous
leukemia), MCF-7 (breast carcinoma), and non-cancerous Vero cells after treatment with the tested
compounds. The IC50 values were calculated using an MTT-based assay and the following equation:
Y = 100/(1 + 10ˆ((LogIC50 − X) ∗ HillSlope)).

Cpd.
Cell Line SI * logP **

CCRF-CEM K-562 MCF-7 Vero CCRF-CEM K-562 MCF-7

4 18.94 ± 0.88 22.54 ± 6.09 14.68 ± 0.27 18.72 ± 0.33 0.99 0.83 1.27 5.39
rac-5 21.70 ± 0.86 38.70 ± 8.08 16.86 ± 0.30 22.58 ± 0.13 1.04 0.58 1.34 4.41
(S)-5 23.21± 4.01 39.28 ± 9.05 16.55 ± 0.30 25.20 ± 0.54 1.11 0.64 1.52 4.41
(R)-5 22.31 ± 0.10 39.59 ± 8.11 16.09 ± 0.19 28.30 ± 0.43 1.27 0.71 1.76 4.41
rac-6 11.83 ± 0.40 17.74 ± 3.54 9.66 ± 0.31 20.38 ± 0.41 1.72 1.15 2.11 5.05

7 25.64 ± 0.54 33.70 ± 4.92 18.21 ± 0.30 29.46 ± 0.12 1.15 0.87 1.62 4.19
8 17.37 ± 0.27 40.02 ± 7.45 15.11 ± 0.39 16.07 ± 0.27 0.92 0.40 1.06 4.88

rac-9 13.59 ± 0.84 11.61 ± 2.85 10.80 ± 0.23 12.01 ± 0.21 0.88 1.03 1.11 4.74
10 24.47 ± 0.21 38.06 ± 5.56 16.65 ± 0.23 25.19 ± 0.10 1.03 0.66 1.51 3.55

rac-11 33.80 ± 0.26 41.49 ± 8.45 17.20 ± 0.39 41.53 ± 0.10 1.23 1.00 2.41 3.55

* SI (selectivity index) was calculated with the following formula: x = IC50 Vero
IC50 cancer cells . ** Logarithm of the partition

coefficient of a given inhibitor between n-octanol and water calculated using ChemBioDraw Ultra 13.0 software
(PerkinElmer Informatics Indications, Waltham, MA, USA).

3.2.3. Induction of Apoptosis in CCRF-CEM, K-562, and MCF-7 Cells

In order to evaluate the proapoptotic properties of rac-6, we analyzed annexin V-binding
to phosphatidylserine using flow cytometry. The results are shown in Figure 4 and Table S2.
The obtained results indicate that rac-6 induced apoptosis in CCRF-CEM at both concentra-
tions, with the highest proportion of 47% of cells in early and late apoptosis after treatment
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with 10 µM conc. The examined racemate, rac-6, also induced apoptosis in MCF-7 cells at
10 µM conc. (statistically significant result), whereas K-562 cells were the least sensitive to
rac-6 (no significant apoptosis observed). However, the percentage of total apoptotic K-562
cells was higher after treatment with 10 µM conc. of rac-6 than after treatment with parental
compound 4 (DMAT), with values of 15.5% and 8.7%, respectively. We also observed the
unusual presence of two different pools of unstained cells (considered alive) that were
especially visible on cytograms obtained for K-562 cells treated with 10 µM conc. of rac-6
(Figure 4c). The results obtained for this line utilizing flow cytometry suggest a mechanism
of death induction other than apoptosis for rac-6.
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Figure 4. Induction of apoptosis in CCRF-CEM, K-562, and MCF-7 cells. The data were determined 
by a FACSCanto II flow cytometer after 48 h of treatment with compounds 4 and rac-6. Cells were 
Figure 4. Induction of apoptosis in CCRF-CEM, K-562, and MCF-7 cells. The data were determined by
a FACSCanto II flow cytometer after 48 h of treatment with compounds 4 and rac-6. Cells were stained
with annexin V-FITC and PI (propidium iodide). (a) Mean and standard deviation (SD) of necrosis,
as well as viable, early, and late apoptosis, as percent from three independent experiments each.
(b) Percentage of late apoptosis in CCRF-CEM, K-562, and MCF-7 cells. (c) Representative cytograms.
The data for viable cells (a) and in late apoptosis (b) were analyzed by Dunnett’s multiple comparison
test as follows: * p < 0.05, ** p < 0.01, and *** p < 0.001 relative to control; ns—not significant.

3.2.4. Mitochondrial Membrane Potential (∆Ψm) in CCRF-CEM

Regarding the significant proapoptotic effect of rac-6 on CCRF-CEM cells, in the
next step of our investigation, we measured mitochondrial membrane potential (∆Ψm) in
leukemia cells treated with compounds 4 and rac-6 for 48 h (Figure 5). Incubation with the
tested compounds caused mitochondrial membrane depolarization in a dose-dependent
manner (as evidenced by the shift from a red to green fluorescence ratio). The most
significant effect, i.e., 45% of cells with reduced ∆Ψm, was obtained in cells treated with
10 µM conc. of rac-6. The results correlate well with annexin binding studies of rac-6-treated
CCRF-CEM cells, suggesting the intrinsic nature of the apoptotic pathway.
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and therefore, acridine orange fluoresces red in AVOs, such as autolysosomes, can be 
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digested during the autophagy process, and the resulting damage makes it easier to bind 
with OA molecules [52]. 

Figure 5. Mitochondrial membrane potential (∆Ψm) in CCRF-CEM treated for 48 h with 4 and
rac-6. (a) The percentage of CCRF-CEM cells with reduced ∆Ψm. (b) Representative flow cytograms
demonstrating changes in cells induced by 48 h of culturing with 4 or rac-6. The cells were stained
with JC-1 dye. The cells in the lower-right region of panel (b) show increased green fluorescence
(apoptotic cells). The data were analyzed by Dunnett’s multiple comparison test as follows: * p < 0.05,
*** p < 0.001 relative to control; ns—not significant.

3.2.5. Detection of Autophagy in K-562 Cells

In order to conclude the mechanism of death of K-562 cells treated with the tested
active agents, microscopic observations and a fluorescence intensity assay were performed
after staining the cells with an acridine orange (AO). The employed dye is a cell-permeable
fluorophore that can be protonated and trapped in acidic vesicular organelles (AVOs). Its
metachromatic shift to red fluorescence is concentration-dependent, and therefore, acridine
orange fluoresces red in AVOs, such as autolysosomes, can be detected quantitatively [52].
In addition, OA has the ability to intercalate between the nitrogenous bases of the nucleic
acids present in cells and their labeling. DNA or RNA is digested during the autophagy
process, and the resulting damage makes it easier to bind with OA molecules [52].

After 48 h of treatment with 4 and rac-6, K-562 cells, were subjected to staining with
Hoechst (nuclei staining) and AO, followed by fluorescent microscopy and a fluorescence
intensity measurement. As shown in Figure 6, control cells primarily displayed green
fluorescence, with minimal red fluorescence, indicating a lack of acidic vesicular organelles
(AVOs). Both 4- and rac-6-treated cells showed yellowish-stained lysosomes and a fold-
increase in red fluorescent AVOs compared to the controls (Figure 6). Interestingly, cells
treated with rac-6 demonstrated reduced green fluorescence (DNA and cytosol staining) in
comparison to control cells (especially at higher concentrations of the compound). Since the
obtained microscopic data were inconclusive, we additionally measured fluorescence inten-
sity of AO at four different wavelengths, i.e., Ex. 502 nm/Em. 520–524 nm (aggregated or
DNA complexed form), Ex. 457 nm/Em. 630–644 nm (aggregated or RNA complexed form),
Ex. 540 nm/Em. 640–660 nm (red-stained lysosomes), and Ex. 488 nm/Em. 540–550 nm
(yellowish stained lysosomes) (Figure 6b). The obtained quantitative data indicated that
the fluorescence of K-562 cells treated with the tested compounds was increased in a
dose-dependent manner for aggregated or DNA/RNA-complexed AO, as well as for
yellowish-stained lysosomes, with the highest percentage of lysosomes reaching 324% of
the control in a 15 µM conc. of the rac-6-treated cells.
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Figure 6. Induction of autophagy in K-562 cells. (a) Visualization of intracellular autophagic vacu-
oles in K-562 cells: fluorescence microscopy of Hoechst (blue-stained nuclei, BF) and AO-stained 
K-562 cells (green fluorescence (GF) and red fluorescence (RF)) treated for 48 h with 4 and rac-6 
(using a fluorescent microscope: ECLIPSE Y-TV55, Nikon, ×600, magnification). (b) The fluores-
cence intensity of AO in K-562 cells measured with a Synergy H4 Hybrid Multi-Mode Microplate 
Reader (Biotek) as described in the Methods section. The data were normalized to the intensity of 
Hoechst (nuclei, Ex. 361 nm/Em. 497 nm). The data were analyzed by Dunnett’s multiple compar-
ison test as follows: * p < 0.05, *** p < 0.001 relative to control; ns—not significant. 

3.2.6. The Effect of 4 and rac-6 on Cell Cycle Progression in CCRF-CEM,  
K-562, and MCF-7 Cells 

Since CK2 controls cell cycle progression and, consequently, its inhibition can affect 
the distribution of cells in the individual phases of the cell cycle, we tested the cell cycle 
progression in CCRF-CEM, K-562, and MCF-7 cells after treatment with 4 and rac-6. 
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Figure 6. Induction of autophagy in K-562 cells. (a) Visualization of intracellular autophagic vacuoles
in K-562 cells: fluorescence microscopy of Hoechst (blue-stained nuclei, BF) and AO-stained K-562
cells (green fluorescence (GF) and red fluorescence (RF)) treated for 48 h with 4 and rac-6 (using a
fluorescent microscope: ECLIPSE Y-TV55, Nikon, ×600, magnification). (b) The fluorescence intensity
of AO in K-562 cells measured with a Synergy H4 Hybrid Multi-Mode Microplate Reader (Biotek) as
described in the Methods section. The data were normalized to the intensity of Hoechst (nuclei, Ex.
361 nm/Em. 497 nm). The data were analyzed by Dunnett’s multiple comparison test as follows:
* p < 0.05, *** p < 0.001 relative to control; ns—not significant.

Furthermore, the only statistically significant results were obtained for 15 µM conc. of
the rac-6-treated cells. Moreover, the red fluorescence was reduced in the case of 10 µM
conc. of the rac-6-treated cells. On the contrary, the red fluorescence was increased in
4-treated cells (both concentrations) and 15 µM conc. of the rac-6-treated cells up to 148%
of the control, although the results in these cases were not statistically significant.

Because proton pump-driven lysosomal acidity generates a significant pH gradient,
resulting in an efficient concentration of AO within the lysosome organelles and because
the effectiveness of the AO concentration process is sufficient to create intralysosomal
concentrations, leading to precipitation of the AO into aggregated granules, the obtained
results indicate that some of the treated cells can, in fact, undergo autophagy, especially
after treatment with rac-6. The results obtained for an aggregated form of AO correspond
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to the increase in the yellowish-stained lysosomes and red-stained lysosomes, with the
exception of 10 µM conc. of the rac-6-treated cells.

3.2.6. The Effect of 4 and rac-6 on Cell Cycle Progression in CCRF-CEM, K-562,
and MCF-7 Cells

Since CK2 controls cell cycle progression and, consequently, its inhibition can affect
the distribution of cells in the individual phases of the cell cycle, we tested the cell cycle
progression in CCRF-CEM, K-562, and MCF-7 cells after treatment with 4 and rac-6. Rep-
resentative plots DNA histograms with the calculations of cell percentages in each phase
of the cell cycle are depicted in Figure 7. The results indicate differences in the mode of
action of the two tested compounds, i.e., 4 led to S-phase arrest in all the tested cell lines,
with a maximum of 57.7% of K-562 cells in that phase after treatment with 15 µM conc.,
whereas rac-6 induced G1-phase arrest in CCRF-CEM and MCF-7 cells, with a maximum
accumulation of 49% of leukemia cells in that phase after using 10 µM conc. of this com-
pound. Interestingly, rac-6 induced S-phase arrest only in K-562 cells, with a maximum of
56.1% of cells in that phase after 15 µM conc. of this compound. Furthermore, MCF-7 cells
were observed in the sub-G1 phase (Figure 7d). Accumulation of cells in sub-G1 indicates
DNA degradation, as often seen in apoptotic cells, confirming the results obtained with
annexin V and PI staining.
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Figure 7. Cell cycle progression in CCRF-CEM, K-562, and MCF-7 cells. The data were determined 
by a FACSCanto II flow cytometer after 48 h of treatment with compounds 4 and rac-6. (a–c) The 
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3.2.7. Intracellular Inhibition of Protein Kinase CK2 and PIM-1 in CCRF-CEM, K-562, and 
MCF-7 Cells 

To confirm the intracellular inhibition of CK2 and PIM-1 by compounds 4 and rac-6 
in the tested cell lines, we evaluated site-specific phosphorylation of Ser529 in NF-κBp65 
(nuclear factor kappa-light-chain-enhancer of activated B-cells) and Ser112 in BAD after 

Figure 7. Cell cycle progression in CCRF-CEM, K-562, and MCF-7 cells. The data were determined
by a FACSCanto II flow cytometer after 48 h of treatment with compounds 4 and rac-6. (a–c) The cell
cycle distribution profiles determined by flow cytometry. (d) Representative DNA histograms of cell
lines. The data were analyzed by Dunnett’s multiple comparison test as follows: * p < 0.05, ** p < 0.01,
and *** p < 0.001 relative to control; ns—not significant.
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3.2.7. Intracellular Inhibition of Protein Kinase CK2 and PIM-1 in CCRF-CEM, K-562,
and MCF-7 Cells

To confirm the intracellular inhibition of CK2 and PIM-1 by compounds 4 and rac-6
in the tested cell lines, we evaluated site-specific phosphorylation of Ser529 in NF-κBp65
(nuclear factor kappa-light-chain-enhancer of activated B-cells) and Ser112 in BAD after
48 h of treatment (Figure 8). The data obtained for p65 confirmed the intracellular inhibition
of CK2 by the tested compounds in all the studied cell lines in a dose-dependent manner.
Both tested compounds inhibited CK2-mediated phosphorylation of p65 to a similar extent,
with the relative level of p65-P in the range of 0.18–0.47 µM in CCRF-CEM, 0.26–0.44 µM in
K-562, and 0.19–0.73 µM in MCF-7. However, the most potent inhibition was observed in
CCRF-CEM cells after treatment with 10 µM conc. of rac-6. Otherwise, Western blot data
for BAD (a marker of PIM-1 activity) indicated inhibition of PIM-1 only in MCF-7 cells,
with the most significant reduction in phosphorylated BAD in cells treated with 10 µM
conc. of rac-6 (0.49 of control) (Figure 8b). Unexpectedly, the relative level of BAD-P in the
drug-treated CCRF-CEM and K-562 cells was even higher than in control cells.

Pharmaceutics 2023, 15, x FOR PEER REVIEW 18 of 27 
 

 

48 h of treatment (Figure 8). The data obtained for p65 confirmed the intracellular inhi-
bition of CK2 by the tested compounds in all the studied cell lines in a dose-dependent 
manner. Both tested compounds inhibited CK2-mediated phosphorylation of p65 to a 
similar extent, with the relative level of p65-P in the range of 0.18–0.47 μM in CCRF-CEM, 
0.26–0.44 μM in K-562, and 0.19–0.73 μM in MCF-7. However, the most potent inhibition 
was observed in CCRF-CEM cells after treatment with 10 μM conc. of rac-6. Otherwise, 
Western blot data for BAD (a marker of PIM-1 activity) indicated inhibition of PIM-1 only 
in MCF-7 cells, with the most significant reduction in phosphorylated BAD in cells 
treated with 10 μM conc. of rac-6 (0.49 of control) (Figure 8b). Unexpectedly, the relative 
level of BAD-P in the drug-treated CCRF-CEM and K-562 cells was even higher than in 
control cells. 

(a) 

CCRF-CEM

Re
la

tiv
e 

le
ve

l o
f p

ro
te

in

p65
-P

BAD-P
0.0

0.5

1.0

1.5

2.0

2.5
CTRL
4, 5 μM
4, 10 μM
rac-6, 5 μM
rac-6, 10 μM

K-562

Re
la

tiv
e 

le
ve

l o
f p

ro
te

in

p65
-P

BAD-P
0

1

2

3

4
CTRL
4, 10 μM
4, 15 μM
rac-6, 10 μM
rac-6, 15 μM

MCF-7

Re
la

tiv
e 

le
ve

l o
f p

ro
te

in

p65
-P

BAD-P
0.0

0.5

1.0

1.5
CTRL
4, 5 μM
4, 10 μM
rac-6, 5 μM
rac-6, 10 μM

 
(b) 

Figure 8. Intracellular inhibition of protein kinases CK2 and PIM-1 in CCRF-CEM, K-562, and 
MCF-7 cell lines after 48 h treatment with compounds 4 and rac-6. (a) Representative Western blots 
of p65-P-Ser 529 (nuclear factor kappa-light-chain-enhancer of activated B-cells), p65 total, 
BAD-P-Ser112, BAD total, and GAPDH in the tested cells. (b) Densitometric quantifications for 
each tested protein were calculated with untreated cells (CTRL) serving as the reference point, 
showing relative protein levels. The preparation of cell extracts and protein detection is described 
in the Materials and Methods Section. 
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Figure 8. Intracellular inhibition of protein kinases CK2 and PIM-1 in CCRF-CEM, K-562, and MCF-7
cell lines after 48 h treatment with compounds 4 and rac-6. (a) Representative Western blots of
p65-P-Ser 529 (nuclear factor kappa-light-chain-enhancer of activated B-cells), p65 total, BAD-P-
Ser112, BAD total, and GAPDH in the tested cells. (b) Densitometric quantifications for each tested
protein were calculated with untreated cells (CTRL) serving as the reference point, showing relative
protein levels. The preparation of cell extracts and protein detection is described in the Materials and
Methods Section.

3.3. Molecular Docking

In order to rationalize the results of in vitro enzymatic assays and cellular activity
in cancer cell lines of the most potent dual CK2-α/PIM-1 inhibitors with the highest
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selectivity factor (SI), comprehensive in silico enzyme–substrate docking calculations were
performed. For this purpose, the respective TBBi derivatives (rac-6 and rac-11)were docked
with receptor molecules prepared based on the crystal structures of both titled kinases, CK2-
α (PDB code: 4KWP) [35] and PIM-1 (PDB code: 4DTK) [49], which were retrieved from
the Protein Data Bank (PDB; https://www.rcsb.org/). As a result of molecular docking
experiments, nine of the most energetically favorable binding modes for the ligand–protein
complexes for ligands rac-6 and rac-11 and target CK2-α and PIM-1 proteins were generated.
The results of their binding affinity energies expressed as ∆Gcalc (kcal/mol) are presented
in Table S3 (Supplementary Materials). A visualization of the representative docking poses
of rac-6 and rac-11 to CK2-α and PIM-1 with close contacts with amino acid residues located
in the related ATP-binding sites of both studied kinases is presented in Figure 9.

Inspection of the productive pose of rac-6 in CK2-α (Figure 9A−C) showed that this
inhibitor forms strong 2.1−2.2 Å-long hydrogen bonds with crystal waters (HOH-744
and HOH-954) present in the catalytic cavity. At the same time, the 4,5,6,7-tetrabromo-
benzimidazole moiety of rac-6 is located deep inside the ATP-binding pocket, thus ex-
hibiting strong hydrophobic interactions with Val53, Val66, and Val116. In contrast, rac-11
establishes hydrogen bonding between the backbone carbonyl oxygen of His160 residue
and the hydrogen atom of the secondary hydroxyl moiety present in the propane-1,2-diol
substituent (Figure 9D−F). Moreover, the CK2-α-rac-11 complex is stabilized through an ad-
ditional water-mediated hydrogen bond between the imidazole-NH moiety and the oxygen
atom of the bridging conserved water molecule (HOH-744). In this case, the ATP-binding
pocket, which is surrounded by hydrophobic amino acids, was also occupied by the TBBi
scaffold, providing alkyl CH–CH van der Waals (vdW) and π−alkyl interactions with Val53,
Leu45, Val66, Glu114, Val116, Met163, and Ile174 residues. It is worth noting that docking
simulations revealed that both TBBi inhibitors bind to CK2α, exploiting two different poses.
In this context, rac-6 is anchored to the hinge region through Br1 and Br2 closer to Leu45,
Val53, and Val66 residues (1.9−2.7 Å-long distance), while rac-11 is oriented through Br2
and Br3 closer to Glu114, Val116, Asn118, and Met163 residues (2.4−3.4 Å-long distance).
As a consequence of the second orientation, ligand rac-11 can avoid unfavorable repulsion
and steric clashes of the tailed hydrophilic propane-1,2-diol chain and hydrophobic residues
located more profoundly in the ATP-binding pocket. The second plausible explanation for
this orientation is that the additional primary hydroxyl group present in the amino alcohol
substituent introduces a steric hindrance due to the proximity of Met163, which pushes
rac-11 out of the hinge region. Interestingly, although rac-11 slightly protrudes from the
ATP-binding site as compared to rac-6, the drop in the inhibitory potency of this compound
was not detected during in vitro kinase activity assays.

In turn, complexes of PIM-1 and the selected top-scoring binding modes of rac-6
(Figure 9G−I) and rac-11 (Figure 9J−L) revealed that both inhibitors are accommodated
inside the ATP-binding cleft with similar poses, explaining the marginal differences in
inhibitory potency towards target protein in vitro. The only difference among the studied
PIM-1 complexes concerns the feature of the H-bonding network between the inhibitors’
amino alcohol skeletons and interacting amino acid residues, as well as crystal water. The
docking of rac-6 with PIM-1 protein shows that the secondary hydroxyl group of the alkyl
substituent formed H-bond interactions with PIM-1 via amine groups of Lys67 or Asp186,
whereas the TBBi-NH moiety interacted via crystal water (HOH-680). On the other hand,
the secondary hydroxyl functionality of rac-11 interacted only with Lys67, while the TBBi-
NH moiety was H-bounded with HOH-680. Interestingly, when comparing both inhibitors
complexed with target kinases, one can see that in the case of CK2-α, it is the proton of
imidazole-NH moiety that forms H-bonds with crystal water. In contrast, in the case of
PIM-1, both inhibitors’ TBBi-NH scaffolds are engaged in the formation of H-bonding
interaction with the crystal water.
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Figure 9. Representative three-dimensional (3D) binding modes of 1,1,1-trifluoro-3-[(4,5,6,7-
tetrabromo-1H-benzimidazol-2-yl)amino]propan-2-ol (rac-6) (A–C,G–I) and 3-[(4,5,6,7-tetrabromo-
1H-benzimidazol-2-yl)amino]propane-1,2-diol (rac-11) (D–F,J–L) with human protein kinases, CK2-α
(PDB code: 4KWP; (A–F)) and PIM-1 (PDB code: 4DTK; (G–L)) with close contacts with residues in
the ATP-binding site. All nine panels (A–L) show inhibition of protein kinases CK2-α and PIM-1 by
blocking the substrate-binding site through direct interaction of the ligands with critical amino acids
of the receptors in the catalytic cavity. Ligands are shown as sticks. The overall receptor structures are
shown as a cartoon diagram (left column) or surface representation (right column), where CK2-α is
light grey and PIM-1 is gold. The most significant amino acid residues contributing to the stabilization
of the ligand molecules in the complex with CK2-α and PIM-1 by polar interactions and by CH–CH
van der Waals (vdW) or π−alkyl interactions are shown as lines. Nitrogen atoms are presented with
blue color, oxygen atoms with red color, fluorine atoms with light blue color, and bromine atoms
with burgundy (maroon) color, whereas the hydrogen atoms (attached to nitrogen and/or oxygen
atoms of the ligand molecules) are represented by grey color. Only polar hydrogens are shown for
clarity. The bridging conserved water molecules (crystal waters) are presented as light blue spheres.
The formation of intermolecular hydrogen bonds is represented by magenta dashed lines.
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Notably, no halogen bonding was detected among the docked ligand rac-6, suggesting
that the fluorine atoms of the -CF3 group are less detrimental for polar interactions within
CK2-α and PIM-1 receptor molecules. Therefore, it is more likely that the organofluorine
moiety in the studied lead compound rac-6 is responsible for enhanced membrane per-
meation and higher bioavailability (due to the greater lipophilicity of bioisosteric fluorine
compared to hydrogen), as well as improved metabolic stability (due to resistance of the
C–F bond toward intracellular biotransformations compared to the C–H bond). Both afore-
mentioned features can modulate the performance and pharmacokinetics of this compound
in vivo but have no significant influence on the increased binding affinity of fluorinated
derivatives to target kinases. Nevertheless, such a phenomenon concerning the physico-
chemical properties and pharmacological behavior of TBBi-based derivatives demands a
deeper understanding.

4. Discussion

A series of novel amino alcohol derivatives (5–11) of parental DMAT (4) were designed
and synthesized as potent dual CK2/PIM-1 inhibitors. All the compounds were obtained
in up to 14% total yield after a three-step synthetic procedure, following a well-known
route elaborated by Andrzejewska et al. [42], which includes: (i) bromination of 2-mercapto-
1H-benzimidazole (1) with Br2 and 48% aqueous HBr in glacial AcOH, (ii) an exhaustive
bromination of 2-bromo-1H-benzimidazole (2) with Br2 in boiling water and modified
using additional LED (390 nm) irradiation to intensify the process, and (iii) aminolysis of
the resulting key intermediate, namely 2,4,5,6,7-pentabromo-1H-benzimidazole (3), with
commercial amino alcohols different than those used in the literature. Because the designed
compounds included chiral small molecules, we also extended our synthetic efforts toward
the preparation of the corresponding (R)- and (S)-enantiomers using commercially available
chiral building blocks as starting materials. This strategy was applied to evaluate the
structure–activity relationship with respect to the absolute configuration of stereogenic
centers present in one of the studied DMAT analogs: (2S)- or (2R)-1-[(4,5,6,7-tetrabromo-
1H-benzimidazol-2-yl)amino]propan-2-ol [(S)-5 or (R)-5].

Although the results of in vitro kinetics studies revealed that all inhibitors decrease the
catalytic activity of recombinant CK2- and PIM-1 enzymes to a similar extent as a parental
DMAT, the cytotoxicity and selectivity of the tested compounds were even better than in the
case of DMAT. Moreover, the cytotoxic activity of the tested compounds corresponds better
with their lipophilicity than their inhibitory activity. This correlation is in agreement with
our previous findings demonstrating that the most promising compound characterized
by a higher logP value can penetrate cell membranes more efficiently, therefore exhibiting
improved intracellular inhibition of CK2 [40]. The present results were supported by
molecular docking studies for the most selective compounds, i.e., rac-6 and rac-11. The in
silico results demonstrated that both compounds are accommodated inside the ATP-binding
cleft with similar poses, explaining the marginal differences in inhibitory potency towards
target protein in vitro. These findings confirm that efficient inhibitors of recombinant CK2
should possess (nearby hydrophobic TBBi scaffold) a polar carboxyl or hydroxyl moiety,
which are prone to forming strong hydrogen bonds similar to the phosphate groups present
in the ATP physiological substrate.

Because cytotoxicity against tumor cells and selectivity are important features of com-
pounds demonstrating anticancer properties, further investigations of biological action of
the most promising compounds, i.e., rac-6 and 4, were performed. We observed that among
tested cell lines, K-562, a Philadelphia (Ph) chromosome-positive (BCR-ABL-positive)
leukemia cell line derived from chronic myeloid leukemia (CML) in blast crisis [53], was
the most resistant toward the tested compounds. Previous studies demonstrated that CK2
expression was increased in leukemia cells from CML patients in blast crisis as compared
to healthy peripheral blood mononuclear cells and showed that Bcr-Abl in K-562 cells phys-
ically interacts with CK2α, affecting its activity [54]. The therapeutic resistance of K-562
cells can also be partially correlated with an increased metabolic flux towards the Warburg
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phenotype, which promotes survival and proliferation [55]. It has been demonstrated
that hexokinase-II (HK-II) is expressed predominantly in cancer cells, which promotes the
Warburg metabolic phenotype and protects the cancer cells from drug-induced apoptosis.
It was proven that K-562 cells have multifold higher levels of HK-II, glucose uptake, and
endogenous ROS with respect to normal peripheral blood mononuclear cells [55].

The resistance of K-562 cells to the tested compounds correlates well with the lack
of apoptosis in these cells after their treatment with rac-6 and 4. Moreover, the poor
proapoptotic activity of the tested compounds towards K-562 cells also correlates with
the lack of efficient intracellular inhibition of CK2 or PIM-1 protein kinases after 4- and
rac-6-treatment. Considering that CK2 has been demonstrated as an essential mediator of
BCR-ABL oncogenic signals and the BCR-ABL/CK2 complex is responsible for mediating
BCR-ABL-induced cell proliferation and survival [56], the lack of efficient intracellular
inhibition of CK2 by the tested compounds is in agreement with the poor proapoptotic
activity of this treatment. We also observed that the phospho-BAD (Ser112) level in K-562
cells increased significantly after treatment with both inhibitors, which supports cell sur-
vival and prevents the occurrence of apoptosis. Moreover, it was demonstrated that the
inactivation of BAD by PIM-1-mediated phosphorylation of Ser112 can affect BCL-2, an
apoptotic cell death suppressor, which consequently leads to cell survival [57]. A simi-
larly increased level of phospho-BAD (Ser112) was observed in TNBC MDA-MB-231 cells
after treatment with a dual CK2/PIM-1 inhibitor, 1-(β-D-2′-deoxyribofuranosyl)-4,5,6,7-
tetrabromo-1H-benzimidazole, named K164 (TDB) [37]. Interestingly, the same inhibitor
reduced the catalytic activity of both CK2 and PIM-1 kinases, as manifested by decreased
phosphorylated levels of Akt and BAD in K-562 cells, and induced apoptosis in this cell
line [36].

Our present studies show that both tested compounds are prone to induce autophagy
in the K-562 cell line. Although autophagy is a physiological cellular process that leads
to the degradation and recycling of damaged cellular components [58], depending on
the degree of activation, it can lead to death. In cancer, autophagy exhibits contradictory
behavior, and depending on the cell type, it may be an important factor for the induction
of cell death or tumor progression [59]. Previous studies have demonstrated that a well-
established inhibitor of tyrosine kinase, imatinib, induces autophagy in the K-562 cell line
and in primary cultures of patients with CML [60]. In turn, novel JAK inhibitor ruxolitinib
(INCB018424) reported by Lin et al. [61] is able to notably decrease the expression of AKT,
mTOR, and STAT autophagy inhibitor genes in K-562 cells relative to the control cell line.

Among the tested cell lines, apoptosis was induced by rac-6 to the greatest extent in
CCRF-CEM. Moreover, the proapoptotic activity of this compound was even better than
the parental DMAT and corresponded to its strong ability to reduce ∆Ψm, suggesting the
intrinsic nature of the apoptotic pathway. The obtained results concerning CK2-mediated
phosphorylation of NF-κB strongly correlate with the proapoptotic properties of rac-6,
confirming the antiapoptotic role of this kinase. It was demonstrated that CK2 and its
substrates protect cells from apoptosis by phosphorylating a wide range of proteins in-
volved in the apoptotic response [62,63]. Interestingly, intracellular inhibition of CK2 in the
rac-6-treated CCRF-CEM cells was not accompanied by inhibition of PIM-1 (increased level
of phosphorylated BAD).

Among studied cell lines, the decreased level of (PIM-1)-mediated phosphorylation
of BAD was observed only in MCF-7, and similarly to CCRF-CEM cells, CK2-mediated
phosphorylation of p65 was reduced in MCF-7 cells treated with 4 and rac-6. The obtained
results correlate with the ability of the tested compounds to induce apoptosis in breast
cancer cells; however, its intensity is lower than in CCRF-CEM cells. The indicated differ-
ences in the proapoptotic efficacy of the tested inhibitors between CCRF-CEM and MCF-7
cell lines may be related to the caspase-3 deficiency in MCF-7 cells, which consequently
undergo cell death due to a lack of typical apoptotic properties [64]. Interestingly, intra-
cellular inhibition of CK2 after treatment with rac-6 detected in CCRF-CEM and MCF-7
cells correlates with G1-phase arrest in these cells, and it is opposite to S-phase arrest in
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K-562 cells. The G1-arrest that occurred in CCRF-CEM and MCF-7 cells after inhibition
of CK2 is in agreement with the literature data, showing cell cycle regulation by CK2. It
was demonstrated that treatment of cells with a selective inhibitor of CK2, i.e., CX-4945,
resulted in reduced phosphorylation of a key cell cycle inhibitor protein [p21 (T145)] and
increased the stability and levels of total p21 and p27 [65]. These cell cycle inhibitors are
responsible for stopping the cell cycle in the G1 phase, activation of repair mechanisms,
and apoptosis of cells with damaged DNA.

5. Conclusions

All the tested compounds were found to be efficient dual inhibitors of both recombi-
nant forms of CK2 and PIM-1, with activity comparable to that of the parent compound.
We concluded that the cytotoxic activity of the tested compounds corresponds better with
their lipophilicity than their inhibitory activity. This correlation confirms our previous
findings demonstrating that the most promising compound characterized by a higher logP
value can penetrate cell membranes more efficiently.

Among the newly developed amino alcohol derivatives of DMAT, 1,1,1-trifluoro-
3-[(4,5,6,7-tetrabromo-1H-benzimidazol-2-yl)amino]propan-2-ol (rac-6) demonstrates the
most promising anticancer properties. Its ability to induce apoptosis in breast cancer
cells can be attributed to efficient intracellular inhibition of both CK2 and PIM-1 activity.
Moreover, rac-6 demonstrates the best anticancer properties towards acute lymphoblastic
leukemia cells, inducing apoptosis via an intrinsic apoptotic pathway. Interestingly, both
studied inhibitors, i.e., DMAT and rac-6, are able to induce autophagy in the BCR-ABL-
positive chronic myeloid leukemia (CML) cell line.

The obtained results also support the concept that CK2 kinase is a vital factor for breast
cancer cell survival and an appealing molecular drug target in the development of novel
antineoplastic agents. Taking into account the obtained data, as well as our previous results
demonstrating a synergistic effect of TBBi derivatives and classical cytostatics [66–68], it
may be valuable to test a combination of rac-6 with 5-fluorouracil or methotrexate against
breast cancer and leukemic cells.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/xxx/s1. Table S1: Screening conditions for the synthesis of (2S)-1-[(4,5,6,7-
tetrabromo-1H-benzimidazol-2-yl)amino]propan-2-ol [(S)-5] using commercially available (S)-1-
aminopropan-2-ol (>99% ee); Table S2: Induction of apoptosis in CCRF-CEM, K-562, and MCF-7
cells; Table S3: Docking scoring of the respective ligands (rac-6 and rac-11) complexed with hu-
man protein kinases. Next, the copies of HPLC chromatograms of inhibitors in their racemic and
optically active form, as well as copies of NMR and FTMS spectra, can be found. Figure S1. Syn-
thesis of 2,4,5,6,7-pentabromo-1H-benzimidazole (3) as a key precursor for novel dual CK2/PIM-1
inhibitors carried out under (A) convenient heating conditions, and (B–C) the influence of purple
light (390 nm). Light-induced chemical reactions was conducted using self-prepared (made-in-home)
device equipped with light-emitting diodes (LEDs). Figure S2. Sigmoidal dose-response curves.
Inhibition of human CK2 catalytic subunit (CK2α), CK2 holoenzyme (CK2 α2β2), and PIM-1 kinases
by the newly synthesized compounds were evaluated using the radiometric assay. The synthetic
peptide RRRADDSDDDDD was used as the substrate of CK2, and peptide ARKRRRHPSGPPTA
as the substrate of PIM-1. The experimental data were fitted to sigmoidal dose-response (variable
slope) Y = Bottom + (Top-Bottom)/(1 + 10ˆ((LogIC50 − X) ∗ HillSlope) equation in GraphPad Prism.
Reference [69] is cited in the supplementary materials.
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Protein Kinase CK2 and Dihydrofolate Reductase Results in Synergistic Effect on Acute Lymphoblastic Leukemia Cells. Anticancer
Res. 2019, 39, 3531–3542. [CrossRef]

45



Pharmaceutics 2023, 15, 1991

68. Wińska, P.; Karatsai, O.; Staniszewska, M.; Koronkiewicz, M.; Chojnacki, K.; Rędowicz, M.J. Synergistic Interactions of 5-
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Abstract: Lung cancer is the leading cause of cancer-related death worldwide. Its late diagnosis and
consequently poor survival make necessary the search for new therapeutic targets. The mitogen-
activated protein kinase (MAPK)-interacting kinase 1 (MNK1) is overexpressed in lung cancer and
correlates with poor overall survival in non-small cell lung cancer (NSCLC) patients. The previously
identified and optimized aptamer from our laboratory against MNK1, apMNKQ2, showed promising
results as an antitumor drug in breast cancer in vitro and in vivo. Thus, the present study shows the
antitumor potential of apMNKQ2 in another type of cancer where MNK1 plays a significant role, such
as NSCLC. The effect of apMNKQ2 in lung cancer was studied with viability, toxicity, clonogenic,
migration, invasion, and in vivo efficacy assays. Our results show that apMNKQ2 arrests the cell cycle
and reduces viability, colony formation, migration, invasion, and epithelial-mesenchymal transition
(EMT) processes in NSCLC cells. In addition, apMNKQ2 reduces tumor growth in an A549-cell line
NSCLC xenograft model. In summary, targeting MNK1 with a specific aptamer may provide an
innovative strategy for lung cancer treatment.
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1. Introduction

Lung cancer is the leading cause of cancer-related death worldwide and the second most
commonly diagnosed tumor among all cancer types [1]. The 5-year survival rate is greater
for early-stage lung cancer than for advanced-stage lung cancer. Lung cancer is usually
diagnosed in advanced stages, or even when it metastasizes to other areas, which increases
therapeutic failure, decreasing patient survival rates [2]. Therefore, the search for new
therapies against lung cancer is a healthcare priority.

The mitogen-activated protein kinase (MAPK)-interacting kinases (MNKs) are ser-
ine/threonine kinases that are directly activated by an extracellular signal-regulated kinase
(ERK) 1/2 or p38 MAP kinases [3,4]. In humans, MNKs comprise a group of four isoforms
(MNK1a/b and MNK2a/b) from two genes by alternative splicing. The four isoforms
are similar in their N-terminus but differ in their C-terminus. MNK1b was first described
in our laboratory [5], and it lacks the MAPK binding site motif present in the C-terminal
region of MNK1a. MNK1b has higher basal activity than MNK1a, being independent of
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ERK1/2 and p38 MAPK activation [6]. MNKs phosphorylate several substrates includ-
ing eukaryotic initiation factor 4E (eIF4E) [7] and 4G (eIF4G) [8], heterogeneous nuclear
ribonucleoprotein A1 (hnRNPA1) [9], cPLA2 [10], Sprouty2 [11], and polypyrimidine-tract
binding protein-associated splicing factor (PSF) [12], being eIF4E the best characterized.

The eIF4E improves the translation of proteins involved in proliferation, survival,
invasion, and angiogenesis such as cyclin D1, c-Myc, Bcl-2, metalloproteases (MMPs),
Snail, vascular endothelial growth factor (VEGF) and fibroblast growth factor (FGF) [13–17].
Phosphorylation of eIF4E on serine 209 by MNKs is associated with tumor progression
and poor prognosis, with high levels of phosphorylated eIF4E (p-eIF4E) found in different
types of cancer [18]. Similarly, overexpression of MNKs has been found in glioblastoma,
lung cancer, hepatocellular carcinoma, ovarian cancer, and breast cancer [19–24], and high
expression of MNK1 is correlated with poor prognosis in several types of cancers [25]. Of
all MNK inhibitors developed thus far [25], some have been evaluated in clinical trials for
cancer therapy such as BAY1143269 [26], eFT508 [27], or ETC-206 [28]. Likewise, in MNK1
and MNK2 knockout (KO) mice, while their development is normal, there is a delay in
tumor progression in KO mice compared to wild-type mice [29]. Thus, since MNKs are not
essential but overexpressed in many tumor types, they represent good therapeutic cancer
targets, with theoretically no adverse effects in non-tumor cells.

Aptamers are single-strand nucleic acids (ssDNA or RNA) that bind to different
targets by folding into a three-dimensional conformation. They are identified by the SELEX
method [30,31], which represents an important tool for the discovery of novel biomarkers of
both therapeutic and diagnostic interest. Aptamers offer several advantages over antibodies
including their high stability, low immunogenicity, no batch-to-batch variability, small size,
short generation time, and quick modification [32]. So far, Macugen® is the only aptamer
approved by the FDA for the treatment of age-related macular degeneration [33]. However,
several aptamers have entered into clinical trials [34]; some for cancer treatment such as
the DNA aptamer AS1411 which targets nucleolin, inducing apoptosis [35], or NOX-A12,
an RNA aptamer that inhibits tumor growth by binding to CXCL-12.

We selected an aptamer against MNK1 capable of inhibiting proliferation, migration,
and colony formation in MDA-MB-231 breast cancer cells [36]. In order to decrease its size,
we obtained four different sequences from the initial aptamer, where apMNKQ2 was the
most efficient sequence at inhibiting the proliferation of breast cancer cell lines. Further
studies showed that apMNKQ2 inhibits the tumorigenic and metastatic activity of breast
cancer cells and reduces tumor growth and metastasis numbers in an in vivo model [37].

Thus, the objective of this work was to evaluate the potential of apMNKQ2 as an
antitumor drug. For this purpose, we studied the effect of apMNKQ2 in another type
of cancer where MNK1 is overexpressed, specifically lung cancer. Our results show that
apMNKQ2 arrests the cell cycle and inhibits the proliferation, colony formation, migration,
invasion, and adhesion of lung cancer cell lines, and reduces tumor growth in a mouse
xenograft model of lung adenocarcinoma. These results highlight apMNKQ2 as a potential
anticancer drug for lung cancer.

2. Materials and Methods
2.1. Materials

The ssDNA aptamers, apMNKQ2 (TGGGGTGGGCGGGCGGGGGTGGGGGTGGT)
and p29 (GCGGTCGACTTAAATGTCCATCTCAAACT) were purchased from Biospring,
Frankfurt am Main, Germany. The apMNKQ2 aptamer used in this study does not have
any modification. The origin of the rest of the material is indicated in the text.

2.2. Cell Culture and Transfection

A549 (human lung adenocarcinoma cell line) and SW900 (human lung squamous cell car-
cinoma cell line) cells were authenticated in May of 2019, and H460 cells (human lung large cell
carcinoma cell line) were authenticated in September of 2022, through the GenePrint® 10 System.
SW900 and H460 were cultured in RPMI medium (PAA, Pasching, Austria) containing 10% fetal
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calf serum (Gibco, Grand Island, New York, NY, USA), 100 U/mL penicillin, 100 µg/mL strep-
tomycin, and 25 µg/mL amphotericin (Sigma, St. Louis, MO, USA). A549 cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) (Biowest SAS, Nuaillé, France) with 10%
fetal calf serum (Gibco, Grand Island, New York, NY, USA), 1% pyruvate, 100 U/mL penicillin,
100 µg/mL streptomycin, and 25 µg/mL amphotericin (Sigma, St. Louis, MO, USA). All cell
lines were maintained at 37 ◦C in a humidified incubator with 5% CO2. For cell transfection with
aptamers, cells were seeded at different concentrations according to the assay and after 24 h, ap-
tamers were transfected into cells using LipofectamineTM 2000 (Invitrogen, Carlsbad, CA, USA),
according to the manufacturer’s instructions. Cells were incubated at 37 ◦C in a humidified
incubator with 5% CO2 until the assay was carried out. Before transfection, aptamers were dis-
solved in selection buffer (20 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM MgCl2, and 5 mM KCl),
denatured at 90 ◦C for 10 min and then cooled on ice for 10 min.

2.3. Protein and RNA Extraction

For protein extraction, cells were mechanically dissociated and washed once with cold
buffer A (20 mM Tris-HCl pH 7.6, 1 mM ethylenediaminetetraacetic acid (EDTA), 1mM
dithiothreitol (DTT), 1 mM benzamidine, 1 mM phenylmethylsulfonyl fluoride (PMSF),
10 mM sodium β-glycerophosphate, 10 mM sodium molybdate, 1 mM sodium orthovana-
date, 120 mM potassium chloride (KCl), 10 µg/mL antipain, 1 µg/mL pepstatin A, and
leupeptin). Then, cells were lysed in buffer A with 1% Tritón X-100 (volume ratio 1:2)
and centrifugated for 10 min at 12,000× g. Supernatants were used to determine protein
concentrations using the BCA kit (ThermoFisher Scientific, Waltham, MA, USA) and then
they were stored at −80 ◦C until use.

For total RNA extraction, cells were trypsinized and centrifugated at 400× g for 5 min.
Pellets were lysed in NucleoZOL (Macherey-Nagel, Düren, Germany) according to the
manufacturer’s instructions. RNA pellets were resuspended in 50 µL of RNase-free water,
quantified, and stored at −80 ◦C until use.

2.4. Western Blot

Cell lysates were resolved in 7.5%, 10%, or 12% sodium dodecyl sulphate-polyacrilamide
gels (SDS-PAGE) by electrophoresis and transferred onto polyvinylidene difluoride (PVDF)
membranes. Membranes were incubated for 1h at room temperature with 5% non-fat milk in
PBS and then overnight at 4 ◦C with monoclonal or polyclonal antibodies. After washing, mem-
branes were incubated with the corresponding peroxidase-conjugated secondary antibodies
for 1 h at room temperature and proteins were visualized using Clarity Western ECL Sub-
strate (BioRad, Hercules, CA, USA) and a ChemiDocTM (BioRad, Hercules, CA, USA). Bands
were quantified using ImageLab 6.1 software (BioRad, Hercules, CA, USA). PageRuler Plus
Prestained Protein Ladder (ThermoFisher Scientific, Waltham, MA, USA) was the molecular
weight marker used in all the experiments. β-actin (Sigma, St. Louis, MO, USA) antibody was
used to control the homogeneity of loading. Antibodies used in this work can be found in
Supplementary Table S1.

2.5. Cell Viability (MTT) and Cell Toxicity (LDH) Assays

To study cell viability, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide
(MTT) assays were performed. A549 and H460 cells were plated at 6× 103 cells/well and SW900
at 104 cells/well in 96-well plates. After 16–24 h, cells were transfected with apMNKQ2 or the
unspecific p29 aptamer as described above and incubated at 37 ◦C in a humidified incubator
with 5% CO2 for 48 h. Then, the medium was removed to add 100 µL/well of MTT (Sigma,
St. Louis, MO, USA) at 1 mg/mL in culture medium. A549 and H460 cells were incubated
for 1.5 h and the SW900 cell line for 3 h at 37 ◦C. Next, 100 µL/well of lysis buffer (10% SDS
and 10 mM HCl) was added. After 24 h, absorbance was read at 540 nm in an Infinite F200
spectrophotometer (TECAN, Männedorf, Switzerland).

To determine cytotoxicity in cells, lactate dehydrogenase (LDH) assays were per-
formed 48 h after cell transfection with aptamers. Supernatants were collected and the
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Cytotoxicity Detection kit (LDH) (Roche, Madrid, Spain) reagent was added according
to the manufacturer’s instructions. After incubation for 30 min at room temperature, the
reaction was stopped by adding 1M HCl and absorbance was read at 490 nm in an Infinite
F200 spectrophotometer (TECAN, Männedorf, Switzerland). To calculate the percentage of
cytotoxicity, two controls were used: the supernatant of untreated cells (LDHlow) and of
lysed cells (LDHhigh) with 0.2% Tritón X-100. Results are expressed as:

Cytotoxicity (%) = LDHtreated− LDHlow/LDHhigh− LDHlow× 100

2.6. Trypan Blue Exclusion Test of Cell Viability

In order to determine the viable cells after transfection with apMNKQ2, cells were
collected from the plates and 10 µL of cells were mixed with 10 µL of trypan blue and were
counted on a TC20 counter (BioRad, Hercules, CA, USA). Those cells that excluded the dye
were considered viable.

2.7. Cell Cycle Assay

Cells were plated at 5 × 105 cells/well in a 6-well plate and transfected with the
aptamers. Cells were trypsinized 24 h post-transfection, and both attached and floating
cells were collected, fixed with PFA 4%, washed twice with PBS, and stored at 4 ◦C. Next,
cells were incubated with FxCycle Violet Ready Flow Reagent (Thermo Fisher Scientific,
Waltham, MA, USA) for 30 min at 25 ◦C and DNA content was evaluated with a 4-laser
Attune NxT Acoustic Cytometer (Thermo Fisher Scientific, Waltham, MA, USA). Results
were analyzed using FCSalyzer 0.9.22 alpha Software.

2.8. Apoptosis Assay

Cells were plated at 5 × 105 cells/well in a 6-well plate, transfected with the aptamers
during 24 h, resuspended, and stained with Annexin V Apoptosis detection kit (Canvax,
Córdoba, Spain) as described previously [37] and analyzed with a 4-laser Attune NxT
Acoustic Cytometer (Thermo Fisher Scientific, Waltham, MA, USA). Results were analyzed
using FCSalyzer 0.9.22 alpha Software.

2.9. Clonogenic Assays

Cells were seeded at 5 × 104 cells/well in 24-well plates and 16–24 h later, they were
transfected with aptamers. After 16–24 h, cells were collected and seeded at 103 cells/well in
6-well plates. Cells were incubated at 37 ◦C in a humidified incubator with 5% CO2 during
5–8 days. Then, cells were fixed with 1 mL/well of ethanol for 10 min at room temperature
and stained with Giemsa 0.2% (Sigma, St. Louis, MO, USA) for 30 min. Remains of Giemsa
were removed with water, images of colonies were taken and colonies were counted using
ImageJ Java 1.8.0_172 software (National Institutes of Health, Bethesda, MD, USA).

2.10. Migration Assays

Migration assays were performed using transwell insert chambers (Corning,
New York, NY, USA). Cells were seeded at 5 × 104 cells/well in 24-well plates and trans-
fected with aptamers 16–24 h later. After 16 h of serum-deprivation, cells were collected
and added at 4× 104 cells/well into the upper chamber in 300 µL of serum-free medium. In
the lower chamber, 500 µL of complete medium (10% FSB) was added as a chemoattractant.
After 24 h, both media were removed and cells in the insert were fixed for 2 min with
4% formaldehyde followed by 20 min with 100% methanol. Next, cells were stained with
30 µM Hoechst 33342 for 15 min and washed twice with PBS. At least five photographs were
taken for each sample using a fluorescence microscope Olympus IX70 (Olympus Iberia,
Barcelona, Sapin). Cells were counted using ImageJ Java 1.8.0_172 software (National
Institutes of Health, Bethesda, MD, USA).
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2.11. Cell Adhesion Assays

Plates were coated with 10 µg/mg type I collagen (Sigma, St. Louis, MO, USA) or
BSA (Sigma, St. Louis, MO, USA) as a control for 1 h at 37 ◦C. Cells were seeded at
5 × 104 cells/well in 6-well plates and transfected with aptamers 16–24 h later. After 24 h,
cells were collected, added to coated plates at 3× 104 cells/well in serum-free medium, and
allowed to bind at 37 ◦C for 1 h. Wells were washed twice with PBS to remove non-adhered
cells and an MTT assay was performed with 1 h of incubation between the addition of the
MTT reagent and lysis buffer. After 24 h, absorbance was read at 540 nm in an Infinite F200
spectrophotometer (TECAN, Männedorf, Switzerland).

2.12. Zymography

The MMP activity of cells was analyzed through zymography. Cells were transfected
and after 18 h of serum-deprivation, supernatants were collected and concentrated using
Centricon tubes with a 3 KDa cutoff (Merck, Rahway, NJ, USA). Samples were mixed with
loading buffer without mercaptoethanol and then separated in 7.5% polyacrylamide gels
with 1 mg/mL gelatin. Gels were then incubated for 30 min in 2.5% Triton X-100 at room
temperature and overnight at 37 ◦C in developing buffer (50 mM Tris-HCl pH 7.5, 200 mM
NaCl, 5 mM CaCl2, and 0.02% Tween). Coomassie blue staining revealed the presence of
MMP activity as clear bands against the blue background. Bands were quantified with
ImageLab 6.1 software (BioRad, Hercules, CA, USA).

2.13. Aptamer Quantification

To quantify intracellular aptamers, cells were collected 4-, 24- and 48-h post-transfection,
washed twice in PBS, lysed in 1 mL of H2O for 5 min, vortexed, and boiled at 90 ◦C for
10 min. Lysates were centrifuged at 12,000× g for 10 min and the aptamer in the super-
natant was quantified by quantitative PCR. Pellets were resuspended in 10 µL of 0.1 M
NaOH to determine protein concentration by BCA as described above. Results are ex-
pressed in fmol of aptamer/µg of protein. To quantify aptamer in tumors and organs,
50–100 mg of tissue were lysed and homogenized in NucleoZOL reagent (Macherey-Nagel,
Düren, Germany) following the manufacturer’s instructions to isolate small RNA fraction,
in which the aptamer is found. Results are expressed in fmol of aptamer/µg of tissue.
Since apMNKQ2 is only 29 nucleotides in length, we designed a method that allows us
to amplify this small-size aptamer in which apMNKQ2 acts as a primer on a template
oligo-nucleotide called QR short (see Supplementary Table S2). After this reaction, both
apMNKQ2 and QR short are elongated generating a 76-nucleotide template that can then
be amplified with the appropriate primers (R3 and QF) (see Supplementary Table S2). Thus,
in the absence of apMNKQ2, no amplification occurs, being the amplification proportional
to the amount of apMNKQ2 present in the sample. The qPCR was performed using the
AceQ qPCR SYBR® Green Master Mix-Vazyme (Quimigen, Madrid, Spain) according to
the manufacturer‘s instructions in a StepOne Plus Real-Time PCR system (Applied Biosys-
tem, Waltham, MA, USA). The reaction mixture consisted of 1×Mix FastGene® IC Green,
1 pmol QR short, 100 nM QF and R3 primers, and 1 µL of samples in a 10 µL/tube final
volume. Aptamers were quantified using a standard curve (100 fmol–100 amol).

2.14. Quantification of mRNA

Total RNA was obtained as described above and was used to synthesize first strand
cDNA using the SensiFASTTM cDNA Synthesis Kit (Bioline, Segovia, Spain) following
the manufacturer’s instructions. Products were used for qPCR amplification using the
AceQ qPCR SYBR® Green Master Mix-Vazyme (Quimigen, Madrid, Spain) according to
the manufacturer’s protocol in a StepOne Plus Real-Time PCR system (Applied Biosystem,
Waltham, MA, USA). Triplicate reactions of the targets and housekeeping genes were
performed simultaneously for each cDNA template. Sequences of oligonucleotides are in
Supplementary Table S2. To calculate the relative expression of each target gene, the 2−∆∆Ct
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method was performed, using β-actin as a housekeeping normalization gene, where ∆Ct is
Cttarget-Cthousekeeping.

2.15. Tolerability Study

Non-tumor-bearing CD1 mice were used to determine the maximum tolerated dose
(MTD) of apMNKQ2. The aptamer was administered once per day intraperitoneally (i.p.)
for 7 consecutive days. We applied a modified “3 + 3” study design [38,39], using cohorts of
3 animals per dose and with the first cohort treated at a starting dose (1 mg/Kg). Subsequent
cohorts were treated with increasing or decreasing doses according to the observed dose-
limiting toxicities (DLTs) responses with guided subsequent doses, as described in [40]. DLT
endpoints included weight loss (>20%), abnormal behavior, signs of physical discomfort,
and/or death. Mice were evaluated daily and if any of the endpoints were met, animals
were euthanized.

2.16. In Vivo Efficacy Assays

For in vivo experiments, mice were housed according to institutional guidelines, and
all experimental procedures were performed in compliance with the institutional guidelines
for the welfare of experimental animals approved by the Universidad Autónoma de Madrid
Ethics Committee (CEI 60-1057-A068 and CEI 103-1958-A337) and La Comunidad de
Madrid (PROEX 294/19) and in accordance with the guidelines for Ethical Conduct in the
Care and Use of Animals as stated in The International Guiding Principles for Biomedical
Research involving Animals, developed by the Council for International Organizations of
Medical Sciences (CIOMS). Briefly, mice were housed according to the following guidelines:
a 12-h light/12-h dark cycle, with no access during the dark cycle; temperatures of 65–75 ◦F
(~18–23 ◦C) with 40–60% humidity; a standard diet with fat content ranging from 4–11%;
sterilized water was accessible at all times; for handling, mice were manipulated gently
and as little as possible; noises, vibrations, and odors were minimized to prevent stress
and decreased breeding performance; and enrichment was always used per the facility’s
guidelines to help alleviate stress.

Female 9-week-old Foxn1nu/nu* (Janvier Labs, Le Genest-Saint-Isle, France) were
injected subcutaneously in the dorsal flanks with 8 × 106 A549 cells resuspended in 100 µL
Matrigel (Corning, New York, NY, USA) per injection. Once tumors were established, mice
were randomized into 3 groups (5 mice per group) and injected intraperitoneally with
vehicle control (selection buffer), 10 mg/kg apMNKQ2 or 25 mg/kg apMNKQ2. Aptamer
injections were daily and tumor volumes were determined twice per week for 25 days
using a manual caliper. At the time of sacrifice, tumors were excised and weighed. One half
was frozen in liquid nitrogen for western blot and qPCR analysis and the other half was
fixed in 4% PFA and processed for histologic analysis. At the end of the treatment, the TGI
ratio (%) was calculated using the following formula: TGI (%) = [1 − (Volume of the treated
group)/(volume of the control group)] × 100 (%).

2.17. Statistical Analyses

Results are presented as means± standard error of the mean (SEM) unless stated other-
wise. Pair-wise multiple comparisons were performed with one-way ANOVA (two-sided)
with Turkey’s test adjustment, as indicated in the figure legends. A student’s t-test was
used to determine differences between the means of groups. The p-values < 0.05 were
considered statistically significant. All analyses were performed using GraphPad Prism
version 8.0 (San Diego, CA, USA).

3. Results
3.1. apMNKQ2 Inhibits Cell Viability in NSCLC Cell Lines

In our previous work [37], four sequences were designed (apMNKQ1, apMNKQ2,
apMNKQ3, and apMNKQ4) from the aptamer apMNK2F against MNK1b and tested in
breast cancer cell lines. Here, to study the effect of the four sequences in the context of lung
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cancer, A549 and SW900 cell lines were transfected with the four aptamers at 250 nM, and
cell viability was assessed 48 h later by measuring MTT activity. The nonspecific aptamer
(p29) was used as a control. Results (Supplementary Figure S1) showed that apMNKQ2
had the greatest effect on MTT activity in both cell lines, producing a significant reduction
in cell viability of 77% in A549 and 51% in SW900 cells.

Consequently, the effect of apMNKQ2 on cell proliferation and toxicity was evaluated
in three cell lines (A549, SW900, and H460) representing the main types of non-small cell
lung cancer (adenocarcinoma, squamous cell carcinoma, and large cell carcinoma, respec-
tively). Cells were transfected with increasing concentrations (0–500 nM) of apMNKQ2
or the nonspecific control aptamer (p29). MTT activity was measured after 48 h and to
study possible cell death by necrosis, LDH enzyme activity was simultaneously mea-
sured. Results showed that apMNKQ2 decreased MTT activity in all three cell lines in a
concentration-dependent manner, with A549 cells being the most sensitive (Figure 1a). The
nonspecific p29 aptamer had a slight effect on the cell lines (less than 20%). The IC50 values
were 70 nM, 250 nM, and 100 nM for A549, SW900, and H460, respectively. This effect was
not necrosis-mediated since there was little to no cytotoxicity (Figure 1b).
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fmol of aptamer/µg of protein. Bars represent mean± SEM of 3 independent experiments. Solid blue
circles (A549 cell line), green squares (SW900 cell line) and violet triangles (H460 cell line) represent
one individual value.

When aptamers are used against intracellular targets it is important to determine their
half-life inside the cell, which may be affected by their molecular nature or structure. To
study the intracellular stability of apMNKQ2, cells were transfected according to their IC50.
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After 4, 24, and 48 h, cells were lysed and apMNKQ2 was quantified by qPCR. As shown
in Figure 1c, apMNKQ2 is stable in all three cell lines for at least 48 h.

3.2. apMNKQ2 Induces Apoptosis, Cell Cycle Arrest, and Inhibits Colony Formation in Lung
Cancer Cells

To determine whether the decrease in cell viability was a consequence of apMNKQ2-
induced apoptosis, we analyzed the apoptotic marker cleaved-PARP. Aptamer-transfected
cells were lysed after 24 h of transfection (cell viability 24 h after transfection is shown
in Supplementary Figure S2) and analyzed by western blot as described in the Material
and Methods section (Section 2). Figure 2a shows that the cleavage of PARP by caspase
3 occurs in the three cell lines albeit to a different extent. A decrease in the uncleaved form
of PARP was observed in A549 and SW900 cell lines, being statistically significant in A549
cells. In addition, we observed a significant increase in both the percentage of Annexin-V
positive and propidium iodide (PI) negative cells (Figure 2b) and the percentage of the
sub-G1 phase in the A549 cells (Supplementary Figure S2c), indicating that apMNKQ2
induces apoptosis in this cell line.
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Figure 2. Apoptotic activity of apMNKQ2 on NSCLC cells. (a) On the top, lysates (20 µg) were
resolved in 10% SDS-PAGE gels for PARP and cleaved PARP. On the bottom, densitometry analyses
of total PARP in the three cell lines. Data were normalized to respective β-actin bands and expressed
as the percentage relative to control (C) cells. The graphs represent the mean ± SEM of 3 independent
experiments. (b) Quantification of early apoptotic cells by Annexin-V staining. The bars represent the
mean percentage of Annexin-V positive and PI negative cells ± SEM of 3 independent experiments.
(c,d) Densitometry analyses of XIAP and MCL-1. Both were normalized to respective β-actin bands
and expressed as the percentage relative to control (C) cells. The graphs represent the mean ± SEM
of 3–4 independent experiments. Lysates (20 µg) were resolved in 12% gels for XIAP and MCL-1
and western blot analysis was carried out using specific antibodies (see Supplementary Table S1). A
representative blot is shown on the top of each graph. * p < 0.05 and ** p < 0.01 relative to control
cells; c p < 0.05 and cc p < 0.01 relative to p29 control. Control is shown as C, p29 is the unspecific
aptamer used as a negative control, and apMNKQ2 is shown as Q2. Each solid black circle represents
one individual value.
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We also analyzed XIAP and MCL1 levels since both are antiapoptotic proteins regu-
lated by MNK1 [23,41,42]. Results show that apMNKQ2 significantly decreased both XIAP
and MCL1 levels in A549 and SW900 cell lines, again confirming the proapoptotic effect of
apMNKQ2 (Figure 2c,d). However, apMNKQ2 seemed to significantly increase the levels
of MCL1 in H460 cells (Figure 2c).

Next, we determined the effect of the aptamers on cell cycle distribution. Cells were
transfected and 24 h later analyzed by flow cytometry. Figure 3a shows that apMNKQ2
increased the percentage of cells in the G1 phase in A549 (6.6%) and H460 (7.5%) cells
compared with control cells, indicating that apMNKQ2 induces an arrest in the G1 phase
of the cell cycle. Surprisingly, apMNKQ2 induced an increase in the percentage of cells in
the G2/M phase (3.8%) in SW900 cells.
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Figure 3. apMNKQ2 arrests cell cycle progression and colony formation in NSCLC cells. (a) Cells
were transfected with apMNKQ2 at IC50 concentrations. After 24 h, cells were stained with PI
and analyzed by flow cytometry. The bars represent the mean percentage of cells gated in each
phase, G1 (white), S (grey), and G2/M (dark grey) ± SEM of 3 independent experiments. (b) Cells
were transfected with aptamers at IC50 and after 24 h reseeded at 103 cells/well in 6-well plates.
After 7–8 days, colonies were fixed, stained, and counted. (Left) shown are representative images.
(Right) The bars represent the mean percentage of the number of colonies obtained ± SEM of
3 independent experiments relative to control (C). * p < 0.05 and ** p < 0.01 relative to control cells;
c p < 0.05 and cc p < 0.01 relative to p29 control. Control is shown as C, p29 is the unspecific aptamer
used as a negative control, and apMNKQ2 is shown as Q2. Each solid black circle represents one
individual value.

Moreover, we studied the effect of apMNKQ2 on colony formation and observed that
apMNKQ2 significantly reduced the clonogenic capacity of the three cell lines (Figure 3b).
The unspecific p29 aptamer had a slight but significantly less effect compared to apMNKQ2.
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3.3. apMNKQ2 Inhibits Migration, Invasion, Cell Adhesion, and Epithelial-Mesenchymal
Transition (EMT) in Lung Cancer Cells

Metastatic dissemination requires cancer cells to detach from the primary tumor and
colonize distant organs through pivotal steps such as cell migration, invasion, and adhesion.
We have studied how apMNKQ2 affects all these cell features in order to determine its
antimetastatic potential. We performed transwell migration assays to determine the migra-
tory ability of lung cancer cells after being transfected with apMNKQ2. Results showed
that the number of migrated cells was lower in the three cell lines following transfection
with apMNKQ2, and statistically significant in both A549 and SW900 cells (Figure 4a).

The Invasiveness of cancer cell lines depends on the expression of proteins such as
MMPs. Thus, we analyzed the invasive potential of the three cell lines by zymography
in order to detect changes in the proteolytic activity of matrix metalloproteases MMP2
and MMP9 after transfection with apMNKQ2. As Figure 4b shows, apMNKQ2 decreased
MMP9 and MMP2 activity in both A549 and SW900 cells, although the effect was only
statistically significant for MMP9 in A549 cells. In H460 cells, however, apMNKQ2 seemed
to increase MMP9 activity and did not produce changes in MMP2.

Next, we analyzed whether apMNKQ2 affected the ability of cells to adhere to extra-
cellular matrix components such as type I collagen. For these assays, 24 h after transfection
with aptamers, cells were reseeded in plates previously coated with type I collagen in order
to measure adherence. Subsequently, MTT assays were performed to quantify the number
of adherent cells. Results demonstrated that apMNKQ2 significantly reduced cell adhesion
in A549 cells but did not have any effect on SW900 and H460 cells (Figure 4c).

Finally, we studied the effect of apMNKQ2 on epithelial-mesenchymal transition
(EMT), in which cancer cells lose epithelial features and acquire a mesenchymal pheno-
type. For this purpose, cells were transfected with apMNKQ2 and the expression of the
epithelial markers E-cadherin and occludin and the mesenchymal marker N-cadherin were
analyzed by western blotting. E-cadherin and N-cadherin were only detected in A549 and
SW900 cells while occludin was detected in the three cell lines (Supplementary Figure S3).
Results showed that apMNKQ2 significantly reduced E-cadherin levels in both A549 and
SW900 cells (Figure 4d) and increased occludin levels in H460 cells (Figure 4e). Moreover,
apMNKQ2 produced a significant reduction in N-cadherin expression levels in SW900 cells
(Figure 4f).

3.4. Effect of apMNKQ2 on MNK1 Isoforms

The expression levels of both MNK1 isoforms were analyzed as well as eIF4E phospho-
rylation after cell transfection with aptamers. Figure 5a shows that apMNKQ2 increased
eIF4E phosphorylation in A549 cells while no changes were observed in SW900 and H460
cells. MNK1a was significantly reduced in the three cell lines after apMNKQ2 transfection
(Figure 5b), but MNK1b did not change in any of the three cell lines (Figure 5c). The
reduction of MNK1a observed in SW900 cells may be a consequence of a reduction in
mRNA levels (Supplementary Figure S4).

3.5. apMNKQ2 Reduces Tumor Growth In Vivo

To investigate the antitumor efficacy of apMNKQ2, we first performed a tolerability
study as described in the Materials and Methods section (Section 2). During the course of
this experiment, no DLTs were observed at any of the doses tested, including the maximum
feasible dose of 400 mg/kg. Thus, for practical purposes, doses of 10 and 25 mg/kg were
used in the xenograft studies. Then, A549 cells were subcutaneously xenografted in athymic
nude mice, and apMNKQ2 was administered intraperitoneally at 10 mg/kg and 25 mg/kg.
Our preliminary results showed that treatment with apMNKQ2 produced a reduction in
both tumor volume (Figure 6a) and weight (Figure 6b) reaching a tumor growth inhibition
(TGI) of 18.2% and 28.5% for 10 mg/kg and 25 mg/kg of apMNKQ2, respectively. However,
these results were not statistically significant, probably due to unexpectedly slow tumor
growth and/or the necessity of a higher dose of the aptamer.
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Figure 4. ApMNKQ2-mediated effects on migration, invasion, and EMT in NSCLC cells. (a) Cells
were transfected with aptamers at IC50, maintained in serum-deprived medium for 16 h, and collected
and reseeded at 4 × 104 cells/well in the upper chamber of a transwell. Representative images
are shown in the left panel. The graphs represent the mean percentage of migrated cells ± SEM
relative to the value of control (C) cells from 3 independent experiments. (b) Zymography was
performed as described in Materials and Methods. The graphs represent the mean percentage of
MMP activity ± SEM relative to the value of control (C) cells from 3–4 independent experiments.
(c) Cells were transfected with aptamers at IC50 and reseeded in plates previously coated with
type I collagen. After binding, cells were quantified by MTT assay. The graphs represent the
mean percentage of adherent cells ± SEM relative to the value of control cells from 3 independent
experiments. (d–f) Western blot and corresponding densitometry analyses of lysates (20 µg) that
were subjected to SDS-PAGE (10%). Specific antibodies are shown in Supplementary Table S1. Actin
detection was used as a loading control. A representative blot is shown at the top of each graph.
Densitometric quantification of E-cadherin, occludin, and N-cadherin was normalized to respective
β-actin bands, and levels are expressed as a percentage relative to control cells. The graphs represent
mean percentage levels ± SEM of 3 independent experiments. * p < 0.05 and ** p < 0.01 relative
to control cells; c p < 0.05 and cc p < 0.01 relative to p29 control. Control is shown as C, p29 is the
unspecific aptamer used as a negative control, and apMNKQ2 is shown as Q2. Each solid black circle
represents one individual value.
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Figure 5. Effect of apMNKQ2 on eIF4E phosphorylation and MNK1 isoforms. Lysates (20 µg)
were subjected to SDS-PAGE (12%) and western blotting was performed using specific antibodies
(see Supplementary Table S1). Actin detection was used as a loading control. A representative blot
and corresponding densitometry analyses are shown in each figure. (a) Quantification of eIF4EP was
normalized to total eIF4E levels and expressed as a percentage relative to control (C) cells (b) and (c)
quantification of MNK1a/b was normalized to β-actin levels and expressed as a percentage relative
to control cells. The graphs represent mean values ± SEM of 3–5 independent experiments. * p < 0.05
and *** p < 0.001 relative to control cells; c p < 0.05 relative to p29 control. Control is shown as C, p29
is the unspecific aptamer used as a negative control, and apMNKQ2 is shown as Q2. Each solid black
circle represents one individual value.

We analyzed aptamer uptake after intraperitoneal administration by qRT-PCR and
demonstrate that apMNKQ2 reaches different organs, such as the lung or pancreas but
not the brain and is cleared by the kidney and liver (Supplementary Figure S5). In tumors,
apMNKQ2 reached the tumor in a dose-dependent manner (Figure 6c) and exerted a
biological effect on the tumor, with no toxic macroscopic effects observed in other organs.

In order to determine the association between the anti-tumor effects observed in vivo
and the inhibition of MNK1 downstream signaling, XIAP and MCL1 levels were analyzed
from tumor samples by western blotting. Results showed a reduction of both proteins in
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25 mg/kg apMNKQ2-treated tumor samples (Figure 6d). These results corroborate our
in vitro findings of the apoptotic effect of apMNKQ2 in A549 cells.
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Figure 6. apMNKQ2 efficacy in an adenocarcinoma xenograft model. (a,b) Reduction in (a) volume
and (b) weight of A549 xenografts following treatment with apMNKQ2 at 10 and 25 mg/kg daily.
Mice were treated intraperitoneally with apMNKQ2 or vehicle control (selection buffer) for 4 weeks.
Scatter plots represent the mean ± SEM from 6-8 tumors. Solid black circles (vehicle), blue squares
(apMNKQ2 at 10 mg/Kg) or blue triangles (apMNKQ2 at 25 mg/Kg) represent one individual value.
(c) Quantification of apMNKQ2 levels in tumors by qRT-PCR. RNA fraction, where apMNKQ2 is
found, was obtained from tumor samples and used in qPCR analyses as described in Material and
Methods. Results are expressed as pmol/µg of tissue. Scatter plot represents the mean ± SEM from
3–4 tumors. Each solid circle represents one individual value. (d) Proteins were obtained from tumor
samples as described in Material and Methods and lysates (20 µg) were subjected to SDS-PAGE
(12%). Western blotting was performed using specific antibodies (see Supplementary Table S1). Actin
detection was used as a loading control. Blots are shown on the top of the graphs. The bars represent
mean protein levels ± SEM, expressed as arbitrary units (A.U.) for 4 tumors from each treatment arm.
Each solid black symbol represents one individual value.

4. Discussion

Lung cancer is considered one of the most invasive cancers and the fastest to metas-
tasize, being the leading cause of cancer-related death worldwide and the third most
frequently diagnosed in 2022 after colorectal and breast cancer [2]. To date, therapeutic
strategies to treat lung cancer, such as chemotherapy, molecular targeted therapy, or im-
munotherapy, have been developed [43] and have improved the survival of lung cancer
patients. Despite these advances, the prognosis for patients with lung cancer remains poor,
highlighting the need for new therapeutic approaches.

MNKs are involved in several types of cancer [25] including NSCLC, where MNK1
overexpression correlates with poor overall patient survival [44]. This suggests that block-
ing the MNK/eIF4E pathway may be a good strategy to treat NSCLC.

Here we studied the antitumor potential of apMNKQ2 as an antitumor agent in
NSCLC using in vitro and in vivo assays. The three cell lines used harbor KRAS mutations,
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SW900 cells carry an inactivated mutation in the tumor suppressor gene TP53, and H460
cells also harbor PI3KCA mutations [45,46].

One of the most important characteristics of aptamers is their stability and half-life
inside cells, and apMNKQ2 is stable inside lung cancer cells for at least 48 h, which may be
an advantage for its clinical application in terms of decreasing the number of injections and
improving patient comfort [47].

Inhibiting tumorigenic characteristics is an important aspect of the development of
antitumor drugs. Consequently, we show that apMNKQ2 reduces the viability in A549 and
SW900 cells via apoptosis induction, but to a less extent in the latter. While SW900 cells are
not Annexin-V positive after transfection with apMNKQ2, PARP was cleaved. In addition,
XIAP and MCL1 are antiapoptotic proteins that are overexpressed in several types of cancers
and whose expression is regulated by MNK1 [23,41,42]. Moreover, MCL1 overexpression
inhibits apoptosis and promotes cell survival in NSCLC [48]. The apMNKQ2 reduced
both XIAP and MCL1 in A549 and SW900 cells both in vitro and in vivo (the latter only
for A549) proving its effect through MNK1, and confirming the pro-apoptotic effect of the
aptamer. However, despite the fact that other MNK inhibitors [26] promote the induction
of apoptosis in H460 cells, apMNKQ2 did not induce it, which may explain the lack of
effect on MCL1 and XIAP levels.

Some MNK inhibitors produce a cell cycle arrest in breast cancer cells [19,49]. For
example, the MNK1 inhibitor BAY1143269 induces a G0/G1 arrest in NSCLC cells. This is
consistent with our results in A549 and H640 cells in which a G1 phase arrest is produced
when cells are transfected with apMNKQ2. Surprisingly, the aptamer induces a G2 phase
arrest in SW900 cells. This difference among the three cell lines could be explained since
both A549 and H460 cells contain a wild-type TP53, while SW900 cells carry an inactivated
mutation in TP53.

MNKs also play an important role in metastasis [16], and several MNK inhibitors
reduce cell migration and invasion [26,50–53]. Indeed, apMNKQ2 decreased migration and
invasion of NSCLC cells. During metastasis, cells migrate and attach to extracellular matrix
(ECM) components. apMNKQ2 was also able to reduce cell adhesion capacity in A549 cells.
β1 integrin is involved in the adhesion of cells to the surroundings ECM and its inhibition
reduces the adhesion of A549 cells by inhibiting the ERK1/2 signaling pathway [54].
This suggests that apMNKQ2 may reduce cell adhesion through MNK1 inhibition. The
catalytic subunit p110α mediates β1 integrin-regulated activation of AKT [55], which could
contribute to the tumorigenic properties of cells expressing constitutively active p110 α, as
in H460 cells.

Similarly, apMNKQ2 alters cell migration and MMP activity only in A549 and SW900
cells. The PI3K/AKT/mTOR pathway plays an important role in lung cancer cell migration
and invasion, specifically in the regulation of MMP2 and MMP9 [56]. These data suggest
that the increased activity in the PI3K pathway in H460 cells could compensate for the
effects of apMNKQ2.

Therefore, apMNKQ2 seems to exert more potent effects in A549 and SW900 cells than
in H460 cells probably due to the PI3KCA mutation in the latter. It would be interesting
to use apMNKQ2 in combination with inhibitors of the PI3K pathway to increase the
sensitivity of H460 cells to apMNKQ2.

apMNKQ2 significantly reduced N-cadherin levels in SW900 cells, which is in ac-
cordance with other MNK inhibitors such as VNLG-152 that reverse EMT in prostate
cancer [57]. The aptamer also increased the epithelial marker occludin in H460 cells, re-
covering part of the epithelial characteristics in these cells. Since Snail is a direct repressor
of E-cadherin [58], the overexpression of Snail in A549 cells (data not shown) may be
associated with low E-cadherin expression in these cells.

Some MNK inhibitors such as MNK-I1, BAY1143269, MNK-7g, eFT508 or novel reti-
namides inhibits eIF4E phosphorylation [26,51,59–61]. apMNKQ2 also inhibits eIF4E
phosphorylation in breast cancer cells [37]; however, in NSCLC cells, apMNKQ2 did not
affect eIF4E phosphorylation, which is in accordance with other MNK inhibitors such as
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apMNK2F and apMNK3R aptamers [36] or ferrocene analogs [62]. Since eIF4E phosphory-
lation is mainly mediated by MNK2 in breast cancer cells MDA-MB-231 [36], this could also
occur in lung cancer cells. Moreover, MNK2b acts as a proto-oncogene increasing eIF4E
phosphorylation [63] and in NSCLC, MNK2 is involved in tumorigenesis through eIF4E
phosphorylation [21]. To answer this unknown, we propose to use of CRISPR/Cas, which
is currently being developed in the laboratory.

Even though eIF4E is the best characterized substrate of MNK1, it is possible that
eIF4E-independent effects, through other MNK substrates, may contribute to the observed
MNK-mediated effects of apMNKQ2. Here we show that apMNKQ2 exerts its effects
through proteins regulated by MNK1 such as XIAP and MCL1, but in the last few years,
other proteins regulated by MNK1 have been described such as NODAL [64], NDRG1 [65]
or ANGPTL-4 [66], which may be involved in the antitumoral mechanism of apMNKQ2.

We have studied different administration routes of apMNKQ2 in preliminary assays in
mice, such as oral, intravenous, and intraperitoneal routes. The latter was the most effective
in breast and pancreatic cancer tumor models and was therefore chosen for the in vivo
experiments presented herein. We have shown that there is a downward trend in tumor
growth after treatment with apMNKQ2. Although tumor growth with xenografted A549
cells was slower than expected, we have obtained promising results that can be improved
by increasing the dose of the aptamer. It must be emphasized that in previous studies [37]
we used a transfectant as a vehicle to administer apMNKQ2 into animals, while in this
study apMNKQ2 was injected without the transfectant, which is an advantage since it
allowed us to increase the aptamer dose. Importantly, in the absence of the transfectant, the
aptamer still reached the tumor and was easily detectable by qRT-PCR and increased as a
function of the dose. Indeed, further studies are still necessary to determine the antitumor
mechanism and the full antitumor potential of apMNKQ2. Thus, apMNKQ2 is currently
being tested in a patient-derived xenograft (PDX) of NSCLC. This will allow us to learn
more about the therapeutic potential of the aptamer in a more physiologically relevant
tumor model.

One of the most important points to take into account is the toxicity commonly ob-
served with antitumor chemotherapeutics [67] or immunotherapy and molecular targeted
therapy, even though the latter two are better tolerated, side effects can occur [68,69]. Toxic-
ity regarding aptamers is very limited. For example, the aptamers NOX-A12 or ApTOLL
have been administered to patients with no signs of toxicity [70]. Moreover, treatment with
apMNKQ2 was well tolerated in breast cancer in vivo assays as indicated by no difference
in body weight [37] indicating the low toxicity of apMNKQ2. Likewise, daily administra-
tion of apMNKQ2 in this study showed no obvious signs of toxicity in mice. Moreover,
we performed a maximum tolerated dose (MTD) assay in CD1 mice and no toxicity was
observed at any dose, including the highest dose tested (400 mg/kg, maximum feasible
dose), indicating that the data obtained so far demonstrates low toxicity for apMNKQ2.
However, future ADME Tox are still necessary and are currently planned.

In summary, we show that apMNKQ2 inhibits the tumorigenic and metastatic pro-
cesses of lung cancer cells, and preliminary in vivo experiments indicate that apMNKQ2
can reduce tumor growth and induce apoptosis in an adenocarcinoma xenograft model.
Further studies are still needed in order to elucidate the mechanism of action of apMNKQ2
as well as its pharmacokinetics and pharmacological security to expedite its possible use
as a therapeutic tool in the different types of cancers where MNK1 plays an important
biological role.
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5. Patents

C.P-D, V.M.G. and M.E.M. declare that a patent application has been filed relating to
this work.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pharmaceutics15041273/s1, Figure S1: Effect of the four aptamers on
MTT activity in A549 and SW900 cells; Figure S2: Aptamer effect on the viability of lung cancer cells
24 h after transfection; Figure S3: E-cadherin, N-cadherin, and occludin levels in NSCLC cells; Figure S4:
ApMNKQ2 effect in MNK1a/b expression in NSCLC cells; Figure S5. Quantification of apMNKQ2
levels in several organs by qRT-PCR. Table S1: Antibodies used in this study; Table S2: Oligonucleotides
used in this study.
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Abstract: Rigosertib (ON-01910.Na) is a small-molecule member of the novel synthetic benzyl-styryl-
sulfonate family. It is currently in phase III clinical trials for several myelodysplastic syndromes and
leukemias and is therefore close to clinical translation. The clinical progress of rigosertib has been
hampered by a lack of understanding of its mechanism of action, as it is currently considered a multi-
target inhibitor. Rigosertib was first described as an inhibitor of the mitotic master regulator Polo-like
kinase 1 (Plk1). However, in recent years, some studies have shown that rigosertib may also interact
with the PI3K/Akt pathway, act as a Ras–Raf binding mimetic (altering the Ras signaling pathway),
as a microtubule destabilizing agent, or as an activator of a stress-induced phospho-regulatory circuit
that ultimately hyperphosphorylates and inactivates Ras signaling effectors. Understanding the
mechanism of action of rigosertib has potential clinical implications worth exploring, as it may help
to tailor cancer therapies and improve patient outcomes.

Keywords: rigosertib; ON-01910.Na; cancer therapy; kinase allosteric inhibition; Plk1; Ras; JNK;
PI3K/Akt; microtubule-destabilizing agents; stress-signaling pathways

1. Introduction

Rigosertib (ON-01910.Na) is a non-cyclooxygenase inhibitor sulfone metabolite with
the ability to act as a non-ATP competitor kinase inhibitor. Originally described as an
inhibitor for the master mitotic kinase Polo-like kinase (Plk1) [1], rigosertib has been
reported to have broad activity against a number of different targets, including kinases
such as PI3K/Akt or NF-kB complex proteins [2,3]. Interestingly, rigosertib has also been
described as a Ras mimetic molecule, inhibiting Ras–Raf binding and, therefore, hampering
Ras mitogenic signaling [4]. Recent data from CRISPR genome-wide screens describe
rigosertib as a microtubule-depolymerizing agent that leads to cell-cycle alterations that
are typical of other microtubule dynamic poisons [5]. It has also been proposed that the
induced mitotic stress, upon rigosertib treatment, leads to oxidative stress resulting in
a JNK-mediated inhibition of the Ras–MAPK pathway [6]. Overall, rigosertib is highly
effective in killing tumoral cells in vitro and in vivo, with cells arrested in mitosis being
the most prominent phenotype, although there is abundant data showing that rigosertib
effectively stops cell proliferation through various combined effects.

Based on the promising in vitro data, rigosertib was subjected to clinical trials and
showed good tolerability in patients with low levels of toxicity. As a result, rigosertib
reached phase III trials for second-line treatment of patients with high-risk myelodysplastic
syndrome (MDS) [7] and, in combination with gemcitabine, for patients with metastatic
pancreatic cancer [8]. Unfortunately, these clinical trials were not successful, as the patients
did not show a significant benefit over the standard of care, suggesting a need to find the
right sensitivity biomarkers to achieve a therapeutic benefit. In summary, the multi-target
activity of rigosertib, which is controversial, makes this drug an interesting molecule to
study in order to deeply understand its mechanism of action and, subsequently, to find the
biomarkers that can make rigosertib a profitable drug in the treatment of diseases.
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This review collects data on the different targets and cell phenotypes associated with
rigosertib response and attempts to clarify the targeting controversy raised in recent years.
We also discuss some of the previously described mechanisms of resistance to rigosertib
and, finally, summarize all the rigosertib clinical trials conducted to date. Overall, our aim
is to help the growing number of researchers working with this small compound.

2. Development of Rigosertib (ON-01910.Na)

One of the main problems associated with kinase-inhibition-based strategies is the
development of drug resistance due to the accumulation of mutations in the ATP binding
site of the kinase [9]. The scientific community has focused its efforts on developing
inhibitors that target regions outside the ATP binding site of the target kinases and may act
as better drug candidates in cancer therapy.

Between 2002 and 2003, Reddy et al. described the synthesis of several small-molecule
kinase inhibitors, based on styryl-benzyl-sulfones, that exhibited high antitumor activity
and were not ATP-competitors, but allosterically inhibited substrate binding [10–12]. Since
the cytotoxic activity depends on the nature and position of the styryl aromatic ring, the
group synthesized a collection of molecules capable of targeting cancer cells while leaving
non-malignant cells unaffected, thus lacking many side effects associated with commonly
used chemotherapeutic agents. This advantage opened a therapeutic opportunity window
for this collection of new small molecules against cancer.

One of the most analyzed styryl-benzyl-sulfones is rigosertib (ON-01910), commercially
known as Estybon®. Rigosertib was derived from ON-01940 ((E)-2′,4′,6′-trimethoxystyryl-
4-methoxy-3-aminobenzylsulfone) in a two-step synthetic reaction (Figure 1): first, ON-
01940 is reacted with a methyl 2-bromo acetate in a mild basic sodium acetate media to
generate ON-01500 ((E)-2-methoxy-5-(((2,4,6-trimethoxystyryl)sulfonyl)methyl)aniline).
Second, ON-01500 is hydrolyzed with sodium hydroxide in ethanol and dichloromethane,
followed by washing with methyl ethyl ketone to obtain ON-01910 (rigosertib, sodium
(E)-2-{2-methoxy-5-[(2′,4′,6′-trimethoxystyrylsulfonyl)methyl]phenylamino}acetate [13].
After screening these compounds for activity against tumoral cell lines, the researchers
found ON-01910 to be a potent inhibitor of the mitotic kinase Plk1, inducing mitotic arrest
of tumor cells. It is worth noting that rigosertib also showed certain affinity to other kinases,
such as PDGFR, Abl, Flt-1, CDK1, Plk2, Src, and Fyn, which share common features in their
binding sites [1].
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After rigosertib was first described, research began to flourish and many studies
have provided new insights into this small molecule, describing new mechanisms and
putative targets such as the PI3K–Akt pathway [14] the Ras–Raf signaling cascade [4], and
microtubule dynamics [5] (Figure 2).
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Figure 2. Diagram showing the described rigosertib targets and mechanisms of action. Rigosertib
was first described as an allosteric Plk1 inhibitor [1]. Other data show that rigosertib can inhibit the
PI3K–Akt signaling axis [2,3]. Rigosertib is also defined as a Ras–Raf binding competitor, altering the
Ras–MAPK signaling cascade [4]. This Ras–Raf signaling impairment might be due to altering the
response of stress kinases such as JNK [6]. Finally, using CRISPR genome-wide screens, rigosertib is
also identified as a microtubule destabilizing agent [5].

3. Described Targets for Rigosertib

Over the years, many studies have been published in attempts to unravel the mecha-
nism of action of rigosertib, to the point where it is now considered a multi-kinase inhibitor.
In recent years, rigosertib has also been described as a non-kinase drug, further com-
plicating the understanding of its mechanism of action. The main targets described are
the following:

3.1. Rigosertib as a Plk1 Inhibitor

Rigosertib has been generally considered a Plk1 inhibitor. Pioneering phosphorylation
experiments performed immediately after rigosertib synthesis, combining recombinant
Plk1 and CDC25 or Casein as substrates, showed a very efficient rigosertib-mediated Plk1
inhibition with an IC50 of 9–10 nM [1]. In parallel, the chemical mechanism of action of
rigosertib was defined as allosteric, since increasing concentrations of ATP in the kinase
reaction did not alter the inhibition constant. Notably, the allosteric binding of rigosertib to
Plk1 has not yet been demonstrated [15].

To further evaluate the specificity of rigosertib for Plk1, the authors evaluated the
activity of a panel of 29 recombinant kinases and showed that rigosertib was most active
against Plk1 and, therefore, likely to be its primary target. However, rigosertib also showed
some activity against other kinases, such as PDGF receptor (PDGFR), Abl, Flt-1, CDK1,
Plk2, and Src, when tested in recombinant kinase assays. Similarly, when the authors
performed cell synchronization assays and tested for Plk1 activation, they showed that
rigosertib inhibited Plk1 activity, although total levels of the kinase were not affected. This
effect of rigosertib seemed to be specific for Plk1, since there is almost no alteration in
CDK1 activity, although other kinases were not tested in these experiments. Since Plk1 is
required for tumor cell proliferation, the authors showed that rigosertib induced apoptotic
activity against 94 tumor cell lines with a GI50 between 50–200 nM, resulting in tumor
cell death by mitotic arrest, demonstrating its potential efficacy. Notably, this cytotoxic
effect was not observed in non-tumoral cells. More recently, in an effort to evaluate the
efficacy of rigosertib in retinoblastoma-derived cells, Ma et al. showed suppression of
Cdc25C phosphorylation as a readout for Plk1 activity and concomitant accumulation of
CDK1 phosphorylation [16]. They also performed flow cytometry cell-cycle analysis and
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demonstrated that upon rigosertib treatment there was an arrest in the G2/M phase of the
cell cycle, although it was not as strong as that identified in other reports.

Polo-like kinase 1 is a master regulator of cell division, controlling several important
processes throughout the cell cycle, including centrosome maturation, spindle assembly,
chromosome segregation, and, ultimately, cytokinesis [17]. The chemical inhibition or
genetic depletion of Plk1 results in strong mitotic arrest and efficient cell death, making it a
bona fide cancer target [18]. Importantly, Plk1 inhibition produces a highly recognizable
phenotype, which is the presence of monopolar mitotic spindles [19,20] leading to impaired
mitotic progression and subsequent mitotic arrest.

To confirm Plk1 as a substrate for rigosertib, confocal microscopy experiments were
performed to examine the cell fate of treated cells. Rigosertib-treated HeLa cells exhibit
mitotic spindle aberrations, such as multipolar spindles, chromosome mislocalization in
metaphase cells, and centrosome fragmentation [1]. Although, as mentioned above, the
chemical inhibition of Plk1 is known to induce mitotic arrest, the observed phenotypes in the
HeLa-treated cells did not accurately reflect the classical Plk1 inhibition phenotype, which
consists of monopolar spindle organization due to impaired centrosome duplication [21].
Indeed, other studies have shown that rigosertib-treated U2OS do not show alterations in
centrosome maturation, a well-known function for Plk1, and present increased levels of
gamma-tubulin loading at the centrosomes [22].

As the Plk1 inhibition phenotype is controversial, there are other possible explana-
tions for the mitotic arrest observed with rigosertib treatment. Oussenko et al. described
how rigosertib induces a prolonged phosphorylation of RanGAP1-SUMO1, thereby arrest-
ing cells in mitosis and ultimately inducing apoptosis in acute lymphoblastic leukemia
(MOLT-3), prostate cancer (DU-145), and lymphoma cells (U937) [23]. As it is well known
that RanGAP1 is phosphorylated at the onset of mitosis [24], it is difficult to determine
whether RanGAP1-SUMO1 phosphorylation is directly due to rigosertib function or, on
the other hand, a secondary effect of the mitotic arrest mediated by rigosertib. The au-
thors claimed that RanGAP1-SUMO1 phosphorylation happens in short time after adding
rigosertib, thus not having enough time to arrest in mitosis.

In summary, although there is still a tendency to use rigosertib as a Plk1 inhibitor [16,25–27],
the Plk1 inhibition mechanism for rigosertib is controversial, as there is strong evidence that
this may not be the real mechanism and some alternative mechanisms have been described
for the mitotic arrest phenotype.

3.2. Rigosertib as a PI3K–Akt Pathway Inhibitor

Although most of the initial studies pointed to rigosertib as a Plk1 inhibitor, or more
generally as a mitotic inhibitor [14,28–33], some reports additionally demonstrated that it
disrupted other non-cell-cycle-related signaling pathways. Xu et al. hypothesized that since
rigosertib was being used as a kinase inhibitor, it was worth studying the dysregulation
of signaling transduction pathways after rigosertib treatment; they tested samples from
myelodysplastic syndrome (MDS) patients and found 31 significant upregulated pathways
and 14 downregulated pathways. The PI3K–Akt, MAPK, Jak-STAT, Wnt, and Notch
signaling pathways were among the most dysregulated in MDS patients, which could point
to apoptotic cell death regulation [14].

These phenotypes were also observed in cell lines derived from head and neck squamous
cell carcinoma (HNSCC), where PI3K dysregulation is a common event. Authors demon-
strated that rigosertib induced toxicity in HNSCC cell lines, inhibiting PI3K/Akt/mTOR
pathways in a dose-dependent manner, which ultimately led to the inhibition of cell-cycle
progression. It also induced oxidative stress that generated reactive oxygen species (ROS)
and activated extracellular-regulated kinases (ERK1/2) and c-Jun NH2-terminal kinase
(JNK). They demonstrated that rigosertib triggered the mitochondria translocation of the
stress kinase ATF-2, which is also related to apoptosis induction [3]. In contrast, another
study done in HNSCC found rigosertib to be an effective treatment, but by a completely
different mechanism than PI3K–Akt inhibition [2]. Here, the authors did not observe any
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alterations in the PI3K pathway, such as the phosphorylation on Akt Ser-473 residue, or
Ser-240/244 of the S6 ribosomal protein. On the contrary, a complete G2 arrest is observed,
which fits with rigosertib being a mitotic inhibitor.

Overall, the possible inhibition of the PI3K–Akt axis by rigosertib seems to be cell-
dependent and often accompanied by mitotic arrest. Therefore, it is difficult to interpret if
both mechanisms are autonomous.

3.3. Rigosertib as a Ras Mimetic and Ras–Raf–MEK Axis Inhbitor

Up to this point, observations suggested that rigosertib’s mechanism of action in-
volved several alternatives and appeared to be dependent on cell type and genetic back-
ground. In 2016, the laboratory of E. Premkumar Reddy described rigosertib as the first
Ras–RBD inhibitor, binding to the RBD (Ras-binding domain) of the Ras effectors and im-
peding Ras binding, therefore blocking the activation of Raf kinase activity and inhibiting
Ras–Raf–MEK signaling [4]. The binding of rigosertib to the Raf–RBD domain was ele-
gantly demonstrated by NMR studies, further showing that rigosertib does indeed impede
Raf heterodimerization. Notably, the authors claimed that rigosertib specifically inhibits the
Ser-388 residue phosphorylation of c-Raf that associates with Plk1 [34], and this may explain
the relationship between rigosertib and Plk1 inhibition. Likewise, other studies showed
that rigosertib treatment induces cell-cycle arrest and disrupts Ras signaling [35,36]. Finally,
the authors also found that rigosertib can bind to the RBDs of Ral-GDS and PI3Ks, which
might explain the inhibitory mechanism on PI3K and, therefore, its multi-target capacity.

On the other hand, Ritt et al. demonstrated that rigosertib leads to an inhibition
of the Ras/Raf/MEK/ERK signaling axis, but in an indirect way. Rigosertib-induced
mitotic arrest generates an oxidative stress that activates the stress cascade mediated by
the cJun N-terminal kinases 1/2 (JNK1/2). This stress signaling hyperphosphorylates
RasGEF, Sos1, and the Raf proteins, rendering them unresponsive to upstream signals [6].
Notably, this effect of rigosertib can be mimicked by other microtubule poisons such
as taxol, suggesting that mitotic arrest is the main inducer of such a stress response,
rather than a specific targeting of Ras–MEK signaling by rigosertib. In the same trend,
Günther et al. provided more detail on the JNK-mediated mechanism of rigosertib, showing
that rigosertib treatment activates p66Shc [37], which is a known effector of the JNK1/2
kinases [38]. Subsequently, p66Shc translocates to the mitochondria, where it induces ROS
production [39].

Following the description of the Ras–Raf inhibitory activity of rigosertib, there has been
a growing collection of articles exploiting this evidence. Rahmani et al. investigated the
mechanism of rigosertib in colorectal cancer and confirmed that it inhibited cell proliferation
and the cell cycle and that it was dependent on mutations in K-Ras [40], which also elevates
ROS. More interestingly, they showed that rigosertib regulates the expression of CD31, an
angiogenic marker, which opens an alternative for rigosertib as an antiangiogenic drug.

Rigosertib was also used as a canonical Ras–Raf signaling inhibitor with the intention
to evaluate the impact of Ras signaling during the immune checkpoint blockade (ICB)
in metastatic melanoma. The efficacy of rigosertib in melanoma is dependent on the
activity of CD40, a receptor molecule of the TNF receptor family that is normally expressed
on antigen-presenting cells [41]. Rigosertib Ras/Raf/PI3K inhibition promotes CD40
expression that induces immunogenic cell death and enhances the response to immune
checkpoint inhibitors, thus conferring immunogenicity to rigosertib [42]. Whether this
effect on CD40 is due to Ras–Raf signaling or to the dependence of CD40 function upon ROS
induction [43,44] is not yet clear. Finally, in a non-cancer related study, Wang et al. studied
lipopolysaccharide-induced sepsis, using rigosertib as a MEK1-ERK signaling inhibitor,
concluding that it prevented the production of proinflammatory cytokines induced by LPS
by disrupting the activation of the MEK1-ERK signaling axis [45].

Overall, although strong data show that rigosertib interferes with Ras–Raf–MEK
signaling, the precise mechanism by which this effect is mediated is still unclear, and it
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is also unclear whether it is a direct molecular impact on Ras–Raf molecules or indirectly
induced by cytotoxic stress mediated by ROS induction and stress kinase (JNK) signaling.

3.4. Rigosertib as a Tubulin Polymerization Destabilizer

A common cellular phenotype upon rigosertib treatment, observed by many different
groups, is the G2/M arrest accompanied by mitotic aberrations. As mentioned above,
this was originally assumed to be dependent on the Plk1 inhibition. However, there are
examples providing evidence that rigosertib might be a microtubule dynamics inhibitor
and this might be also responsible for the mentioned G2/M arrest.

Hyoda et al. showed that rigosertib induced the phosphorylation of histone H2AX and
led to a DNA damage-induced G2/M arrest in HL-60, Jurkat, Ramos, and MDS-L cell lines.
Rigosertib caused an abnormal localization of Aurora A kinase (AurKA), suggesting that it
disrupts the spindle assembly machinery, and they finally concluded that the rigosertib
effect had a possible involvement with genes related to microtubule kinetics [28]. More
recently, the efficacy and mechanism of rigosertib have been tested in rhabdomyosarcoma
(RMS) and neuroblastoma (NBs) cell lines. Here, the authors showed that the main cytotoxic
effect is due to an efficient cell arrest in mitosis, mainly by interfering with mitotic spindle
assembly, which leads to cell death [46,47]. In fact, the authors have shown a similar
behavior of rigosertib with respect to other Vinca alkaloids, although it is better tolerated.
Interestingly, these studies also provided evidence that rigosertib does not induce cell death
by inhibiting the Ras pathway in either RMS or NB cells, demonstrating that the mechanism
of action of rigosertib may be cell-type dependent.

An explanation for the rigosertib-mediated mitotic arrest was recently described by
Jost et al., who claimed that rigosertib is indeed a microtubule-destabilizing agent [5]. Their
study aimed to identify novel rigosertib response-associated biomarkers by performing
a combined CRISPRi/a (inactivation/activation) genome-wide screen using the myeloid
leukemia cell line K562. The authors demonstrated that rigosertib causes spindle and
mitotic defects because it binds to αβ-tubulin heterodimers, in a region similar to that
of to other microtubule destabilizers, such as colchicine. This binding of rigosertib to
tubulin alters microtubule dynamics both in vitro and in vivo. Moreover, the authors used
structural analysis to depict the residues involved in the binding of rigosertib to β-tubulin,
with Lys-240 being critical for this interaction. Interestingly, the mutation of this Lys-240
to phenylalanine (L240F) confers resistance to rigosertib in K562 cells, confirming that the
rigosertib effect is mainly mediated by altering microtubule dynamics and, subsequently,
mitotic alterations.

An important aspect to consider in these results is that rigosertib is synthesized
from ON-01500 (Figure 1), which is a microtubule poison. In fact, this feature opened a
dispute when the Reddy group published a contrary article stating that the microtubule-
destabilizing effect is most likely due to the presence of the late intermediate impurity
ON-01500 in commercial rigosertib formulations, which has a potent tubulin depolymeriz-
ing activity [48]. NMR and mass spectrometry analysis determined that the commercial
grade rigosertib contained at least 5% of ON-01500. This ON-01500 impurity may result
from the degradation of rigosertib due to poor storage conditions, including elevated
temperature, acidic pH, and exposure to intense light. In contrast, pharmaceutical-grade
rigosertib directly supplied from Onconova Therapeutics (Onconova Therapeutics, Inc.,
Newtown, PA 18940, USA), which is free of the ON-01500 contaminant, does not exhibit
in vitro tubulin-binding activity. More importantly, they also showed that different cell
lines harboring the L240F mutations were sensitive to the pharmaceutical-grade rigosertib
and failed to proliferate. The disagreement does not end here, as Jost et al. reevaluated the
effect of commercial and clinical-grade rigosertib, showing indistinguishable phenotypes
and agreeing with their previous findings [49]. Both rigosertib versions destabilize micro-
tubules either in vivo or in vitro, and both show significantly reduced toxicity in cell lines
expressing the L240F tubulin mutant. Interestingly, a very recent screen for identifying
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tubulin polymerization inhibitors pinpointed rigosertib as a major hit and demonstrated
the capacity of rigosertib binding to tubulin by in silico docking analysis [50].

On the other hand, earlier studies made these conclusions even more controversial by
showing that rigosertib-mediated effects do not depend on altered microtubule dynamics.
Oussenko et al. not only described rigosertib-induced mitotic arrest as mentioned above,
but also shed light on the microtubule destabilizer hypothesis by testing the ability of
rigosertib and the inactive analog molecule ON-01911 to modify the tubulin polymerization.
They revealed that clinical-grade rigosertib directly obtained from Onconova Therapeutics
and control ON-01911 had a minor inhibition effect on tubulin polymerization, whereas
nocodazole (another well-known microtubule poison) completely inhibited the process.
This is indeed in agreement with the original article describing rigosertib as a Plk1 inhibitor,
in which; they also established that rigosertib does not alter microtubule polymerization [1].

In summary, it is clear that rigosertib induces mitotic arrest and this appears to be a
major cause of cell death. Whether this mitotic arrest is a direct effect of rigosertib due
to changes in microtubule dynamics or other targets, such as Plk1, is still under debate.
The source of the drug also appears to determine the outcome. While the clinical-grade
rigosertib supplied by the proprietary pharmaceutical company Onconova Therapeutics
appears to be more reliable than the commercial stocks, it is probably more important
that the storage and handling conditions are precise to avoid degradation to synthesis
intermediates, such as ON-01500, which has a strong affinity for microtubule heterodimers.

4. Rigosertib Clinical Trials for Cancer Therapy

Successful preclinical in vivo studies performed with rigosertib confirmed its safety
profile with no evidence of myelotoxicity, neuropathy, or cardiotoxicity in xenograft mouse
models, while successfully inhibiting liver, breast, and pancreatic cancers [1,51]. Rigosertib
was, therefore, immediately included in a series of clinical trials to test its efficacy in a wide
range of different cancers, including both solid tumors and hematological malignancies
(Table 1).

Phase I trials suggested a maximum tolerated drug dose of 1800 mg/24 h in a three-day
constant intravenous infusion rate, delivered every other week, with an acceptable toxicity
profile [52–54]. The most common adverse events (AEs) included fatigue, gastrointestinal,
and urinary symptoms. More severe grade 3 to 4 AEs were uncommon. Thrombocytopenia
AE was also observed, yet to a lesser extent. Interestingly, drug-induced myelosuppression
was also infrequent, thus providing a therapeutic advantage for myelodysplastic syndrome
patients, given their compromised bone marrow function.

Rigosertib can be also administrated orally with a positive clinical activity [55]. Dose-
limiting toxicity was established at 700 mg twice daily (b.i.d) upon severe grade 3 AE
appearance, and the recommended dose was identified as 560 mg b.i.d. Overall, oral
rigosertib was well tolerated. The most significant grade 2–3 toxicities included mainly
urinary symptoms, abdominal pain and diarrhea, fatigue, hypotension, and anorexia. These
positive toxicity and tolerability data encouraged clinicians to move forward into more
advanced clinical trial phases.

Although some phase II tests were performed on some solid tumors, such as non-
small cell lung cancer adenocarcinoma, and a wide variety of squamous cell carcinomas,
they were predominately focused on hematological malignancies and, more concretely,
on myelodysplastic syndromes (MDS) and myeloid leukemias. Similarly, phase III trials
were mainly done in myelodysplastic syndromes, and only a recent phase III trial was
performed on pancreatic adenocarcinoma patients (Table 1). It is also important to note
that although most trials with rigosertib have been conducted as a monotherapy strategy
(mainly phase I), advanced phase II and III studies have also been undertaken in combi-
nation with other chemotherapeutic agents in an effort to achieve a better response for
those patients. Gemcitabine (DNA synthesis inhibitor) was combined with rigosertib in
the phase III trial for pancreatic adenocarcinoma [8,56]. Azacitidine or decitabine (DNA
methyltransferase inhibitors) were combined with rigosertib for MDS trials. Some solid
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tumor trials also combined rigosertib with either oxaliplatin (DNA synthesis inhibitor) or
irinotecan (topoisomerase I inhibitor).

Despite the motivating number of clinical trials annotated in the U.S. National Library
of Medicine website (ClinicalTrials.gov, accessed on 20 February 2023), very few of them
provide results that indicate the efficacy of the drug. Data from phase I and II trials in MDS
and myeloid leukemias were promising, with some patients showing a positive response to
the treatment, with either a partial or complete bone marrow blast response and subsequent
hematological improvement. This encouraged the initiation of a large-scale phase III trial
comparing rigosertib administration to the standard best supportive care (BSC) for MDS
(low dose cytarabine). Unfortunately, the results of the large trial were not positive [7]. The
median overall survival (OS) in the rigosertib arm was 8.2 months and the median OS in
the BSC arm was 5.9 months. In addition, no patients had a complete or partial response,
although there is a modest increase in the bone marrow blast response with rigosertib,
which was previously associated with improved survival.

In summary, rigosertib did not reach its primary objective of providing a survival
benefit compared to the BSC-treated cohort, although certain subgroups appeared to
benefit from treatment. Another interesting phase III trial is the combination of rigosertib
with gemcitabine in a cohort of metastatic pancreatic adenocarcinoma, with 160 enrolled
patients [8,56]. Unfortunately, despite the good data from preclinical studies using PDX
models of pancreatic tumors [51], the combination treatment did not show an improvement
in survival or response in pancreatic cancer patients and the authors stated that further
studies with rigosertib in this type of cancer would not be performed.

In an attempt to understand the variability in sensitivity to rigosertib, and to shed
light on what may be the best tumoral context for a rigosertib therapeutic strategy, we
took advantage of the DepMap portal (depmap.org), which provides chemical and ge-
netic cancer dependency information, allowing data visualization from a large scale of
viability screens across hundreds of cell lines. We selected data generated by the Broad
Institute CTDˆ2 Center originally published via the Cancer Therapeutics Response Portal
(CTRP) [57,58] to plot rigosertib sensitivity (AUC, area under the curve) against different
cancer lineages. We observed a specific sensitivity against rigosertib of hematological
cancers cells (leukemias, myeloid and lymphoid) in comparison with solid cancer-derived
cell lines (Figure 3). This probably explains why clinical trials have focused primarily on
myeloid and lymphoid tumors, although in vitro data have never really translated into the
clinical trials for these cancers.

Interestingly, and according to DepMap portal data, the most sensitive cell populations
are those derived from neuroblastoma tumors. Indeed, the sensitivity of rigosertib to
neuroblastoma models, both in vitro and in vivo, has been reported by others [46,47,59],
demonstrating that rigosertib may be a good therapeutic alternative for this tumoral type.
Perhaps the fact that neuroblastoma is a pediatric tumor is one of the reasons why its
testing in clinical trials has been negatively affected. The data from the DepMap portal
also confirm why the clinical trial that was focused on pancreatic cancer was completely
unsuccessful. The cell lines derived from pancreatic adenocarcinoma are the most refractive
to rigosertib treatment, among the 20 cohorts tested, with values equivalent to those for
biliary tract and kidney tumors.

Table 1. Summary of rigosertib clinical trials.

Phase NCT Number Treatment Disease Participants References

Phase I

NCT01048619 ON-01910.Na Myelodysplastic Syndrome 36 [55]

NCT01168011 ON-01910.Na Solid Tumor 68

NCT01125891 Gemcitabine or
ON-01910.Na

Malignant Neoplasms
Solid Tumors 39 [60]
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Table 1. Cont.

Phase NCT Number Treatment Disease Participants References

Phase I

NCT00854646 ON-01910.Na

Acute Myelocytic Leukemia
Acute Lymphocytic Leukemia
Chronic Myelocytic Leukemia

Chronic Lymphocytic Leukemia
Myelodysplastic Syndromes

22 [61]

NCT01538537 ON-01910.Na

Advanced Cancer
Solid Tumors

Cancer
Neoplasms

29 [53]

NCT01538563 ON-01910.Na
Solid Tumors

Advanced Cancer
Neoplasms

42 -

NCT01165905 Gemcitabine or
ON-01910.Na Solid Tumor 10 -

NCT00861783

Irinotecan +
ON-01910.Na
Oxaliplatin +
ON-01910.Na

Hepatoma
Advanced Solid Tumor 16 -

NCT00861328

Irinotecan +
ON-01910.Na
Oxaliplatin +
ON-01910.Na

Advanced Solid Tumors 18 -

NCT00861510 ON-01910.Na

Lymphoma
Mantle-cell
Leukemia

Lymphocytic
Chronic
B-Cell

Leukemia
Hairy Cell

Waldenstrom Macroglobulinemia
Multiple Myeloma

16 [62]

NCT00533416 ON-01910.Na Myelodysplastic Syndrome (MDS) 14 [63]

Phase I/II

NCT01167166 ON-01910.Na

Acute Myelocytic Leukemia
Acute Lymphocytic Leukemia

Myeloproliferative Disease
Chronic Myeloid Leukemia

30 -

NCT00854945 ON-01910.Na Myelodysplastic Syndromes
Acute Myeloid Leukemia 36 -

NCT01926587 Azacitidine +
ON-01910.Na

Myelodysplastic Syndromes
Acute Myeloid Leukemia

Chronic Myelomonocytic Leukemia
45 [64]

NCT04263090 Nivolumab +
ON-01910.Na

Non-small Cell Lung Cancer
Adenocarcinoma

Stage IV
20 -

NCT03786237 ON-01910.Na Epidermolysis Bullosa Dystrophica
Squamous Cell Carcinoma 12 -

Phase II

NCT01807546 ON-01910.Na

Head and Neck Squamous
Cell Carcinoma

Anal Squamous Cell Carcinoma
Lung Squamous Cell Carcinoma

Cervical Squamous Cell Carcinoma
Esophageal Squamous Cell Carcinoma

Skin Squamous Cell Carcinoma
Penile Squamous Cell Carcinoma

64 -

NCT01904682 ON-01910.Na Myelodysplastic Syndromes 45 -

NCT01584531 ON-01910.Na
Myelodysplastic Syndromes

MDS
Trisomy 8

82 -

NCT00906334 ON-01910.Na Myelodysplastic Syndromes 14 [65]
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Table 1. Cont.

Phase NCT Number Treatment Disease Participants References

Phase III

NCT01241500 ON-01910.Na

Myelodysplastic Syndromes
MDS
RAEB

Chronic Myelomonocytic Leukemia

299 -

NCT01928537 ON-01910.Na

Myelodysplastic Syndromes
Refractory Anemia with Excess Blasts
Chronic Myelomonocytic Leukemia

Cytopenia

67 -

NCT02562443

Best supportive care
(BSC) + ON-01910.Na

Vs.
Physician’s choice

(PC) +
ON-01910.Na

Myelodysplastic Syndromes
MDS

Refractory Anemia with Excess Blasts
RAEB

372 [7]

NCT01360853 Gemcitabine +
ON-01910.Na Metastatic Pancreatic Adenocarcinoma 160 [8,56,66]

Figure 3. Data adapted from the DepMap Portal, retrieved from the Cancer Therapeutics Response
Portal (CTRP), showing the sensitivity of cancer-cell lines of multiple origins to rigosertib. AUC
reflects the area under the concentration-response curve. The lower the AUC, the more sensitive the
cell line. Violin plots show median rigosertib sensitivity values (thick blue line). The thick dashed red
line shows the average of all median AUCs. The shaded red area is defined by the standard deviation
of the average median values. An unpaired t-test was performed, comparing the neuroblastoma,
leukemias, myeloid, or lymphoid cohorts with the rest of all cohorts together and significance is
indicated by p < 0.0001 (****). The number of cell lines (n) in each cohort is indicated in the X axis.
Statistics were calculated using GraphPad Software version 9.5.1.

5. Genetic Biomarkers Associated with Rigosertib Response

In an effort to elucidate the mechanism of action of rigosertib and to identify therapeu-
tic biomarkers, some researchers have recently begun to identify the genetic alteration that
may determine the efficacy of the response to rigosertib.

Oussenko et al. performed cross-resistance experiments and showed that rigosertib
did not induce an MDR1 (multi-drug resistance 1) or an MRP1 (multi-drug resistance-
associated protein 1) response. Moreover, cells resistant to other drugs did not show
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cross-resistance to rigosertib, making it a favorable anticancer agent [23]; hence, rigosertib
appears to escape the general resistance mechanisms described for other drugs. On the
contrary, Sánchez-Burgos et al. described how deficiency of the FBXW7 gene leads to
resistance to rigosertib treatment. Interestingly, FBWX7 deficiency also confers resistance
to a wide range of other chemotherapeutic agents, making it a general drug-resistance
mechanism, rather than rigosertib-specific [67].

Another described biomarker of rigosertib efficacy is the deubiquitinating enzyme
USP28 [68]. USP28 destabilizes the Raf family proteins by a feedback-loop-mediated
mechanism. When USP28 is downregulated, B-Raf is hyper stabilized and, therefore,
enhances downstream MAPK signaling, promoting resistance to Raf inhibitor therapy
strategies. As USP28 is frequently deleted in a proportion of melanoma patients, the
authors suggested rigosertib as a potential therapeutic strategy for USP28-depleted cells,
demonstrating an increased sensitivity of USP28-depleted cells to rigosertib. Surprisingly,
rigosertib appears to kill USP28 null cells in an ERK independent manner, and with a
strong mitotic arrest phenotype. Hence, there is still doubt as to whether this USP28-null
synthetic lethality is due to an amplification of the Ras–Raf signaling pathway, or simply to
an increase in the proliferation ratio and a strong dependence on mitosis. Indeed, the same
authors observed that USP28-depleted cells are more sensitive to small molecules such as
microtubule poisons (taxol, vincristine, nocodazole) or even Plk1 inhibitors such as BI-2536.

Focusing on myelodysplastic syndromes (MDS), a possible biomarker for rigosertib
response is the presence of trisomy 8. Trisomy of chromosome 8 and monosomy of chromo-
some 7 are common alterations observed in MDS patients [69] and these cytogenetic features
correlate with the upregulation of the oncogenes c-myc, Wilms Tumor 1 (WT1), and Cyclin
D1, thus increasing the proliferation capacity of these cells [70]. Interestingly, rigosertib has
a selective inhibitory effect in trisomy-8 MDS cells and, to a lesser extent, in monosomy-7.
This was also seen in patients enrolled in the MDS clinical trial (NCT00533416) and occurred
even when these chromosomal abnormalities were part of a more complex karyotype. [63].
Thus, trisomy-8/monosomy-7 and elevated Cyclin D1, can behave as bona fide biomarkers
for rigosertib treatment, at least in MDS.

Seeking to identify relevant cellular biomarkers following rigosertib treatment, Jost et al.
performed a chemical screen for rigosertib using a CRISPRi (inactivation) and a CRISPRa
(activation) strategy and identified a signature of microtubule-related genes that antag-
onized or synergized with the drug [5]. Specifically, the authors determined that the
overexpression of the KIF2C gene, which encodes the microtubule depolymerizing enzyme
MCAK [71], sensitizes cells to rigosertib. At the same time, the knockdown of TACC3,
a microtubule-binding protein involved in microtubule stability [72], sensitizes cells to
rigosertib. Thus, genetic manipulations that destabilize microtubules lead to increased
sensitivity to rigosertib, whereas genetic alterations that induce microtubule stabilization
lead to a protective effect against rigosertib [5]. To validate this hypothesis, the authors
knocked-down both genes involved in microtubule stability with CRISPR-Cas9 technology
and confirmed in different tumoral cell lines that the downregulation of KIF2C and TACC3
dictate resistance or sensitivity to rigosertib, respectively. In addition, they confirmed that
rigosertib destabilizes microtubules by docking into the colchicine-binding site of tubulin.
These results, although requiring further validation, identify specific genes whose expres-
sion predicts response to rigosertib and may serve as biomarkers for rigosertib treatment in
a clinical context.

Despite these initial efforts to identify biomarkers of response to rigosertib, there is
still very little known, and further efforts are needed in order to find genetic signatures that
might help to better stratify patients in future clinical trials.

6. Conclusions, Current Challenges, and Prospects

Rigosertib is considered a promising therapeutic strategy for cancer for several reasons.
It is defined as a non-ATP competitor multi-kinase inhibitor, which makes it an attractive
molecule, as it avoids the associated drug-resistance mechanisms that can arise with ATP-
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competitor molecules [9]. Data suggest that rigosertib does not present cross-resistance
to other drugs and is not an MDR1 or MPR1 substrate, making rigosertib a good choice
of treatment for multi-drug resistant cancers. Preclinical studies prompted rigosertib as
a promising molecule for the treatment of cancer therapy because in vivo studies demon-
strated its efficacy in killing cancer cells with little associated toxicity. This tolerable toxicity
was also seen in many clinical trials performed; therefore, rigosertib was considered a
promising therapeutic strategy. Unfortunately, advanced clinical trials turned out to not be
as efficient as initially thought and there was very little improvement when compared to
the standard therapies for several types of cancer. This indicates that we still lack the right
biomarkers to better stratify the patients for a rigosertib-mediated therapy. In this regard,
all efforts trying to define the drug target have been confusing and controversial.

Rigosertib’s mechanism of action was originally suggested to be an allosteric in-
hibitor of the mitotic master regulator Plk1 [1]. Over the years, Plk1 specificity has been
debated [22] and, in parallel, there was increasing evidence showing that rigosertib might
alter other pathways. Indeed, it was described as a the PI3K–Akt axis inhibitor [2,3] or
acting as a Ras–Raf binding mimetic leading to MEK signaling inhibition [4]. In the same
vein, the inhibition of MEK signaling was attributed to the generation of mitotic stress [6],
thus altering stress-signaling pathways. Finally, the mitotic arrest phenotype was recently
explained by demonstrating that rigosertib is a microtubule-destabilizing drug [6]. This
raised a strong controversy about the source quality of the drug, its stability, and its storage
accuracy [48,49].

Because of the multiple mechanisms of action described, the scientific community has
followed waves of studies, often viewing rigosertib as a unique inhibitor for Plk1, Ras, or
PI3K/Akt, overlooking all other possible targets and side effects. Although some research
groups have begun efforts to define the mechanisms of rigosertib, these studies are still
at an early stage, and only a few genetic determinants have been described, with little
clinical impact.

Therefore, a strong effort to elucidate rigosertib’s mechanism of action and understand
how rigosertib inhibits cancer cell growth is critical to better define the potential patients
who could benefit from this inhibitor and, thus, advance clinical trials.
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Abstract: The ROR1 receptor tyrosine kinase is expressed in embryonic tissues but is absent in normal
adult tissues. ROR1 is of importance in oncogenesis and is overexpressed in several cancers, such as
NSCLC. In this study, we evaluated ROR1 expression in NSCLC patients (N = 287) and the cytotoxic
effects of a small molecule ROR1 inhibitor (KAN0441571C) in NSCLC cell lines. ROR1 expression in
tumor cells was more frequent in non-squamous (87%) than in squamous (57%) carcinomas patients,
while 21% of neuroendocrine tumors expressed ROR1 (p = 0.0001). A significantly higher proportion
of p53 negative patients in the ROR1+ group than in the p53 positive non-squamous NSCLC patients
(p = 0.03) was noted. KAN0441571C dephosphorylated ROR1 and induced apoptosis (Annexin
V/PI) in a time- and dose-dependent manner in five ROR1+ NSCLC cell lines and was superior
compared to erlotinib (EGFR inhibitor). Apoptosis was confirmed by the downregulation of MCL-1
and BCL-2, as well as PARP and caspase 3 cleavage. The non-canonical Wnt pathway was involved.
The combination of KAN0441571C and erlotinib showed a synergistic apoptotic effect. KAN0441571C
also inhibited proliferative (cell cycle analyses, colony formation assay) and migratory (scratch wound
healing assay) functions. Targeting NSCLC cells by a combination of ROR1 and EGFR inhibitors may
represent a novel promising approach for the treatment of NSCLC patients.

Keywords: ROR1; NSCLC; small molecules; KAN0441571C; erlotinib; ibrutinib; TTP

1. Introduction

Lung cancer is one of the main causes of death in cancer patients [1], and non-small cell
lung cancer (NSCLC) accounts for around 85% of lung cancer cases. Current treatments for
NSCLC are not sufficiently effective and there is an urgent need for new precision medicines [2].

Receptor tyrosine kinases (RTKs) are phosphotransferase enzymes that are essential
for intracellular signal transduction and that are important targets for cancer treatment [3].
ROR1 (receptor tyrosine kinase-like orphan receptor 1), also known as neurotrophic ty-
rosine kinase receptor-related 1 (NTRKR1), is a transmembrane tyrosine-kinase enzyme
encoded by a gene on chromosome 1. ROR1 belongs to the ROR family (ROR1 and ROR2)
and was discovered based on amino acid sequence homology to the Trk family of neu-
rotrophin receptors [4]. ROR1 is highly expressed during embryonic development in central
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neurons, and respiratory, cardiac, and skeletal tissues, and is essential for the proliferation,
differentiation, polarity, and migration of neurons [5]. ROR1 is downregulated after birth
but maintains a low expression in a few normal tissues, such as adipocytes, stomach and
duodenum, pancreatic islets, parathyroid glands, and early B-cells [6–8]. Wnt5a is a ligand
for ROR receptor proteins [9].

ROR1 is, however, expressed in hematologic malignancies and solid tumors, such as
chronic lymphocytic leukemia (CLL) [10,11], mantle cell lymphoma (MCL) [12], diffuse
large B-cell lymphoma (DLBCL) [13–15], melanoma [16–22], and NSCLC [17,23]. ROR1
is essential for the expansion, survival, epithelial-to-mesenchymal transition (EMT), mi-
gration, and metastasis of malignant cells [15,16,24–26]. ROR1 is involved in sustaining
the self-renewal of cancer stem cells, and is related to disease activity and resistance to
chemotherapy [27–29]. Several key signaling pathways such as PI3K/AKT/mTOR and
the canonical/non-canonical Wnt pathways, as well as transcription factors such as CREB
and C-Jun, have been proposed to be associated with ROR1 activation [30–35]. In various
tumors, such as CLL, breast, and gastric cancers, high expression of ROR1 was associated
with advanced disease and short survival [31,36–40].

ROR1 targeting agents, such as siRNA, monoclonal antibodies (mAbs), chimeric
antigen receptor-modified T cells (CAR-T), and small molecule inhibitors (SMI), induced
significant tumor cell death in hematological malignancies and cancers of epithelial ori-
gin [31,36,37,41–45]. The first-in-class ROR1 inhibitor (KAN0439834), which binds to the
intracellular tyrosine kinase (TK) domain of ROR1, induced apoptosis of CLL cells and in-
hibited tumor cell growth in NOD/SCID mice xenotransplanted with human CLL cells [46].
KAN0439834 dephosphorylated ROR1 and inhibited the PI3K/AKT/mTOR pathway [20].
The combination of the ROR1 inhibitor with ibrutinib or erlotinib showed additive ef-
fects on pancreatic tumor cell death, compared to treatment with either agent alone [20].
KAN0441571C is the second generation of a ROR1 tyrosine kinase inhibitor (TKI) that
induced apoptosis and death of DLBCL cells and small cell carcinoma of the lung, and that
acted synergistically with venetoclax on tumor cell apoptosis [13,47].

In this study, ROR1 expression was analyzed in NSCLC tumors from patients as well
as in cell lines. The anti-tumor effects of KAN0441571C alone were evaluated in vitro and
in combination with erlotinib (EGFR inhibitor) and ibrutinib (BTK inhibitor). Erlotinib is a
standard drug for the treatment of lung cancer [48] and ibrutinib has been suggested to
be evaluated in lung cancer treatment [49,50]. These three drug molecules represent com-
pounds with different mechanisms of action (MOA). Our data indicate that KAN0441571C
in combination with EGFR or BTK inhibitors had synergistic apoptotic effects on lung
cancer cells.

2. Materials and Methods
2.1. Patients

In total, 287 surgically resected NSCLC tumor specimens were analyzed for ROR1 ex-
pression. The use of patient samples was in accordance with the Declaration of Helsinki and
ethically approved by the national ethics committee (www.etikprovningsmyndigheten.se)
(accessed on 3 August 2015). Diagnosis was based on the WHO classification [51–53]. Pa-
tients were diagnosed, registered, and treated at the Oncology Department of Karolinska
University Hospital Solna, Stockholm, Sweden, according to Swedish national guidelines.
Based on histology, patients were divided in 3 groups including non-squamous adenocar-
cinoma (n = 157), squamous (n = 106), and neuroendocrine (mainly carcinoids) (n = 24)
tumors (Table S1). Of these, 118, 89, 40, and 9 patients were at stages IA, IB, II, and III-IV,
respectively (Table S2).

2.2. Immunohistochemical (IHC) Assays

Immunohistochemistry (IHC) staining of ROR1 was performed as previously de-
scribed [54], using an anti-ROR1 polyclonal antibody (Proteintech, Manchester, UK). ROR1
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expression was scored as negative (0), weak (1), or strong (2) according to staining inten-
sity [6]. Slides were blindly scored by 3 independent pathologists.

2.3. Lung Cancer Cell Lines

Five ROR1+ NSCLC cell lines were used for in vitro experiments and obtained from ATCC:
NCI-H1975 (EGFR mutated L858R/T790M), NCI-H23 (EGFR wild type (WT)), NCI-HCC827
(EGFR mutated E746-A750 del19), A549 (EGFR WT), and NCI-H1299 (EGFR WT) (Table S3).

2.4. ROR1, BTK and EGFR Inhibitors

KAN0441571C, an SMI targeting ROR1, was produced and developed by Kancera AB
(Stockholm, Sweden) [13,46]. Erlotinib (EGFR inhibitor) and ibrutinib (BTK inhibitor) were
purchased from Selleckchem (Rungsted, Denmark).

2.5. Flow Cytometry

Surface ROR1 expression was evaluated by flow cytometry, as previously described [46].
Briefly, cell lines (single-cell suspension) were harvested and washed in 100 µL phosphate
buffered saline (PBS) and re-suspended in 100 µL cell staining buffer (BD Biosciences, San Jose,
CA, USA). Next, 106 cells were incubated with an APC (allophycocyanin)-conjugated
anti-ROR1 monoclonal antibody (Miltenyi Biotec, Bergisch Gladbach, Germany) and an
isotype-matched antibody (Miltenyi Biotec) for twenty minutes at room temperature (RT).
Cells were then washed with cell staining buffer (BD Biosciences) and were prepared for
analysis by flow cytometry (Canto II, BD Biosciences). To analyze the data, the FlowJo
program was used (Tree Star Inc., Ashland, OR, USA) [13].

2.6. Western Blot Analysis

Western blot was used to analyze the expression of proteins, as previously described [46].
Cells were lysed on ice for 1 h by lysis buffer [46]. Supernatants were collected, and a BCA Kit
(ThermoFisher Scientific, Bartlett, IL, USA) was used to measure the protein concentration.
Next, 10 to 20 µg of the protein lysate was mixed with loading dye and reducing agent,
and then loaded onto 8 or 10% polyacrylamide gel (ThermoFisher Scientific). Proteins
were separated by electrophoresis and transferred to a polyvinylidene fluoride membrane
(Millipore Corporation, Bedford, MA, USA). Membranes were then blocked in 5% bovine
serum albumin (BSA) (Santa Cruz Biotechnology, Heidelberg, Germany) or skimmed
milk (Sigma-Aldrich, St. Louis, MO, USA). After blocking, membranes were incubated
with the primary antibodies at 4 ◦C for overnight, washed and probed with a peroxidase
(HRP)-conjugated mAb (Dako Cytomation, Glostrup, Denmark). Finally, membranes were
washed and a chemiluminescence detection system (GE Healthcare, Uppsala, Sweden)
was used for protein visualization. The following primary antibodies were used for pro-
tein staining: phospho (p) ROR1 (against amino acid residues Ser 652, Tyr 641, 646) [46],
anti-ROR1 antibody (R&D Systems, Minneapolis, MN, USA), anti-EGFR and anti-pEGFR
(Y1173) antibodies, anti-SRC and anti-p-SRC (Tyr 416) antibodies, anti-AKT and anti-p-AKT
(Ser 473) antibodies, anti-mTOR and anti-p-mTOR (Ser 2448) antibodies, anti-cAMP re-
sponse element-binding protein (CREB) and anti-p-CREB (Ser 133) antibodies, anti-cleaved
poly ADP ribose polymerase (PARP) antibody, anti-B-cell lymphoma (BCL)-2 antibody,
anti-BAX antibody, anti-myeloid cell leukemia (MCL)-1 antibody, anti-cleaved caspases
3, 8, 9 antibodies (Cell Signaling Technology, Danvers, MA, USA), anti-phosphoinositide
3-kinase (PI3K) p110δ and anti-p-PI3Kp110δ (Tyr 485) antibodies (Santa Cruz), and anti-
β-actin antibody (Sigma-Aldrich). Image J 1.44p software (National Institute of Health,
Bethesda, MD, USA) was used for the densitometric measurement of proteins. Ratios of
phosphorylated protein/total protein were calculated.

2.7. MTT Cytotoxicity Assay

The MTT [3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide] assay (Sigma-
Aldrich) was applied to evaluate the cytotoxicity of KAN0441571C, ibrutinib, and erlotinib.
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Briefly, 20,000 lung cancer cells were cultured in 96 well plates in 200 µL of RPMI-1640
(ThermoFisher Scientific) (triplicates) containing 10% FBS and the drugs (diluted in DMSO).
The maximum concentration of DMSO in the medium was 1%. Cells were then incubated at
37 ◦C for several time points (24, 48, and 72 h), followed by adding 20 µL of 5 mg/mL of the
MTT solution to each well, and then further incubated for 4 h at 37 ◦C. Next, 100 microliters
of MTT stop solution (10% SDS in 0.01 M HCL) was then added to wells and incubated for
2–4 h at 37 ◦C. Cells treated with DMSO alone were used as the control. Optical density
(OD) was defined using a plate reader at 570 nm. The effects of the drugs in vitro on
the apoptosis (additive, synergistic, or antagonist effects) of the combined treatment of
KAN0441571C with erlotinib or ibrutinib was evaluated by the Chou–Talalay method using
the CompuSyn software (Combosyn Inc., New York, NY, USA) [55].

2.8. Apoptosis Assay (Flow Cytometry)

Lung cancer cells were incubated with the drugs and cultured in 6-well plates (106/well)
at 37 ◦C for 24 h. After incubation, cells were prepared and stained for apoptosis assay as
previously described [13,46].

2.9. Immunofluorescence (IF) Assay

The immunofluorescent (IF) assay was completed as previously described [46]. Briefly,
cell lines were cultured on a sterile 8-well glass slide (BD Biosciences) for 24 hours to
form a monolayer. Next, 4% formaldehyde was used to fix cells (15 min), which were
then washed with PBS and blocked for 2 h in buffer containing 0.01% sodium azide, 2%
bovine serum albumin, and 1% Tween 20 in PBS buffer. Cells were incubated with an
anti-ROR1 antibody (2 µg/mL) (Sigma-Aldrich) and a non-specific antibody (mouse IgG)
(eBioscience, San Diego, CA, USA) for 24 h at 4 ◦C, washed with PBS, and then treated
with Alexa Flour 488-conjugated goat anti-mouse IgG (1:200) (ThermoFisher Scientific) for
1 h. After washing, the cell nuclei were stained with mounting media (VectaShield H-1000)
containing 4’,6-diamidino-2-phenylindole (DAPI) (Vector Laboratories, Burlingame, CA,
USA). A Zeiss Axioplan2 fluorescence microscope (Oberkochen, Germany) with a 63 X
objective lens and the ZEN software (Carl Zeiss Microscopy, Munich, Germany) was used
to take pictures.

2.10. Colony Formation Assay

Two-hundred cells per well were seeded in 6 well plates (BD Biosciences) and in-
cubated at 37 ◦C overnight. KAN0441571C and DMSO alone (control) were added and
the cells were incubated for 72 h at 37 ◦C. The medium was removed and the cells were
washed with PBS. Fresh medium was added and cell colonies were maintained in culture
until control cultures were confluent. The medium was then removed and the colonies
were stained with 4% methylene blue/MeOH (Sigma-Aldrich) for 30 min. Finally, the cells
were washed with water and the plates were left to dry. Colonies were counted and the
relative colony count to DMSO control was calculated using the following formula: plating
efficiency (%) = number of colonies (treated)/average number of colonies (DMSO) × 100.
For each cell line, the assay was repeated 2–4 times.

2.11. Scratch Wound Healing Assay (Migration Assay)

Lung cancer cells were seeded in 96-well plates (6 × 104 cells/well) and incubated
overnight at 37 ◦C. When cells reached >90% confluence, the IncuCyte® wound maker
tool (Sartorius AG, Gottingen, Germany) was used to scratch all wells uniformly. Cell
migration in the presence of KAN0441571C was assessed by measuring the migration of
cells into the scraped wound area. The wound-healing process was captured after 0, 24, and
48 h by IncuCyte® S3 Live-Cell Analysis System (Sartorius). Three different parameters,
namely wound width (µM), wound confluence (%), and relative wound density (%), were
determined by scratch wound cell migration analysis using IncuCyte™ Software. For each
cell line, the test was done in quadruplicate.
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2.12. Cell Cycle Analysis

For cell cycle analysis, 100,000 A549 cells/well were seeded in 6-well plates and
incubated at 37 ◦C overnight. KAN0441571C was added (500–5000 nM) in medium with
10% FBS and incubated for a further 24 h. DMSO 1% was used as the control. After
incubation, the medium was removed and the wells were washed once with PBS. Adherent
cells were detached by trypsin, transferred to tubes, and washed twice with PBS. Next,
700 µL of ice-cold 100% ethanol was added drop-wise while vortexing the tube. The tubes
were incubated for 30 min to 1 h on ice and kept at 4 ◦C for 24 h. For propidium iodide
(PI) staining, the cells were centrifuged at 1000 g at 4 ◦C for 10 min. The supernatant was
discarded and the cells were washed with 250 µL cold PBS with 2% BSA. The samples were
then centrifuged at 1000 g, at 4 ◦C for 10 min. The cells were re-suspended in 300 µL of
staining buffer containing 40 µg/mL PI, 100 µg/mL RNase A, and 0.1% Triton X 100/PBS.
The cells were transferred to FACS tubes, incubated for 20 min in RT in the dark, and then
analyzed by flow cytometry (Navios, Beckman Coulter, Indianapolis, IN, USA). Data was
analyzed with the Kaluza software (Navios, Beckman Coulter).

2.13. Statistical Methods

For comparison of ROR1 expression in the patient groups, the Kruskal–Wallis test
was applied. The Mann–Whitney U test was used to check the association of variables
among various groups (R version 3.3.2, The R Foundation for Statistical Computing, Vienna,
Austria). The Chi-square test was utilized to find differences in the expression of ROR1.
Time to progression (TTP) from diagnosis was demonstrated by the Kaplan–Meier method.
Overall survival (OS) was determined from the time of diagnosis to death or last follow-up.
Statistical significance was assessed by the log-rank test. For multivariable analyses, Cox
regression models were used. Student’s t-test and Mann–Whitney U test were utilized for
comparison of EC50 values (GraphPad Software, Inc., La Jolla, CA, USA). p-values < 0.05
were considered significant. Asterisks represent p values of: *: 0.01 to 0.05, **: 0.001 to 0.01,
***: <0.001.

3. Results
3.1. ROR1 Expression in Subtypes of Lung Cancer and Cell Lines

ROR1 expression was significantly higher in non-squamous (136/157, 86%) and squa-
mous (60/106, 57%) lung cancer patients compared to 5/24 (21%) patients with neuroen-
docrine tumors (p = 0.0001) (Table S1). No association between ROR1 expression and patho-
logical disease stage was noted, irrespective of the histopathological subtype (Table S2).
In adenocarcinoma, no statistical association between ROR1 expression and age, grading,
smoking status, and overall survival was seen (Table S4). However, a trend to shorter TTP
in ROR1+ vs ROR1- patients was found (p = 0.09) (Figure S1). In addition, a significant
higher proportion of p53 negative cases (63%) was seen in the ROR1+ group as compared
to p53 positive patients (25%) (p = 0.03) (Table S4).

In patients with squamous NSCLC, no statistically significant association was observed
between ROR1 expression and age, stage, grading, smoking status, p53 expression, and
overall survival.

Surface ROR1 expression was detected in all cell lines with the exception for NCI-H23
(Figure 1A). However, using Western blot and IF, ROR1 was shown to be expressed in all
cell lines (Figure 1B and Figure S2). ROR1 was phosphorylated in all cell lines (Figure 1B).
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Figure 1. (A) Surface staining for ROR1 (flow cytometry) (red line: isotype control; blue line: anti-
ROR1 antibody); (B) Western blot for ROR1 and pROR1 expression (130 KDa) in 5 lung cancer cell
lines. Actin was used as internal control.

3.2. Cytotoxicity of KAN0441571C, Ibrutinib and Erlotinib in Lung Cancer Cell Lines

KAN0441571C induced a dose-dependent cytotoxicity (MTT) in all cell lines with the
exception for A549. The cytotoxic effect of KAN0441571C varied between cell lines. In
comparison to ibrutinib and erlotinib, the cytotoxic effect of KAN0441571C was similar
or significantly better. Both erlotinib and ibrutinib induced the highest cytotoxic effect
in HCC827 with EGFR Del19 (mutated E746-A750) compared to cell lines without EGFR
Del19 or of the EGFR wild-type. However, in the HCC827 cell line, a dose-dependency
within the used concentrations of erlotinib and ibrutinib could not been seen (compared to
KAN0441571C in A549) (Figure 2). EC50 values for erlotinib and ibrutinib were >10,000 nM
for all cell lines with the exception for NCI-HCC827, where EC50 was <1250 nM for both
erlotinib and ibrutinib (Figure 2).
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Figure 2. Cytotoxicity (MTT) (72 h) in 5 lung cancer cell lines incubated with various concentrations
of KAN0441571C, erlotinib, or ibrutinib.
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Apoptosis was confirmed by Annexin V/PI staining (Figure 3A). A dose-response
relationship was noted for all cell lines with the exception for NCI-HCC827 (compared with
MTT for KAN0441571C, which seemed to be the most resistant in the Annexin V/PI assay).
EC50 values are also shown in Figure 3A. Apoptosis was accompanied by downregulation
of BCL-2, and MCL-1, as well as by cleavage of PARP and caspases 3, 8, and 9, while the
BAX protein was upregulated (Figure 3B,C). Caspase 8 and 9 cleavage indicates activation
of both the extrinsic and intrinsic apoptotic pathways.
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Figure 3. (A) Apoptosis (Annexin V/PI) of KAN0441571C in 5 lung cancer cell lines (EC50 values
are shown to the upper left). (B) Western blots of apoptotic proteins BCL-2, MCL-1, BAX, PARP, and
caspases-3, 8, and 9 after 24 h of incubation with KAN0441571C in NCI-H23 cells. One representative
data of three individual experiments are shown. (C) Densitometric measurements of protein bands in
Figure 3B expressed as total protein/actin intensity.

3.3. Colony Formation Assay

In a colony tumor cell formation assay (72 h), KAN0441571C reduced the ability of
A549, NCI-HCC827, NCI-H23, and NCI-H1299 cells at concentrations ranging from 100 to
200 nM to form colonies, indicating that the drug compromised the clonogenic capacity of
the cells (Figure 4) (NCI-H1975 was not included in this assay). Colonies were completely
abolished at 200 nM of KAN0441571C in all cell lines. In H1299, only few colonies were
seen at 125 nM. These findings indicate that inhibition of ROR1 may irreversible prevent
NSCLC cells to recover after exposure to ROR1 inhibition.
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KAN0441571C (72 h) prevented formation of cell colonies in a dose-dependent manner (represen-
tative images). (B) Relative quantification of colonies (mean± SEM) at various concentrations of
KAN0441571C. * p < 0.05, ** p < 0.01, *** p < 0.001 (one-way ANOVA).
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3.4. Migration of Lung Cancer Cells

The migratory ability of lung cancer cells was analyzed by the scratch wound healing
assay (Figure 5 and Figure S3). After 48 h of incubation with KAN0441571C, untreated (DMSO
alone) cells proliferated and migrated as expected. KAN0441571C inhibited migration in a
dose- and time-dependent manner. At 1 µM, tumor cell mobility was completely abrogated.
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Figure 5. KAN0441571C inhibited migration of lung cancer cell lines in the scratch wound healing
assay. (A) Migration of A549 was inhibited as shown by images acquired after 0, 24, and 48 h of
incubation with different concentrations of KAN0441571C. Images of 1 representative experiment out
of 4 for each cell line is shown. (B) Rate of wound closure (relative wound density) of lung cancer cells.
The Incucyte Zoom Imager Software Analyzer was used to count the number of lung cancer cells
during 48 h of incubation with of KAN0441571C (25–1000 nM). DMSO used as control. (C) Reduction
(mean ± SEM) of cell migration (RWD AUC) after treatment with KAN0441571C (0–1000 nM) in
4 cell lines. **** p < 0.0001.

3.5. Cell Cycle Analysis

The cell cycle profile of the lung cancer cell line A549 cell was analyzed after treatment
with KAN0441571C. A decrease in S phase cells, including the accumulation of G2/M phase
cells and augmented cell death (sub-G1 cells), was noted with increasing concentrations
of KAN0441571C in 24 h cell culture. A decrease in G1 cells was also seen at the highest
concentration of KAN0441571C. Data indicate that replicating cells might be vulnerable
to cell death at exposure to the ROR1 inhibitor KAN0441571C and/or that KAN0441571C
induced a cytostatic effect in lung cancer cells preventing exit from G2/M phase and cell
proliferation (Figure S4).

3.6. Effect of KAN0441571C on Signaling Molecules

As expected [56], KAN0441571C induced dephosphorylation of ROR1 in a dose-
dependent manner, as well as EGFR, SRC, PI3K110δ/AKT/mTOR (non-canonical Wnt
pathway), and CREB in the NCI-H23 lung cancer cell line (Figure S5).
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3.7. Effects on Tumor Cell Death of KAN0441571C Alone and in Combination with Ibrutinib
or Erlotinib

KAN0441571C induced a significant cell death (MTT) in all cell lines, at a concentration
of 250 nM. For erlotinib and ibrutinib, significantly higher concentrations were required)
5000–10,000 nM) (Figure 6). The cytotoxic effect of KAN0441571C was significantly higher than
that of erlotinib and ibrutinib with the exception of NCI-HCC827 (EGFR mutated E746-A750,
Del19). When KAN0441571C was combined with ibrutinib or erlotinib, cytotoxicity increased
significantly in 3 out of 5 cell lines.
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To further assess the efficacy (antagonism, addition, or synergism) of the combinations
of KAN0441571C/erlotinib and KAN0441571C/ibrutinib on apoptosis, the Chou–Talalay
method was applied. The combinations had synergistic or additive apoptotic effect in all
tested lung cancer cell lines (Figure 7 and Figure S6A,B).
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4. Discussion

In the present study, we analyzed ROR1 expression in primary tumors of patients with
surgically resected NSCLC. In non-squamous and squamous carcinomas, 86% and 56%,
respectively, expressed ROR1, while in neuroendocrine tumors only about 20% exhibited
ROR1. No relationship between ROR1 expression and age, stage, tumor grading, smoking
status, and overall survival was observed in adenocarcinoma or squamous NSCLC patients.
However, an inverse relationship to p53 expression in non-squamous NSCLC (p = 0.03)
was seen. Such a finding might be expected as low or no p53 expression is associated with
a poor outcome in malignancies [57]. There was also a trend towards shorter TTP in ROR1+

adenocarcinoma NSCLC patients compared to ROR1− patients.
KAN0441571C prevented ROR1 phosphorylation and inactivated both Wnt non-

canonical pathway molecules and the transcription factor CREB. Apoptosis was induced in
NSCLC cell lines both through the extrinsic and intrinsic pathways, including downregula-
tion of pro-survival molecules (BCL-2 and MCL-1) and upregulation of the pro-apoptotic
BAX protein. The ROR1 inhibitor was more effective than an EGFR inhibitor in inducing
apoptosis. There seemed to be no relation between the response to KAN0441571C and
mutations of EGFR, K-Ras, or p53. The combination of KAN0441571C with erlotinib or
ibrutinib had synergistic apoptotic effects.

ROR1 is dysregulated during tumorigenesis and is constitutively expressed and phospho-
rylated in various tumors [13,29,31,39,58]. ROR1 has been shown to be a prognostic marker
in several tumors [59]. A high level of ROR1 expression was noted to be associated with an
aggressive and poor prognosis disease in, for example, CLL, DLBCL, MCL, ALL, as well
as in ovarian, breast, pancreatic, gastric, colorectal, and lung cancers [15,18,21,32,59–63]. In
meta-analyses, high ROR1 expression was found to relate to worse overall survival in
hematologic malignancies and solid tumors [59,64]. The data may support an important
role of ROR1 in cancer.

ROR1 is involved in a lot of functions in tumor cells, such as proliferation, survival,
migration, stemness, epithelial to mesenchymal transition (EMT), chemotaxis, and drug
resistance, through the planar cell polarity (PCP) activation and Ca2+ dependent pathways
of non-canonical Wnt signaling [25,26,65,66]. Binding of Wnt5a to ROR1 stimulates several
signaling pathways, such as PI3K/AKT and RhoA/Rac1 GTPases, activating the tran-
scriptional coactivator YAP/TAZ or polycomb complex protein BMI-1 to sustain stemness,
metastatic ability, and drug resistance [66].

ROR1 has been described as an oncogenic molecule of interest for the development
of targeted therapy for antibody-drug conjugates [67], chimeric antigen receptor T-cells
(CAR-T) [68,69], mAbs [27], and bi-specific T-cell engager (BiTE) [70], as well as SMIs
targeting the intracellular [20,56] or extracellular parts of ROR1 [42,43].

Targeting ROR1 by small molecules and mAbs has been shown to be an effective
therapeutic approach in pre-clinical and clinical studies in various malignancies, such as
CLL, MCL, lung, breast cancers, etc. [27,43,46,67,71]. The silencing of ROR1 significantly
inhibited the proliferation of tumor cells in lung adenocarcinoma via the PI3K/AKT/mTOR
signaling pathway [72,73]. NSCLC is still a major therapeutic challenge and there is a great
need for new treatment alternatives.

In previous reports, we have described the effects of two small-molecule ROR1 in-
hibitors (KAN0439834 and KAN0441571C) targeting the cytoplasmic tyrosine kinase do-
main that dephosphorylated ROR1 and induced tumor cell apoptosis [13,20,46,74]. In
the current study, we analyzed the effects of KAN0441571C in lung cancer cells. We also
compared its tumor cell killing effect with erlotinib, which is one of the current drug
options for the treatment of NSCLC patients with EGFR exon 19 deletions or exon 21 L858R
substitution mutational status [75]. KAN0441571C was more effective than erlotinib in
inducing apoptosis of lung cancer cells, irrespective of EGFR mutations. The combination
of the two inhibitors had significantly improved the synergistic apoptotic effects, in the
NCI-H1299, NCI-H1975, and NCI-HCC827 cell lines.
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NKX2-1, a lineage-specific transcription factor, has been noted to be essential for the
development of peripheral parts of the lung and in morphogenesis, and it is overexpressed
in lung adenocarcinomas [24,76,77]. NKX2-1 induced ROR1 transcription and was critically
involved in the maintenance of a balance between the pro-apoptotic p38 pathway and the
pro-survival PI3K/AKT signaling pathway [16]. Furthermore, activated ROR1 binds to
SRC and activates it. SRC activation inhibits PTEN activity and results in AKT activation.
An association between EGFR mutations and NKX2-1 expression has been described in
lung adenocarcinoma [78]. ROR1 has also been shown to form heterodimers with EGFR,
promoting the maintenance of lung cancer cell survival [16,79]. High ROR1 expression
in EGFR T790M NSCLC patients was related to an inferior progression-free survival in
erlotinib-treated patients compared to those with low ROR1 expression, substantiating a
role of ROR1 in the disease pathobiology and supporting that the inhibition of ROR1 might
add to the therapeutic effect [79]. Overall, the data indicate a role of ROR1 expression in
lung adenocarcinoma, which may be independent of ROR1 kinase activity [16].

ROR1 inhibition by KAN0441571C blocked the phosphorylation of ROR1 and EGFR.
Dephosphorylation of EGFR may be due to the inhibition of the phosphorylation of ROR1,
resulting in the inactivation of the ROR1-EGFR dimer and the suppression of survival
signals [16,80].

In addition, to target the TK domain of ROR1 by KAN0441571C, ROR1 targeting SMIs
against other extracellular and intracellular regions of ROR1 have been produced [42,43,46].
ARI-1 ((R)-5,7-bis (methoxymethoxy)-2-(4-methoxyphenyl) chroman-4-one) is a novel ROR1
inhibitor targeting the external CRD domain of ROR1, preventing NSCLC cell proliferation,
migration, as well as inactivating the PI3K/AKT/mTOR signaling pathway [42]. ARI-1
decreased the growth of ROR1-expressing NSCLC in vitro and in vivo with no significant
side effects in mice [42]. This inhibitor seemed to interrupt Wnt5a binding to ROR1 via
CRD domain blockage.

Strictinin, isolated from Myrothamnus flabellifolius, targeted the intracellular region
of ROR1 and induced apoptosis of triple-negative breast cancer cells (TNBC) through
the intrinsic apoptotic pathway. Therefore, this inhibitor prevented ROR1 activation via
inhibiting the binding to Wnt5a, dephosphorylating AKT and GSK3β, and blocking ROR1
signaling in a β-catenin-independent PI3K/AKT/GSK3ß signaling pathway [43].

In contrast to AR-1 and strictinin, KAN0441571C may not directly inhibit the binding
of Wnt5a to ROR1, but instead might change the conformational structure of ROR1 [42,43],
which thus prevents ROR1 from binding with Wnt5a. The treatment of human cells with
KAN0441571C has also been shown to dephosphorylate SRC, which binds to phosphory-
lated intracellular regions of ROR1 [81].

In conclusion, ROR1 is expressed in NSCLC and seems to be of importance in the
pathobiology of the disease. A ROR1 small molecule inhibitor (KAN0441571C) was highly
effective in inducing apoptosis of NSCLC cells, and was superior to erlotinib and ibrutinib.
The combination of KAN0441571C with erlotinib had significant synergistic cytotoxic
effects. The development of new targeted drugs with other MOAs than those clinically
available is warranted to improve the prognosis in NSCLC patients. A ROR1 inhibitor may
be a new promising drug candidate.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pharmaceutics15041148/s1, Figure S1: Time to progression (TTP)
in non-squamous NSCLC patients with no ROR1 expression (red line) (n = 16) compared to those
positive for ROR1 (green line) (n = 123) (p = 0.09). Figure S2: Immunofluorescent staining of lung
cancer cell lines using anti-ROR1 antibodies (20×). Lung cancer cells were cultured on a sterile
8-well glass slide for 24 h, fixed, blocked in PBS containing BSA, and then incubated with an
anti-ROR1 antibody for 24 h at 4 ◦C, and finally treated with Alexa Flour 488-conjugated goat anti-
mouse IgG for 1 h. After washing, the cell nuclei were stained with mounting media containing
DAPI. A Zeiss Axioplan2 fluorescence microscope was used. Figure S3: Migration of lung cancer
cell lines (NCI-H1299 and NCI-H1975) in the wound scratch healing assay. Migration of lung
cancer cell lines was inhibited by treatment with 50–1000 nM of KAN0441571C for 0, 24, and 72 h.
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Figure S4: Cell cycle profiles of A549 lung cancer cells treated with KAN0441571C. KAN0441571C
induced reduction of S phase cells and accumulation in the G2 phase with a simultaneous increased
cell death. Representative histograms (A) and quantifications (B) of 3 independent experiments.
Figure S5: Effect of KAN0441571C on ROR1-associated signaling molecules (Western blot) in the
lung cancer cell line NCI-H23 (4 h). ROR1, EGFR, SRC, AKT, PI3K110δ, mTOR, and CREB were
dephosphorylated. One of three representative experiments is shown. Figure S6A: Apoptosis (Annexin
V/PI) in 5 lung cancer cell lines incubated with a combination of KAN0441571C (250 nM) with erlotinib
(5000–10,000 nM). For each combination, data are shown as combination index plot (CI), isobologram,
and dose reduction index (DRI). Combination index (CI) plot (Fa-CI plot): values across Fa in
lung cancer cells, where Fa is the % of cell death. CI < 1 synergistic effect; CI = 1 additive effect;
CI > 1 antagonistic effect. (Chou–Talalay) method). Figure S6B: Apoptosis (Annexin V/PI) in
5 lung cancer cell lines incubated with a combination of KAN0441571C (250 nM) with ibrutinib
(5000–10,000 nM). For each combination, data are shown as combination index plot (CI), isobologram,
and does reduction index (DRI). Combination index (CI) plot (Fa-CI-plot): values across Fa in lung
cancer cell lines, where Fa is the % of cell death. CI < 1 synergistic effect; CI = 1 additive effect;
CI > 1 antagonistic effect. (Chou–Talalay method). Table S1: Relation between ROR1 expression
and subgroups of lung cancer patients. Table S2: ROR1 expression by pathological stage (7th TNM).
Table S3: Characteristics of the ROR1 positive lung cancer cell lines. Table S4: Clinical characteristics
of adenocarcinoma NSCLC patients (n = 139) in relation to ROR1 expression.
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Abstract: Tyrosine kinase inhibitors (TKIs) have been extensively used as a treatment for chronic
myeloid leukemia (CML). Dasatinib is a broad-spectrum TKI with off-target effects that give it an
immunomodulatory capacity resulting in increased innate immune responses against cancerous
cells and viral infected cells. Several studies reported that dasatinib expanded memory-like natural
killer (NK) cells and γδ T cells that have been related with increased control of CML after treatment
withdrawal. In the HIV infection setting, these innate cells are associated with virus control and
protection, suggesting that dasatinib could have a potential role in improving both the CML and
HIV outcomes. Moreover, dasatinib could also directly induce apoptosis of senescence cells, being a
new potential senolytic drug. Here, we review in depth the current knowledge of virological and
immunogenetic factors associated with the development of powerful cytotoxic responses associated
with this drug. Besides, we will discuss the potential therapeutic role against CML, HIV infection
and aging.

Keywords: dasatinib; tyrosine kinase inhibitors; CML; cancer; HIV-1; CMV; HIV functional cure;
memory-like NK cells; γδ T cells; anti-aging; senolytic

1. Introduction
1.1. Dasatinib

Dasatinib is a broad-spectrum tyrosine kinase inhibitor originally developed to treat
chronic myeloid leukemia (CML) [1]. CML is a hematopoietic progenitor cell leukemia, in
which overgrown myeloid cells accumulate in bone marrow and peripheral blood [2]. A
translocation between chromosomes 9 and 22 results in an aberrant chromosome 22 (or
Philadelphia (Ph) chromosome), generating the BCR-ABL oncogene. BCR-ABL constitu-
tively activates tyrosine kinases (TK) that drives both Ph+ CML and Ph+ acute lymphoblas-
tic leukemia (ALL) [3]. Treatment for CML was drastically improved with imatinib, one
of the first TK Inhibitors (TKI) targeting BCR-ABL TK [4]. Furthermore, development of
these small molecules led to the development of alternative inhibitors such as the second-
generation drug dasatinib, which yield up to 20-300 times higher activity and has faster
and deep molecular response (DMR) than imatinib [1].

Dasatinib has other off-target effects inhibiting other TK (Table 1) [5] with potential
side effects such as hematological, pulmonary and gastrointestinal toxicity that could limit
its clinical use [6]. Interestingly, off-target effects have been related to potential benefits
such as an increased natural killer cell (NK)-mediated cytotoxic capacity against cancerous
cells and viral infected cells [7] and an anti-aging capacity. In this review, we will discuss
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the potential immunomodulatory effects of dasatinib on NK cells and other innate cells
and its therapeutic role against CML, HIV infection and aging (Figure 1).

Table 1. Tyrosine kinases (TKs) targeted by dasatinib and the cellular processes in which they are
involved. Adapted from Araujo et al., 2010 [5]. Abbreviations: PDGFRβ, platelet-derived growth
factor receptor beta; EPHA2, ephrin type-A receptor 2; EFNB, ephrin-B; M-CSF, macrophage colony-
stimulating factor.

Tyrosine Kinase Target (s) Pathways and Processes

SRC family (SRC, LCK, YES, FYN) Oncogenic, invasive and bone-metastatic processes

BCR-ABL Promotion of growth advantage of leukemic cells

c-KIT Cell growth

PDGFRβ Tumor growth capacity and cell survival

c-FMS Macrophage behavior regulation by M-CSF

EPHA2 receptor Interference with EFNB-dependent suppression of
apoptosis/Cell behavior
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Figure 1. Scheme of dasatinib-mediated effects that may interfere with chronic myeloid leukemia 
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receptors driven by dasatinib. (B) HIV infected cells’ clearance, carrying pro-viral DNA, by 
dasatinib activity through the potentiation of the above cell subpopulations. (C) Representation of 
both direct killing and a potential indirect effect by boosting NK and CD8+ cells of senescent cells 
with dasatinib. Figure made with BioRender.com (accessed on 7 March 2023). 
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Figure 1. Scheme of dasatinib-mediated effects that may interfere with chronic myeloid leukemia
(CML), HIV-1 infection and cellular senescence. (A) CML cell killing by the enhancement of memory
natural killer (NK) cells and cytotoxic CD8+ T cells expressing γδTCR and a reduction of inhibitory
receptors driven by dasatinib. (B) HIV infected cells’ clearance, carrying pro-viral DNA, by dasatinib
activity through the potentiation of the above cell subpopulations. (C) Representation of both direct
killing and a potential indirect effect by boosting NK and CD8+ cells of senescent cells with dasatinib.
Figure made with BioRender.com (accessed on 7 March 2023).

1.2. Natural Killer Cell Biology

Natural killer cells (NK cells), are cells from the innate immune system that show
strong cytolytic function against stressed cells such as tumoral cells and virus-infected
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cells. NK activation state is determined by a balance of multiple activation and inhibition
signals mediated by NK inhibitory and activating receptors that bind to NK ligands from
other neighboring cells (Figure 2A). Most of these ligands are HLA class I molecules,
such as HLA-A, B, C and HLA-E. Depending on the balance between these NK receptors
(NKR) and their HLA ligands, NK cells will either be activated to kill the target cell or
inhibited, allowing the target cell to survive. NK cells are an heterogeneous population
harboring multiple subsets that differentially expressed NK receptors such as: killer cell
immunoglobulin-like receptors (KIRs), natural killer group 2 such as NKG2A, NKG2C
and NKG2D, and natural cytotoxicity receptors (NCRs), for example NKp30, NKp40 or
NKp46 [8,9]. The main activating and inhibiting NK receptors and their respective target
cell ligands are shown in Figure 2A. The NKG2C and NKG2D receptors are activating
NK receptors that could detect abnormal or malignant cells by binding with HLA-E and
the MIC A/B ligands, respectively. These interactions potentiate NK cell killing [10,11]
(Figure 2A).
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Figure 2. (A) Representation of NK cell inhibitory and activating receptor-ligand pairs. Adapted
from [9]. Figure made with BioRender.com. (B) NK cell education process and “missing self” killing
of target cells. (a) NK cells are recognized through KIR3DL1 receptor host cells expressing HLA-Bw4
and become educated to recognize its absence then in target cells. This process leads to an efficient
target cell killing. (b) Absence of recognition of HLA-Bw4 by KIR3DL1 drives a deficient cell killing
of target cells with “missing self” by miseducation of the NK cell. Adapted from [12]. Figure made
with BioRender.com. (C) Genomic organization of KIR A and B haplotypes. Adapted from [12].

NK cells are activated by target cells that down regulate “self” HLA. This NK activation
mechanism appears by a phenomenon known as education or licensing. Education requires
the interaction between inhibitory NK cell receptors and their own HLA ligands [13,14].
Educated NK cells remain inactive by the interaction of NKRs inhibitor with autologous
HLA-expressing neighboring cells. However, NK cells can also be activated by viral infected
cells and abnormal or injured cells that usually have a lower HLA class I expression
to evade cytotoxicity driven by conventional CD8+ T cells. NK cells can detect these
anomalous target cells by the lack of inhibiting interaction (low o non-inhibitory HLA
interactions). This phenomenon is called “missing self” detection and generally results in
NK cell activation, degranulation and target cell death (Figure 2B). For NK cell activation,
additional activating signal are necessary [15]. NK cells are activated when the ratio of
inhibitory and activator NKR signaling favors activation [9] (Figure 2B). Many inhibitory
KIRs from NK cells interact with HLA alleles. KIR and HLA proteins are both encoded
by highly polymorphic alleles, enabling a wide diversity of receptor/ligand interactions.
Education through inhibitory receptors sensitizes NK cells to detect “missing self” cells,
while education through activating receptors inhibited NK cell cytotoxicity [16] (Figure 2B).

Despite the high level of KIR gene content variability, there are two main groups of
KIR haplotypes, termed “A” and “B” (Figure 2C). The A haplotypes include inhibitory
KIR genes coding for receptors such as KIR3DL1, which recognize HLA-A and HLA-B
molecules that contain Bw4 epitopes. The B haplotypes include several activating KIR
genes such as KIR3DS1 (Figure 2C). Then, the KIR genetic combination can be AA, AB or BB
genotype. There are two possible established epitopes for HLA-B: Bw4 or Bw6. KIR3DL1 is
highly polymorphic and, depending on the haplotype, NK cells can express: high, low, or
null levels of KIR3DL1 [17]. In fact, KIR3DL1 and HLA-B genetic polymorphisms regulate
NK cell function. Their stronger ligand affinity correlates with enhanced NK cell inhibition
but also with increased education and, consequently, potentiates “missing self” NK capacity
to detect and kill anomalous cells [18] (Figure 2B).

The inhibitory NKG2A receptor binds to HLA-E molecules. Signal peptides from the
leader sequence of HLA-A, -B and -C proteins, which are codified by the first exon of the
MHC gene, must bind to HLA-E in order to fold properly and reach the cell membrane and
to become a ligand for the inhibitory NKG2A receptor. In addition, the anchor residue of
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the nonamer peptides that bind to HLA-E corresponds to residue -21 of the classical HLA
class I leader sequence. There are two amino acid variations at position -21, a methionine
(-21M) or a threonine (-21T) [19,20]. HLA-B antigens can have both -21M and -21T variants,
depending on the HLA-B haplotypes that are associated with two NK cell education profiles.
On the one hand, HLA-B -21M alleles contribute more effectively to NKG2A-mediated
education, which suppresses NK cell activation when the target cell expresses stabilized
levels of HLA-E. HLA-B -21T alleles mainly contribute to education through inhibitory
KIRs, especially KIR3DL1 [15], as HLA-B -21T and HLA-Bw4 are genetically linked. Then,
the HLA-Bw4 alleles are, in fact, HLA antigens encoded by -21T, able to interact and
educate through KIR3DL1/HLA-Bw4, allowing the NK cell cytotoxicity upon “missing
self” recognition [9,20] (Figure 2B).

2. Dasatinib-Mediated Immunomodulatory Effects in CML
2.1. Dasatinib Effect on NK Cells and Innate T Cells

Besides its direct impact on leukemic cells through inhibition of constitutive tyrosine
kinase activity, dasatinib’s off-target effects include: inhibition of proliferation and acti-
vation of T cells, and in vitro suppression of cytotoxic activity of NK cells [21,22] This is
due to the potent inhibition of several off-target kinases of the Src family, such as Lck and
Fyn in T cells [23]. TKI treatments can restore an anti-leukemic effector function, such as
specific cytotoxic T lymphocytes’ (CTL) responses against leukemia-associated antigen
(LAA). Overall, this results in a reduction in leukemic cell load major molecular remission
(MMR) and a better recovery [24,25]. Dasatinib has the potential to reduce Tregs and
derived factors (sCTLA-4), especially in patients developing large granular lymphocytes
(LGLs), lymphocytosis [26] and NK cell differentiation, promoting immune stimulation [27].
This is relevant because the proportion of Treg cells is abnormally elevated in CML indi-
viduals at diagnosis, compared to healthy controls. Furthermore, dasatinib also reduces
myeloid-derived suppressor cells (MDSC) in CML patients [28].

Up to half of the patients receiving dasatinib treatment develop an LGL lymphocytosis,
mainly composed of cytotoxic cells (NK cells and CD8+ γδ T cells) [29,30] but this also
includes CD57+ cytotoxic CD4+ T cells with anti-leukemic properties [31]. This LGL
expansion is associated with an improved anti-leukemic response in both CML and Ph+
ALL patients [29,32–35]. The CD8+ T cell response in dasatinib-mediated LGL response
includes TCR-Vβ+ expansion of either oligoclonal or polyclonal origin with cells resembling
healthy memory CD8+ T cells [36]. Importantly, dasatinib may have an immunomodulatory
role in non-conventional or innate T cells by increasing cell number, activation status and
Th-1 polarization of innate αβ iNKT-cells in treated CML patients [37]. In addition, it
has been reported that dasatinib increased a novel innate subset termed innate CD8+

T-cell-expressing IFNγ [37].
CML patients treated with dasatinib presented more classical NK cells (CD3−CD56+)

and matured NK cells (CD56+CD57+) compared to imatinib- or nilotinib-treated patients [38].
These patients also presented lower expression of NK-inhibitory markers (KIR2DL5A,
KIR2DL5B and KIR2DL5), which was associated with an MMR [39] and an increase in
KIR2DL1 expression [8].

Dasatinib promoted NK-cell cytokine expression and cytotoxic activity towards the
CML-derived cell line K562 [18,40], especially when KIR3DL1/HLA-Bw4 interactions
were null, low or weak. Of note, Izumi et al. showed that blocking KIR3DL1/HLA-Bw4
binding with an anti-KIL3DL1 antibody potentiated NK cytotoxicity [18]. Furthermore,
Shen et al. reported that this increased NK cytotoxic activity can be emulated in vitro
using dasatinib treatment after IL-2/IL-15-mediated expansion of NK cells. In this setting,
dasatinib also increases the percentage of NKG2A−CD57+ NK cells and the expression of
activating receptors CD226 (DNAM-1), NKp46 and NKG2D [41], promoting their capacity
to kill by degranulation of the CML cell line K562, not expressing HLA class I. Finally,
dasatinib-mediated reduction of NKG2A also may boost NK cytotoxicity and improve
MMR [18,42].
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2.2. Dasatinib Increases Memory-like Natural Killer (NK) Subsets Displaying Activity against
Both Leukemic and Cytomegalovirus (CMV) Infected Cells

There is discussion on whether development of LGLs with dasatinib is associated
with previous immunity to CMV [32,43] or related to CMV viral load (VL) [7,43]. Ishiyama
et al. reported that NK cells are the main component of LGLs in patients with CML treated
with dasatinib, and NK cell expansion was highly associated with CMV-serostatus [7].
The authors performed a principal component analysis (PCA) with multiple markers on
NK cells after dasatinib treatment and determined that NK cells from CMV+ individuals
had a CMV-associate phenotype, named memory-like NK cells, with highly differentiated
NK phenotypes (NKG2ChighNKG2AlowCD57highLIR-1highNKp30lowNKp46low). NK cells
from CMV-uninfected individuals were negative for this CMV-related signature [7,44].
Remarkably, a higher grade of NK cell differentiation at CML diagnosis predicts both a
greater expansion of CMV-related memory-like NK cells and a lower leukemic-cell load
after dasatinib treatment in CMV+CML patients [7,44]. Kadowaki et al. reported that a
persistent, low-level CMV replication, often subclinical, triggered memory-like NK cell
expansion. This suggests that CMV may trigger NK-cell expansion and both leukemia and
dasatinib are enhancing factors that expand this NK subpopulation [45]. This hypothesis
was reviewed by Climent et al. [46]. Importantly, this NKG2C+CD57+ subset of memory-
like NK cells may represent NK cells with unique adaptive and editing properties [44].
Thus, the expansion of this subset could promote long-term memory and high cytotoxic
activity against CML, even after dasatinib treatment interruption [45]. Recent studies have
also observed an expansion of CD56neg NK cell populations exclusively in CMV+ patients
treated with dasatinib, and this increase parallels memory NKG2C+CD57+ NK cells [47].
These authors propose that CD56− NK cells may be an exhausted population induced by
chronic activation through CMV reactivation but, paradoxically, are proposed as a hallmark
of CML control because it predicts a better clinical outcome. Overall, these results suggest
that dasatinib immunomodulatory effects on NK cell responses against CMV could also be
relevant against malignancies or other viral infections [48], such as HIV infection [46].

2.3. CML Control and Therapeutic Treatment Interruption: Immunological Factors Involved in a
Successful Treatment-Free Remission (TFR)

Once a DMR is observed, TKI treatment can be interrupted in selected patients with
the aim of achieving a TFR [49]. Dasatinib and nilotinib treatments are associated with a
stronger DMR, increasing the chances of longer TFR [49]. A better understanding of the
factors that could predict longer TFR is of paramount importance [50–52]. Moreover, half
of the individuals who stopped treatment were able to keep TFR during at least one year
and developed high levels of NK cells [53–55] and neutrophils [56] but not T cells [53,57]
indicating that these populations are key to keeping CML under control.

Regarding the implication of NK cells in TFR, individuals who controlled CML after
imatinib therapy cessation showed higher NK cytotoxic function towards the target K562
cell line, lacking HLA class I. Furthermore, NKG2D gene polymorphisms [58] and the IFN-γ
and TNF-α cytokine secretion by NK (CD56dimCD16−) cells correlated with the successful
drug discontinuation and control of CML [57,59]. Increased mature (CD57+) and cytotoxic
(CD16+ and CD57+) NK cells, together with IFN therapy prior to TKI cessation, have
been also shown to produce better CML outcomes after treatment interruption [60]. IFNα

treatment also increased differentiated NKG2C+ NK cells, increased NKp46 expression on
the CD56bright/CD16- NK cell subpopulation and modulated NK cell cytotoxicity [61].

TFR has also been evaluated in dasatinib stopping TKI trials [62]. The DADI study [53,63]
demonstrated that high levels of NK cells (CD56+), LGL NK cells (CD56+CD57+) and low
levels of Treg (CD25+CD127low) preceding the dasatinib interruption were associated with
longer TFR periods. Furthermore, a critical role of Treg inhibition by dasatinib, potentiating
NK cell function, promotes a DMR [64]. Likely expanded NK cell functionality and
lower Treg frequencies may decrease the probability of a worse outcome after dasatinib
interruption and result in longer TFR [65].
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Recent studies suggest that the features most consistently linked to longer TFR, in-
dependently of the type of TKI treatment stopped, are: (1) a high frequency of cytotoxic
subsets such as NK, NKT and CD8+ γδ T cells [66,67]; (2) high level of NK-activating recep-
tors such as NKG2D, NKp30 or NKG2C on NK [11,67,68] and NKT cells [67]; (3) enhanced
expression of activation cytokines or granzyme B in NK cells after stimulating with HSP70;
and (4) KIR homozygosis at haplotype AA, which includes KIR3DL1. These hallmarks may
be useful as prognostic biomarkers of longer TFR [67]. Further clinical trials are needed
to test these predicting biomarkers for TFR [69]. Moreover, the memory-like NK cells,
characterized as CD3−CD56dimCD57+ NKG2A− NKG2C+, were increased in patients with
TFR success [70].

Results concerning NKG2A expression on NK cells are controversial [11]. Several
studies suggested that low levels of NKG2A expression in NK cells is associated with
longer TFR [70] and better CML prognostic [42]. In stark contrast, Xu et al. reported that
an elevated expression of NKG2A in NK cells, especially in the CD56bright subset, was a
good prognostic biomarker for TFR [11], as also reported by Vigón et al. [67]. The inhibitor
receptor NKG2A has a dual function on NK cells: firstly, it has a key function in the NK
education process; second, after inhibition of NK cell activation it could send other signals
to NK cells [71]. In fact, we recently found that high expression of NKG2A is present in NK
cells able to kill cancerous cells such as reprogrammed cells or those that downregulate
HLA-E. Reprogrammed cells express Yamanaka factors and this gives them the capacity
of being pluripotent embryonic stem cells (e.g., teratoma-like cells). These educated NK
cells are able to kill by the missing self-recognition [72]. NKG2A expression could not
be per se detrimental to the function of all NK cell subsets. Altogether, the increased
expression of NKG2A in the CD56bright subset could be interpreted as an increased killing
capacity against target cells with lower expression of HLA-E, such as cancerous cells or
CML cells [11].

2.4. NK Immunogenetics Associated with CML Control or TFR

The diversity of allotypes of KIR3DL1 and HLA-Bw4 is associated with the recep-
tor/ligand avidity and the NK cytotoxic capacity [12,17,73,74]. KIR genotypes have high
genomic variations or allotypes that are associated with NK cell cytotoxic activity against
CML and extended TFR periods [75,76]. Some reports suggested that CML patients with
KIR2DL5B and KIR2DL2 alleles reached higher DMR after TKIs, implying that some KIR
alleles or a specific combination of KIR genes can modify NK cell activity against CML
cells [77,78]. In fact, KIR AA haplotypes, which include many KIR inhibitors such as
KIR3DL1, are associated with better outcomes in TKI-treated CML patients [77] and are
also linked to patients with sustained TFR [8,75]. It is interesting that the A haplotype
including KIR3DL1 is highly associated with NK education (Figure 2B,C). Interaction
of KIR3DL1 and HLA-Bw4 could affect NK cell education and cytotoxicity. In fact, the
KIR3DL1*005 allele was highly linked with DMR, suggesting the relevance of this specific
KIR3DL1. Consistently, DMR was coupled with higher NK cell killing in vitro in a NK cell
cytotoxic assay against the CML cell line K562 without HLA class I, indicating that these
educated NK cells could contribute to eliminating CML cells in vivo (Figure 2B). However,
verification is needed, and the specific A haplotype KIR gene with the greatest impact
needs to be identified [12] (Figure 2B). It has been shown that haplotypes of KIRs and HLAs
were linked to a better outcome in a Japanese cohort [18,76]; specifically, Ureshino et al.
reported that TFR in patients with HLA-Bw4 was higher than in patients with HLA-Bw6
alleles [79]. Similarly, HLA-Bw4 has been related to HIV control [80]. Altogether these
genetic associations suggest that NK cells from patients achieving DMR or TFR could be
better educated by interaction between the inhibitor receptor KIR3DL1 and HLA-Bw4,
allowing activation of NK cells against cancerous cells that downregulate HLA expression,
triggering “missing-self activation” (Figure 2B). Clinical trials with large cohorts are needed
in order to explore deeply the NK immunogenetic factors associated with CML control [12].
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2.5. Dasatinib as an Immunomodulator in Other Therapeutic Strategies against Cancer

The immunomodulatory activity of dasatinib has also been evaluated in combination
with other therapeutic strategies against advanced malignancies such (1) immunotherapy
with immune checkpoint inhibitors, where dasatinib immunomodulatory capacity has been
investigated in increased programmed cell death protein 1 (PD-1) and programmed cell
death ligand 1 (PD-L1) (PD1-PDL1) immunotherapy [81,82]; or (2) with chimeric antigen
receptor (CAR)-engineered T cells (CAR-T). In CAR-T therapies, T cells are ex vivo modified
by adding a gene for a receptor that helps the T cells to target specific myeloid antigens. A
combined CAR-T and TKI approach has also been evaluated in some studies to enhance
antitumor immunity and demonstrated that dasatinib limits CAR-T cells’ therapy side
effects, such as the cytokine release syndrome (CRS) [83], and increases the anti-leukemia
activity of CAR-T cells by decreasing cell exhaustion [84].

2.6. Summary of the CML Section

In brief, these findings support the idea that dasatinib contributes to better treatment
response in CML patients through enhancement of the immune system, particularly via
NK cell differentiation. CML patients with better outcomes could have done better due to
genetic factors, such as AA alleles (homozygosis at KIR3DL1) and HLA-Bw4 associated
with educated and highly cytotoxic NK cells able to detect malignant cells. Consequently,
dasatinib could be useful, especially in the patients that do not have these protective
features, to enhance cytotoxic activity of NK cells against CML cells by increasing memory-
like NKG2C+CD57+ NK cells [70], γδ T cells and other innate CD8+ T cells [7,30,37,44]. In
addition, these innate cells could express high levels of the activation receptor NKG2C,
NKG2D, NKp46 or DNAM-1 and downregulate some inhibitory receptors such as NKG2A
and KIR2DL5 [7,39,41,44] (Figure 1A).

3. Potential Use of Dasatinib in the Setting of HIV-1 Infection

Current antiretroviral therapy (ART) can prevent progression to AIDS, blocking new
infections by interfering with the virus life cycle. ART efficiently decreases the plasma VL
under the limit of detection of conventional techniques (50 copies/mL) but is unable to
fully eliminate HIV from the body. Latently infected cells, established during the early
stages of infection, harbor integrated forms of the virus that are responsible for viral
rebound when ART is stopped. These viral reservoirs represent the major barrier to the
complete eradication of HIV, because it is invisible to the immune system and inaccessible
to treatment [85]. In recent years, several strategies have been proposed to eliminate these
reservoirs, including the ‘shock and kill’ strategy, but none of them have demonstrated a
significant decrease of the reservoir size [86]. Therefore, new strategies are needed to avoid
the formation of the reservoir, but also its replenishment and maintenance, by additional
mechanisms including immunotherapy and new immunomodulatory compounds [87].

3.1. Effect of Dasatinib on HIV Infection and Reservoir: Direct Effect

Dasatinib directly interferes with CD4+ T-cell activation, which is the main HIV-1
cell target, by inhibiting the Src TK implicated in T cell receptor (TCR) signaling and
the phosphorylation of SAM domain and HD domain-containing protein 1 (SAMHD1),
a cell restriction factor. Here, we discuss the potential use of dasatinib as an adjuvant
of the ART during HIV-1 infection. This strategy might reduce the viral reservoir and
control infection [87–89]. Quite unexpectedly, CD4+ T cells from CML individuals under
dasatinib therapy were shown to be resistant to ex vivo HIV-1 infection [88,90]. Results
from our own work showed that dasatinib preserved SAMHD1 activity, by maintaining
its active conformation, which restricts HIV-1 replication [46,87–89]. This enzyme controls
homeostatic balance of dNTPs. When active (unphosphorylated), SAMHD1 restricts HIV-1
replication by lowering dNTP to levels that do not allow an effective viral replication. In
contrast, when SAMHD1 is inactive (phosphorylated), it increases intracellular dNTPs’
availability, facilitating HIV-1 replication [46,87–89]. Moreover, Williams et al. described
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how the inhibition of cyclin-dependent kinases (CDKs) 1, 2, 4 and 6 in macrophages by
dasatinib leads to blockade of HIV-1 infection by dephosphorylation of SAMHD1. This
confers protection from the virus not only in the CD4+ T cells but also in monocyte-derived
macrophages [91].

Dasatinib targets multiple host non-receptor tyrosine kinases, in particular the ABL
family of kinases such as ABL1 or ARG. It has been demonstrated that siRNA knockdown
of ABL1 and ARG kinases inhibits HIV-1 at a step after reverse transcription during early
infection of activated CD4+ T cells, increasing the unintegrated two-long terminal repeat
DNA circles (2-LTRcs) generated through the ligation of the cDNA ends by the host cell
non-homologous DNA end-joining system. These results suggest preliminary efficacy of
dasatinib treatment during acute HIV-1 infection [92]. Meanwhile, Bermejo et al. and
Vigón et al. found that the frequency of proviral integration was strongly reduced in
activated CD4+ T cells from CML patients treated with dasatinib compared with those from
untreated healthy donors [88,93]. Importantly, we collaborated to find that peripheral blood
lymphocytes obtained from CML patients treated for at least 6 months with dasatinib and
individuals that were in TFR for more than one year were resistant to HIV-1 infection [46,93].
This indicates that mechanisms other than SAMHD1 phosphorylation are implicated and
suggests an immunomodulatory role of dasatinib.

Despite CML and HIV-1 infection not being commonly associated, several cases of peo-
ple living with HIV(PLWH) who developed CML have been described. Studies performed
on this special subset of HIV+ individuals treated with ART and dasatinib showed that the
frequency of latently infected cells was reduced more than 5-fold compared with PLWH
only on ART. In addition, reactivation of proviruses in CD4+ T cells isolated from PLWH
with CML on ART and dasatinib was reduced 7-fold compared with individuals only on
ART. Importantly, dasatinib treatment dramatically impaired SAMHD1 phosphorylation
both in vitro and in vivo (30-fold and 21-fold, respectively) [94]. Dasatinib also blocks CD4+

T cell proliferation induced by homeostatic cytokines such as IL-7 and IL-15, which are
crucial for the stability of the viral reservoir. Innis et al. described the restriction of both
homeostatic and antigen-driven proliferation in memory CD4+ T cells from PLWH by
dasatinib, consistent with promoting a smaller reservoir size [95]. In addition, the antimi-
totic properties associated with dasatinib can reduce the clonal expansion of infected cells,
limiting the permanent filling of viral reservoirs [87].

3.2. Dasatinib’s Indirect Effect in HIV-1 Infection: Potentiation of NK and γδ CD8+T
Cell Responses

Vigón et al. suggested that potentiation of memory-like NK cells and a γδ CD8+ T
cell responses in dasatinib-treated CML patients may contribute to the observed resis-
tance of these individuals’ PBMCs to HIV-1 infection. This mechanism would operate in
parallel to the previously described phosphorylation of SAMHD1 [93]. Interestingly, this
increased cytotoxic activity of memory-like NK cells and a γδ CD8+ T cell subsets might
be effective both against HIV infection and CML. A similar cytotoxic cell signature has
recently been described in a case of exceptional HIV long-term post-treatment control (>15
years, Barcelona patient). This control has been linked to a strong memory-like NK cell
response, with NKG2C+CD57+ phenotype and γδ cytotoxic CD8+ T cells [96]. This NK cell
phenotype (NKG2C+CD57+) was also found in long-term HIV elite controllers [97] and in
individuals during primary infection who showed lower HIV RNA expression and more
quickly reached an undetectable VL [98–100]. The above phenotype has been described
together with a reduction of KIR2DL5, NKG2A (inhibitory receptors) and NKp30 in NK
cells [93,97].

Taking all this into account, it could be considered that, despite immune exhaustion
in PLWH, dasatinib is able to increase NK memory-like (CD56+CD57+) and γδ CD8+ T
cells subsets and to reduce NKG2A expression in NK cells [42], contributing to HIV-1
infection control.
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3.3. NK Cells’ Role in HIV-Mediated Control and Functional Cure

Functional HIV cure, defined as control of viral replication in the absence of treatment,
has been described in two scenarios: in those PLWH who maintain undetectable HIV
VL (<50 copies/mL) in the absence of ART, known as “elite controllers” (EC), and those
individuals who demonstrate sustained virologic suppression for months or years after
treatment cessation, called “post-treatment controllers” (PTC). The definitions of these
patients vary depending on the time elapsed without treatment, since in many of them a
“loss of control” occurs over time, defined by an increase in VL, which makes it necessary
to restart ART. The patients of greatest medical and biological interest are those who have
controlled the infection for at least ten years in the absence of ART and will be called long-
term or exceptional elite controllers (LTEC or EEC) and long-term post-treatment controllers
(LTPTC). This rare subset of patients may serve as a realistic model of a functional cure for
HIV-1. LTPTC have a NK-mediated HIV control [96]. Most LTPTC are patients treated in
the acute infection phase in whom spontaneous control of the viral load is observed when
the treatment is discontinued months or years later [101,102]. The percentage of LTPTC
patients is difficult to estimate and although some authors put it at 10%, it is probably
lower [101].

3.4. Immunogenetic Factors of HIV Control and Functional Cure

The most relevant genetic alleles that are associated with HIV control are the HLA-
B allotypes, such as HLA-B*57 and HLA-B*27, both being members of the HLA-Bw4
epitope [103]. Interestingly, HLA-Bw4 homozygosis is associated with HIV control and
protection [80,104–106]. HLA-A expression levels change from one allotype to another [107].
Decreased HLA-A expression correlates with HIV control, being seen in the EC patients
that have reduced HLA-A levels [107]. In addition, -21T amino acid variation at the
signal peptide HLA-B has been associated with being HLA-Bw4 [9,20]. For that reason,
homozygosis at HLA-B -21T, likely associated with Bw4 homozygosis, contributes to HIV
control [80]. Some KIR3DL1/Bw4 combinations also are associated with HIV control [9].
In this context, HLA alleles carrying HLA-B -21T, such as Bw4 and low-expression HLA-
A allotypes, codify HLA molecules that reduce HLA-E levels -n HIV-infected CD4+ T
cells. Once KIR3DL1/HLA-Bw4-educated NK cells interact with HIV-infected target cells
expressing low levels of HLA-E, activation of NK cells by lack of inhibitory signaling
could be able to enhance cytotoxic function against HIV-infected cells, thus promoting HIV
control [9,107] (Figure 3).
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Consistently, in vitro experiments have suggested that KIR3DL1/HLA-Bw4 geno-
type combinations have higher educated NK cytotoxic responses than NK cells from Bw6
homozygotes against HLA-downregulated target CML cell lines (K562) [9,108–110] or HIV-
infected CD4+ T cells that decreased the levels of HLA-A, -B and -C by Nef and Vpu HIV
proteins [111–114] emulating the missing-self NK cytotoxic activity (Figure 3) [4,114,115].
Moreover, a higher number of educated NK cells by KIR2DL1/HLA-C2 and KIR2DL3/HLA-
C1 interactions can mediate the killing of K562 cell lines and HIV-infected CD4+ T cells
compared with uneducated NK cells [9,116,117].

HIV control in children Bw4 has been linked to reduced levels of HLA-A. In fact, levels
of HLA-A in cells depends on the specific HLA-A alleles [105,107,118]. HLA-Bw4 mediates
education of NK cells by its NK ligand, KIR3DL1. In fact, controller children reportedly had
enriched Bw4 and co-expressed KIR3DL1, which educates these NK cells [9]. A deletion
in the NKG2C gene is also associated with enhanced HIV infection, suggesting that this
NK-activating receptor is a clue in the context of HIV protection [119].

Recently communicated data from several international congresses published by our
group reported that LTPTC are enriched in alleles implicated in educated NK cells. Sáez-
Cirión et al. found that LTPTC had certain education-related alleles such as homozygosis
at HLA-Bw4 and its ligand, KIR3DL1, and also at HLAB*35, which is also an HLA-B -21 T
allotype [120,121]. In fact, the HLA-B*35 allele is not a Bw4 epitope, but exceptionally is
an HLA-B -21T [20,107]. These results suggest that HLA -21T (HLA B*35), Bw4 (also HLA
-21T) and KIR3DL1 alleles have been associated with HIV LTPTC, suggesting an important
role of NK cell education in NK-mediated HIV control [96,121]. These recent data point to
a possible role of NK cells and, possibly, other innate T cells such as γδ T cells, in LTPTC
HIV control process [96,122].

Moreover, a recent communication indicated that EEC have a high content of homozy-
gous Bw4 alleles. In fact, 75% of EEC have two Bw4 alleles, suggesting that a high amount
Bw4 homozygosis could be related to HIV functional cure [123–129]. Consistently, another
recent communication suggests that LTEC have a high percentage of NKG2C+CD57+ NK
cells [97]. Due to similar features in EEC and LTEC, such as persistent HIV control for
more than 10 years, we could hypothesize that the high frequency of memory-like NK cells
found in LTEC could be related to favorable NK immunogenetic characteristics. Thus, these
features could be linked to HIV long-term control and functional cure. Consistent with
these data and as Sáez-Cirión communicated [120], our recently published results concern-
ing the case report of the “Barcelona patient”, reveal that this patient is a homozygote not
only for the HLA haplotypes KIR3DL1/HLA-Bw4, but also for KIR2DL3/HLA-C1 (C*16)
alleles. In fact, both genotypes are compatible with highly educated NK cells. Moreover,
we found that this genotype is linked to an increased expansion of memory-like NK cells
and γδ CD8+ T cell subpopulations associated with persistent HIV control and a low viral
reservoir. These factors might be contributing to the observed HIV functional cure [96].

In summary, homozygosis at Bw4, and homozygosis at -21T and at KIR3DL1 genes
is highly associated with persistent HIV control. These results may suggest that PLWH
with these genetic features could educate NK cells by the KIR3DL1/HLA-Bw4 interaction
having an enhanced capacity to mediate killing of HIV-infected CD4+ T cells (Figure 3)
than the ones with uneducated NK cells. This fact suggests that not only CTL but also NK
cells could have an important role in HIV control and protection. Genetic studies of NK cell
education alleles related to both NKG2A/HLA-E, KIR/HLA-B interactions and HLA-A
and HLA-B -21 alleles could increase the knowledge of the NK immunogenetics associated
with HIV functional cure. Larger clinical trials with cohorts of LTPTC, LTEC or EEC will be
necessary to explore more deeply whether protective HLA and KIR allotypes are able to
potentiate NK cells against HIV infected cells by KIR3DL1/HLA-Bw4 NK education [9].

3.5. Summary of the HIV Section

In conclusion, due to the fact that dasatinib is able to induce these innate NK and γδ

T cell subsets highly associated with long-term HIV control, the use of this drug could
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be a new strategy in the HIV functional cure field. Dasatinib could activate NK cells
by up-regulation of activating receptors such as NKG2C, NKG2D, NKp46 and reducing
the NKG2A/HLA-E interaction by reducing NKG2A expression in NK cells mediating
HIV- infected cells killing (Figure 1B). Dasatinib could act against HIV-1 by maintaining
the antiviral effect of SAMHD1 and by inhibiting CD4+ T-cell activation and prolifera-
tion, reducing the establishment of viral reservoirs and limiting the replenishment and
maintenance of infected cells. Additionally, the potentiation of subpopulations such as
memory-like NK cells and γδ CD8+ T cells associated with low reservoirs, persistent HIV
control and having high cytotoxic potential against HIV infected cells could be key against
HIV-1 infection.

Clinical trials using dasatinib as a new immunomodulatory drug that potentiates
innate cytotoxic cells could be relevant to increase the knowledge on the role of dasatinib
as an NK-activating drug against HIV infection. In fact, our group has a recently approved
pilot clinical trial (DASAHIVCURE NCT05527418) that will test the safety, tolerability,
and antiretroviral activity of dasatinib in a cohort of recently asymptomatic HIV-infected
individuals. This study will evaluate the capacity of dasatinib to inhibit HIV replication
and to potentiate cytotoxic responses against HIV mediated by NK and γδ T cells.

4. Dasatinib as a Senolytic Drug
4.1. Cellular Senescence Results in Increased Immune Surveillance

Cellular senescence is activated in response to a myriad of stressors or insults. Senes-
cent cells display a series of features that result in the recruitment and activation of immune
cells with the ultimate goal of removing damaged cells and restoring tissue homeostasis.
Thus, activation of cellular senescence has beneficial effects in wound healing, tissue regen-
eration and blocking tumor progression [130–132]. However, accumulation of senescent
cells during aging or due to different pathologies has deleterious consequences [133].

To target senescent cells, it is key to define characteristic biomarkers, taking into
consideration that these will vary depending on cell type and the type of stress [134]. The
upregulation of cell cycle inhibitors such as p16INK4a, p21CIP1 and p53, or the increased
expression of BCL-2, an anti-apoptotic marker, define most senescent cell types. In addition,
these cells present some metabolic changes, such as an augmented activity of lysosomal
senescence-associated β-galactosidase (SA-β-gal) due to a mitochondrial expansion, and
also secrete specific inflammatory factors named senescence-associated secretory phenotype
or SASP [133].

Immunosurveillance mechanisms are key to detect and eliminate senescent cells. A
growing body of evidence points towards NK cells and their activating receptors as key
cells in removing senescent cells. Gasser et al. first reported that NKG2D ligands ULBP1,
ULBP2 and ULBP3 were upregulated in human fibroblasts after ionizing radiation or
inhibitors of DNA replication, stimuli that activate the ATM/ATR DNA damage response
and are now known to induce cellular senescence [135].

Krizhanovsky’s group [136] found that senescent cells accumulate in the liver of
mice treated with CCl4, a chemical known to induce liver fibrosis. Livers from p53 and
INK4a/ARF double knockout animals showed up to a 50% increase in liver fibrosis markers
after CCL4 treatment compared to WT animals, with little to no accumulation of senescent
cells. While WT animals fully resolved liver fibrosis and eliminated senescent cells in
20 days after treatment, double KO animals were severely impaired in doing so, underscor-
ing that inducing cell senescence is important for liver fibrosis resolution [136]. Through
gene profiling of senescent hepatic stellate cells (HSCs), authors show that many genes
upregulated in those cells mediate an increased NK cell function, including CD58, IL-8
and NKG2D ligands such as MICA, ULBP2. Depletion of NK cells in these mice models
resulted in delayed fibrosis resolution and incomplete senescent cells’ removal. Conversely,
boosting NK cell function with Poly I:C (TL3-agonist) resulted in decreased fibrosis and
reduced senescent cell persistence. Several studies have expanded this knowledge, showing
that a wide variety of senescent cells express increased levels of NKG2D ligands, such as
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MICA, ULBP1 and ULBP2, in response to DNA damage (etoposide), telomere shortening
(replicative renascence) or H-RASv12 overexpression (oncogene-induced senescence) [137].
Further, pharmacological blockade or gene knockdown (siRNA) of NKG2D interaction
with MICA or ULBP2 ligands reduces NK-mediated cytotoxicity towards senescent cells by
80–90% in vitro [137], confirming the important role of NKG2D and NK cells in removing
senescent cells.

Interestingly, a recent study shows that activated invariant natural killer T cells (iNKT)
are able to target and eliminate senescent cells both in a human in vitro setting and in two
different mouse in vivo models [138]. Authors report that beta-2-microglobulin (B2M) and
CD1d are upregulated in senescent cells, forming a complex that activates iNKT cells [138].

It is widely known that senescent cells accumulate with chronological age and that
immune function also declines over time. Recent studies show that perforin release and
binding (a key effector mechanism of NK and other cytotoxic cells) in the immunological
synapse declines with age [139]. This is further modeled in prf−/− KO mice, which lack
perforin. These mice show an up to 2- to 4-fold increase in senescent cells across a variety
of tissues, resulting in chronic inflammation and increased age-related disorders, showing
that cytotoxic activity has an important role to avoid excessive senescent cell accumulation.

All of this body of evidence suggests that NK cells could be harnessed as a therapeutic
option to remove senescent cells. To this end, [140] has already shown that infusion of
autologous, in vitro expanded and activated NK cells (1 × 109) can reduce p16INK4a and
SA-β-gal in PBMCs up to 90 days after infusion.

4.2. NK Cells Can Remove Senescent Tumor Cells

In the cancer research setting, the contribution of cellular senescence to immune surveil-
lance is demonstrated by reactivation of endogenous p53 in p53-deficient tumors [141].
Briefly, reactivating p53 in such tumors causes cell senescence, in vitro cell cycle arrest, and
triggers an NK-mediated immune response that targets tumor cells in vivo, resulting in
tumor regression. Further studies using the same p53 reactivation model in mice showed
that the elimination of senescent tumor cells depend on NKG2D expression. In addition,
p53 is key for senescent cells to secrete pro-inflammatory chemokines such as CCL2 that
recruit NK cells to senescent cells [142]. A blocking antibody against CCL2 prevented NK
cell recruitment to senescent tumors, reducing their elimination. This contribution of the
SASP for an optimal NK cell function was also revealed in a model of therapy-induced
tumor senescence, where targeting the p65 subunit of NF-κB reduced senescent SASP
secretion and proper NK-cytotoxic function [143].

The fact that senescent cells are prone to be detected and cleared by the immune
system prompted researchers to test inducing cell senescence in tumors to address whether
malignant cells can be then eliminated by the immune system. New therapeutic avenues
are being studied to sensitize cancer cells to NK-mediated killing. In this regard, the
chemotherapeutic drug doxorubicin, which is also a senescence-inducing drug, is able to
improve NK-mediated killing of the MCF7 breast cancer cell line, through upregulation of
death receptors FASR [144].

4.3. Senescent Cells Can Avoid NK-Cell Recognition, Thwarting Immune Clearance

While activating NK ligands are clearly upregulated in senescent cells, these cells
may also upregulate inhibitory signals, resulting in the inhibition of NK-cell function.
In this regard, Pereira et al. elegantly showed that primary human dermal fibroblasts
were made senescent by ionizing radiation upregulating HLA-E [145]. This results in
NK cell and T CD8+ cell inhibition as a result of NKG2A ligation in those cells. HLA-E
upregulation seems greatly dependent on SASP mediators such as IL-6 and the activation
of the P38 signaling pathway. Authors confirm that NKG2D is key for NK-mediated killing
of senescent cells, as blocking NKG2D with a monoclonal antibody abrogates NK-mediated
killing of senescent fibroblasts. Conversely, authors showed for the first time that blocking
or inhibiting NKG2A with siRNA actually boosted NK-mediated senescent killing.
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This underscores the key role of these receptors in senescent or tumor cell removal [146].
Additional mechanisms of NK-cell resistance include the SASP-mediated recruitment of
CCR2+ immature myeloid cells (iMC), which inhibit NK-cell inhibition in established
tumors, thus further contributing to tumor growth [147,148].

4.4. Dasatinib as a Senolytic Therapy in Animal Models and Human Models

The senolytic effect of dasatinib was first reported by Zhu et al., after a transcript
analysis of preadipocytes made senescent by ionizing radiation (10 Gy) [149]. Further
analysis showed increased negative regulators of apoptosis and anti-apoptotic gene sets in
senescent cells such as ephrin receptors, the BCL-2/BCL-XL family, P13K/AKT, HIF-1a
and others. Out of a panel of 46 drug candidates targeting these pathways, dasatinib
and quercetin (D+Q) showed promise in selectively eliminating senescent preadipocytes,
although with much reduced effect in other senescent cell types [149]. Importantly, the
broad-spectrum tyrosine kinase inhibition mediated by dasatinib interferes with the ephrin
receptor family (EFNB), which are the most extended tyrosine kinase receptor family and
mediate key antiapoptotic signals [149].

In Zhu et al.’s work, in vivo administration of D+Q reduced the senescent cell burden
in chronologically aged, radiation-exposed, and progeroid Ercc1−/D mice, delaying age-
related symptoms and pathologies [149]. A similar effect was observed by Xu et al.,
when they found a healthier, longer mouse lifespan as a result of a senolytic therapy
with dasatinib [140]. Since this first observation, D or D+Q senolytic strategies have been
successfully used in a wide range of mouse models of diseases such as lung fibrosis [150],
renal fibrosis [151], T2 diabetes [152] vascular pathology and atherosclerosis [153]. In
all these models, D+Q reduced the senescent cell burden and improved organ function
and physical health of treated animals. In the mouse setting, intestinal inflammation was
reduced after D+Q intervention [154]. These D+Q effects have also been addressed in
zebrafish models of skin inflammation and fatty liver disease, also resulting in reduced
inflammation after therapy [155].

There are two early phase clinical trials with published results on D+Q senolytic
therapy. The first in-human open-label pilot study (NCT02874989) showed that intermittent
D+Q treatment (100 mg D + 1250 mg Q over three consecutive days in three consecutive
weeks) is feasible, well tolerated and can alleviate physical dysfunction in idiopathic pul-
monary fibrosis [156]. The second study (NCT02848131) showed that a single, 3-day dose
of D+Q significantly reduced senescent cell burden (p16INK4a, P21CIP and SA-β-gal positive
cells) and plasma pro-inflammatory SASP mediators in diabetic kidney disease [157].

Different clinical trials are currently ongoing comparing the D + Q senolytic strategy
to other drugs such as Fisetin in a variety of conditions, ranging from Alzheimer disease
(NCT04063124) to hematopoietic stem cell transplant survivors (who are at risk of prema-
ture aging) (NCT02652052) and skeletal muscle health in older individuals (NCT04313634).
More clinical trials are under way [158], which will shed light on whether senolytic D+Q
treatments can improve a number of conditions.

In addition to its senolytic effects, D+Q therapy has also been shown to reduce the
secretion of pro-inflammatory molecules and SASP mediators. In this regard, D+Q reduced
the secretion of pro-inflammatory cytokines in human adipose tissue explants from obese
individuals [153]. In the HIV context, our own work shows that D+Q senolytic therapy is
able to reduce senescence biomarkers in PBMCs derived from PLWH [159].

While NK function is key to remove senescent cells both in vitro and in vivo, we
are not aware of studies addressing whether senolytic treatment (dasatinib or others)
may impact NK cell-mediated senescent cell clearance. This would be valuable to better
understand the beneficial effects of dasatinib senolytic treatments. Furthermore, while
promising, D+Q senolytic therapy may not be effective in all in vitro models, underscoring
the importance of the experimental setting and cell type chosen when evaluating D+Q
effects [149,160,161].
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Results of ongoing studies and clinical trials will give clues to demonstrate if D+Q
remains effective against aging related pathologies and could be translated towards new
effective and safe anti-aging therapies.

4.5. Summary of the Senescence Section

Dasatinib treatment is effective in removing senescent cells in a wide variety of condi-
tions, as shown in human clinical models. In addition, more evidence points to NK cells
being key in senescent cell clearance and immunosurveillance. Dasatinib has the potential
to activate NK cells by downregulating inhibitory receptors such as NKG2A and increasing
activating receptors such as NKG2C and NKG2D. Thus, dasatinib may potentiate the NK
cytotoxic effect against senescent cells. More research is needed in the aging field to attempt
to elucidate this open question and the interesting therapeutic avenue (Figure 1C).

5. Concluding Remarks and Perspectives

Dasatinib treatment in CML induced populations of NK memory-like cells, γδ T cells
and other innate T cells, which are associated with better prognosis of CML, a possible
indefinite TFR and good cellular response. Knowledge on the precise mechanisms by
which dasatinib treatment yields these immunomodulatory effects is important, as this may
improve treatment interruption parameters in CML, but also help to fight against other
malignancies (Figure 1A).

A future goal is to explore whether dasatinib could safely prevent HIV-1 replication in
patients both directly inhibiting SAMHD1-phosphorilation and also indirectly promoting
the expansion of NK (NKG2C+CD57+) cells, γδ T cells and other innate T cells. These
cell subsets show a highly effective anti-HIV response and seem to be expanded in CMV+

individuals. Recently, our published data concerning the case of a functionally cured HIV
patient suggest that there are genetic features associated with the expansion of these innate
NK and γδ T cell subsets that allow HIV persistent control. Consequently, strategies able
to expand these subpopulations are important to potentiate NK cytotoxicity against HIV.
This would be extremely valuable in PLWH without these genetic characteristics and may
pave the way to achieve a possible functional cure. The use of dasatinib in combination
with ART or new combined immunotherapies could protect CD4+ T cells and macrophages
from HIV infection and activate a powerful cytotoxic response that could promote the
elimination of the viral reservoirs (Figure 1B) and also reduce HIV-associated inflammation
and senescence.

Finally, dasatinib shows potential against inflammation and cellular senescence or
aging (Figure 1C). While most senolytic effects are reported in synergy with quercetin,
dasatinib on its own downregulates NKG2A and increases NKG2C and -D in NK cells. Thus,
dasatinib could potentiate the already important role of NK cells in removing senescent
cells, which may be an important contributor to the overall senolytic effects. More research
is needed in the field to attempt to elucidate this open question.
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Abstract: Childhood cancer is considered rare, corresponding to ~3% of all malignant neoplasms in
the human population. The World Health Organization (WHO) reports a universal occurrence of
more than 15 cases per 100,000 inhabitants around the globe, and despite improvements in diagnosis,
treatment and supportive care, one child dies of cancer every 3 min. Consequently, more efficient,
selective and affordable therapeutics are still needed in order to improve outcomes and avoid long-
term sequelae. Alterations in kinases’ functionality is a trademark of cancer and the concept of
exploiting them as drug targets has burgeoned in academia and in the pharmaceutical industry of the
21st century. Consequently, an increasing plethora of inhibitors has emerged. In the present study,
the expression patterns of a selected group of kinases (including tyrosine receptors, members of the
PI3K/AKT/mTOR and MAPK pathways, coordinators of cell cycle progression, and chromosome
segregation) and their correlation with clinical outcomes in pediatric solid tumors were accessed
through the R2: Genomics Analysis and Visualization Platform and by a thorough search of published
literature. To further illustrate the importance of kinase dysregulation in the pathophysiology of
pediatric cancer, we analyzed the vulnerability of different cancer cell lines against their inhibition
through the Cancer Dependency Map portal, and performed a search for kinase-targeted compounds
with approval and clinical applicability through the CanSAR knowledgebase. Finally, we provide
a detailed literature review of a considerable set of small molecules that mitigate kinase activity
under experimental testing and clinical trials for the treatment of pediatric tumors, while discuss
critical challenges that must be overcome before translation into clinical options, including the
absence of compounds designed specifically for childhood tumors which often show differential
mutational burdens, intrinsic and acquired resistance, lack of selectivity and adverse effects on a
growing organism.

Keywords: childhood cancer; kinases; chemical inhibitors; clinical trials

1. Pediatric Cancer

The past two decades have witnessed tremendous advances in our understanding
of cancer pathogenesis, with most neoplasms resulting from the accumulation of gains in
function in proto-oncogenes and losses of tumor suppressors.

In the pediatric setting (between 0 and 19 years of age), cancer is defined as a group
of several diseases that have in common the uncontrolled proliferation of abnormal cells
that can occur in any region of the body. However, unlike adult tumors that are classified
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according to the primary site, the International Classification of Childhood Cancer (CICI)
categorizes pediatric tumors into 12 main groups based on histological findings [1].

Of these, leukemias are the most frequent, representing 35% of all tumors that affect
children and adolescents [2]. The second most common group is represented by lymphomas
(20%), followed in descending order by tumors of the central (15%) and sympathetic (7%)
nervous system, soft tissue sarcomas (6%), bone tumors (5%), kidney tumors (3%), germ
cell tumors (3%), retinoblastoma (2%), carcinomas (2%), liver tumors (1%) and other rare
pediatric neoplasms.

Several specific characteristics converge on the premise that childhood and adult
cancer should be studied separately. First of all, most pediatric tumors have histological
findings that resemble fetal tissues at different stages of development, being considered
embryonic and carrying different levels of cell differentiation. Furthermore, the spectrum of
tumors in the pediatric age group differs from that in adult patients. Medulloblastoma (MB),
neuroblastoma (NB), rhabdomyosarcoma (RMS), Ewing’s sarcoma (EWS), osteosarcoma
(OS), retinoblastoma (RB) and Wilms’ tumor (WT), which are the most frequent pediatric
solid tumors, are rarely found in adulthood [3]

Moreover, latency periods are shorter in pediatric cancer, with several histologies pre-
senting even shortly after birth. Such rapid proliferation in embryonic tissues relies mainly
on genomic errors with lesser contribution of environmental factors [4]. Similarly, unlike
what happens in adults, pediatric tumors are usually more aggressive with nonspecific
signs and symptoms, confusing them with common childhood illnesses and making early
diagnosis difficult.

Additionally, tumors in this age group show clear differences in their presentation,
clinical course and response to treatment when compared to adult counterparts. Tumors
of the EWS family, for example, in adults, in addition to presenting a more differentiated
histology (PNET—primitive neuroectodermal tumor), manifest preferentially with greater
volume at diagnosis, affecting soft tissues and with distant metastases, resulting in poorer
survival. In children, EWS preferentially affects the bones of the extremities, have a smaller
volume, and respond better to chemotherapy. Still, in this population, the chance of
survival after 5 years (without metastasis at diagnosis) is 75%, significantly higher than
that calculated for adults (50%) [5]. Similar observations have been reported for RMS. In a
cohort of 1071 adults and 1529 children, for example, the survival rate in the first group
was considerably lower (27% versus 61%), with tumors occurring in unfavorable locations
and with rare histologies [6].

Another peculiarity of childhood cancer lies in the fact that specific histological sub-
types and clinical behavior are also age-dependent, suggesting differential pathogenic
mechanisms and underlying molecular alterations for tumor initiation and progression.
The general incidence of acute lymphoblastic leukemia (ALL), for example, is highest in
the 1–4-year-old age group, while the highest frequency of lymphomas occurs among ado-
lescents (between 15 and 19 years old). Embryonic tumors (NB, WT, RB, etc.), on the other
hand, share a descending incidence, which is highest early in life and almost dissipates
after 5 years of age, while the incidence of bone sarcomas reaches a sharp peak at the time
of the pubertal growth spurt [7].

Finally, with the methodologic refinements in the identification of genomic alterations,
it has become increasingly evident that the spectra of mutations and the subsequent
dysregulation of signaling pathways in pediatric neoplasms differ from those that occur
predominantly in adult cancer. In fact, it has been stipulated that most pediatric tumors
carry between 5 and 10 mutations; however, the average number of mutations in adult
tumors varies between 33 and 66 (i.e., colon, breast or pancreas carcinomas) and increases
up to 200 in tumors caused by mutagens (such as melanoma/ultraviolet radiation (UV)
and lung cancer/smoking) and up to 1000 in tumors with defects in mismatch repair
genes, as is the case of nonpolyposis colorectal cancer, among others [8]. In this regard,
a recent integrative study based on whole-genome sequencing data from 24 tumor types
(914 patients) showed that even though mutation frequencies (SNV and indels) vary
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between pediatric tumor types (from 0.02 to 0.49 per Mb), these were 14 times lower than
in adult cancers [9]. Of note, a high prevalence of mutations affecting genes related to
cancer predisposition syndrome are seen in children affected by different tumor types [10].
In addition, pediatric cancers are usually enriched by gene fusions, driving tumorigenesis
and showing impact on both diagnostic and targeted-treatments [11].

In fact, this work identified 52 genes significantly mutated for childhood and juvenile
tumors and 102 genes for adult tumors, 25 of which were shared by both groups. TP53 was
the most commonly mutated gene (4% of childhood tumors), followed by KRAS, ATRX,
NF1 and RB1 (1–2% of tumors). In adult tumors, TP53 was also the gene most affected by
mutations, albeit tenfold more frequently. Furthermore, the burden of mutations increased
with patient age except for tumors characterized by kataegis or chromothripsis events [9].

Moreover, the mutational identity may also vary. Glioblastoma (GBM) (grade IV astro-
cytoma), for example, is characterized by mutations in PTEN and epidermal growth factor
receptor (EGFR) amplification in adults [12]; the pediatric counterpart more frequently
presents mutations in the N-terminal tail of the histone variant 3.3 [13], in platelet-derived
growth factor (PDGF) and its receptor (PDGFR) [14]. As previously described, gene fusions
that are rare in adult tumors appear recurrently in pediatric tumors such as BRAF/KIAA1549
in pilocytic astrocytoma (PA) [15], C11orf95/RELA [16] in supratentorial ependymoma
(EPN), PAX3/FOXO1 and PAX7/FOXO1 in alveolar RMS [17], and variants involving the
EWS gene (EWS/FLI1, EWS/ERG and others less frequent) in EWS [18]; the majority of these
fusions involve transcription factors associated with the development/differentiation of
the affected tissue.

More recently, with the establishment of cooperative study groups and progress in
imaging associated with more accurate anatomopathological and molecular diagnosis, the
mortality of children affected by cancer, especially those with leukemia and some types of
solid tumors, has shown an important decline. Five-year overall survival rates increased
from 56% in the 1970s to 77% in the following vicennial [19].

In accordance, today ALL represents the paradigm of curable cancer in children, with
current overall survival rates exceeding 85% in most modern treatment protocols [20].
However, for some aggressive leukemia subtypes and certain solid tumor histologies,
the persisting advances in biological characterization combined with new technologies in
radiotherapy (RT), chemotherapy (CT) and supportive/rehabilitation care have resulted in
marginal survival advantages, and cure rates have stagnated at around 70% [21]. Yet, in un-
derdeveloped areas such as Eastern Europe, Africa and South America, these reductions in
mortality have been less expressive, and a considerable portion of children with cancer fail
to respond to traditional chemotherapy.

In this scenario, alternative rationally targeted pharmacological options are still needed
to overcome clinical resistance, tumor progression, and prevent the adverse side effects of
standard therapy.

2. Kinases as Cancer Drivers

The human genome encodes more than 500 protein kinases, enzymes responsible
for turning protein functions “on” through the transference of γ-phosphate groups from
ATP to one of their three amino acids with free hydroxyl groups: serine, threonine or
tyrosine. Human protein kinases have been divided into nine classes which are further
subdivided into families, and often subfamilies whose actions can alter up to 30% of all cell
proteins [22]. The molecular shifts exerted by them through phosphorylation not only can
affect the function of a given protein, but it can also stabilize it, localize it in a particular
cellular compartment and modulate its association with other proteins [23].

Protein kinases may be triggered or deactivated in many ways, including cis- or au-
tophosphorylation, binding with substrates or activator/inhibitor proteins. Once activated,
they act as crucial regulators of many features of cell behavior and specialized functions by
coupling reception of extracellular signals, intracellular signaling transduction and cellular
responses [24].
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Playing fundamental roles in cell division, survival and migration, their dysregulation
is commonly associated with human malignancies and contributes to tumor initiation
and all stages of cancer progression. In fact, innumerous mutations, translocations, and
amplifications that result in constitutively overexpressed or active kinases have been
demonstrated in many human cancers [23]. Mutations within the catalytic domain serve to
stabilize the kinase in an active conformation and to destabilize cis-inhibitory interactions.
Other domains can also be affected and elicit constitutive activity and hyperactive pathways
as well. DNA translocations, on the other hand, predominantly create in frame gene fusions
leading to chimeric proteins with novel/increased activity, leading to continued cancer cell
growth and survival (Figure 1) [25,26]. Moreover, the dysregulation of different kinases
has been repeatedly associated with tumor prognosis and categorized as a determinant of
patient survival [27,28].
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or (4) changes in gene expression. (B) In cancer, increased kinase activity may result from gene
amplification (1,4), mutations that stabilize the kinase in an active conformation and destabilize
cis-inhibitory interactions (2) and translocations that encode chimeric proteins with novel/increased
activity (3). This figure was created using Servier Medical Art templates, which are licensed under
a Creative Commons Attribution 3.0 Unported License; https://smart.servier.com (accessed on
14 December 2022).

Hence, the so-called “Kinome” (the complete set of protein kinases encoded in the
human genome—about 2% of all genes) has become an attractive target for the treatment
of a variety of tumors. Even so, despite the great diversity, over the years, it has become
more apparent that only certain kinases are among the most frequently occurring drivers
of human cancer, including tyrosine receptors (RTK) (i.e., FGFR, EGFR, VEGFR, RET, MET,
ALK), members of the PI3K/AKT/mTOR and Mitogen-Activated Protein Kinase (MAPK)
pathways, along with central coordinators of cell cycle progression (i.e., cyclin-dependent
kinases) and chromosome segregation such as polo-like and aurora kinases [25].
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In this way, the present study aimed to present evidence of the involvement of these
kinases’ dysregulation in the pathophysiology of pediatric tumors, their correlation with
clinical outcomes and prospects of their inhibition through in silico analysis, along with an
up-to-date revision of compound development and testing.

3. Protein Kinases in Pediatric Oncology and Their Association with Tumor Prognosis

As stated above, substrate reversible phosphorylation by protein kinases is nature’s
main molecular system for organizing cellular signal transduction and regulating cell
metabolism, growth and differentiation. The phosphorylation state of a protein determines
not only its function, subcellular distribution and stability, but also its interaction with
other proteins or cellular components. Intrinsically, signaling pathways are remarkably
complex and as our knowledge increases, it has become progressively evident that such
molecular networks are not linear but contain modules of multi-protein complexes, many
feedbacks, feedforwards and competing protein mechanisms that not only assemble at
various intracellular compartments to process, integrate and transmit information that
will ultimately specify a particular biological response, but also crosstalk with many other
signaling pathways [29]. Thus, even though the kinases that were selected for this review
will be treated separately, many, if not all, are directly or indirectly interconnected (Figure 2).
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Figure 2. (A) Protein–protein interactions accessed through the software STRING v11.5 (available
at https://string-db.org/ (accessed on 2 November 2022)). The parameters evaluated were text
mining, experiments and databases. Network edges denote confidence and the minimum required
interaction score was 0.700, considered high. (A) K-means clustering; (B) enrichment analysis for
biological processes.

In this section, the different roles of protein kinases in oncogenic transformation and
tumor prognosis in the pediatric setting were assessed by two different approaches: by a
thorough search of published literature, and by a systematic search in publicly available
data retrieved from expression arrays accessed through the R2: Genomics Analysis and
Visualization Platform (http://r2.amc.nl (accessed on 15 October 2022)). For this, datasets
were included if they met the following criteria: inclusion of pediatric samples (exclusively
or in which adult variants could be omitted), normal counterparts and having information
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about clinical features of prognosis (Supplementary Figure S1). Datasets and probes are
detailed in Supplementary Tables S1 and S2.

3.1. Published Evidence of Kinase Dysregulation in Pediatric Oncology
3.1.1. Receptor Tyrosine Kinases (RTK)

Humans express 58 receptor tyrosine kinases (RTK) which function as entry points for
many extracellular signals and the recruitment of the intracellular signaling networks that
orchestrate a particular response [30].

These cell surface receptors possess multi-domain identical architectures that are made
up of an extracellular ligand-binding domain (which differs between subfamilies), a single
transmembrane helix and an intracellular region that contains a juxtamembrane regulatory
region (composed of 40–80 amino acids), a tyrosine kinase domain (TKD) and a carboxyl
(C-) terminal tail [31].

Generally, RTK activation occurs upon binding of ligands (i.e., growth factors or
cytokines) to their extracellular domains. This interaction results in RTK non-covalent
dimerization/oligomerization, which juxtaposes the cytoplasmic TKDs and facilitates
autophosphorylation in trans of tyrosine residues in the juxtamembrane regulatory region,
inducing conformational changes that serve to stabilize the active state of the kinase.
Then, a second phase of tyrosine autophosphorylation occurs on phosphotyrosines that
recruit downstream signaling proteins that typically contain Src homology 2 (SH2) or
phosphotyrosine-binding (PTB) domains. The recruitment of these adapter molecules then
initiates a cascade of RTK-specific pathways that determine cell fate [22,31,32].

About 20 different RTKs classes or subfamilies have been described [33]. Their activity
is tightly regulated in normal cells; however, constitutive kinase activity acquired through
mutation, overexpression and/or autocrine/paracrine stimulation has been strongly asso-
ciated with pathological disorders, neoplastic transformation and metastasis [34]. Dysregu-
lation of the epidermal growth factor receptor (EGFR/ErbB), the receptor for insulin (IR),
the platelet-derived growth factor receptor (PDGFR), the fibroblast growth factor recep-
tor (FGFR), the vascular endothelial growth factor receptor (VEGFR) and the hepatocyte
growth factor receptor (HGFR/MET), for example, results in uncontrolled activation of
multiple downflow signal transduction pathways and provides a strong drive toward ma-
lignancy [35]. Some of these oncogenes are paradigms of certain tumor types, as is the case
of the amplification of EGFR/ErbB in breast cancer or MET overexpression in non-small
cell lung cancer (NSCLC) [36,37]. Nevertheless, information about RTKs’ involvement in
the pathophysiology of childhood cancer is less discernible, as illustrated below.

FGFR. The signaling cascades of fibroblast growth factor receptors (FGFR1, FGFR2,
FGFR3 and FGFR4) play pivotal roles in the regulation of development and tissue repair
and regeneration. These receptors are highly conserved and widely distributed and their
dysregulation promotes tumor growth, survival and development of drug resistance, as
well as the development of angiogenesis and immune evasion [38]. A recent pan-cancer
next-generation sequencing profiling demonstrated that ~7% of cancers harbor gain-of-
function FGFR aberrations, with varying frequencies between family members (FGFR1 >
FGFR3 > FGFR2 > FGFR4) [39]. Gene amplifications or activating mutations have been
observed in multiple cancer types, although they are most commonly detected in breast,
lung, liver, stomach, uterus and bladder cancer [40]. In fact, most of the aberrations
detected in the survey performed by Helsten et al. (2016) involved adult carcinomas,
while the percentage of cases positive for FGFR aberrations in childhood tumors (NB
and OS) was around 3% [39]. Additionally, FGFR1 fusions (i.e., FGFR1-TACC1), TKD
duplications and hotspot mutations (i.e., N5465K and K656E) are frequently observed
in certain types of pediatric brain cancer, particularly dysembryoplastic neuroepithelial
tumors (DNET) and PA [41]. Moreover, germline mutations in FGFR1, either complete or
in mosaicism, may predispose low-grade central nervous system (CNS) tumors in children
and adolescents [42,43].
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Other research groups have also found correlations between altered expression of
FGFRs and poor prognosis. FGFR1 amplification, for example, was correlated with worse
prognosis and poor response to chemotherapy in a large cohort of patients with OS [44].
Moreover, FGFR1 has been correlated with tumor development and lung metastasis in
xenographic models, whereas its activation improved survival and radiation resistance,
a phenotype which was reversed when FGFR1 was inhibited [45]. Similar to OS, FGFR1
copy number gains are frequent in EWS, where patients with activating FGFR1 mutations
present higher incidence of metastatic disease [46]. In vitro, FGFR1 suppression through
interference RNA (RNAi) significantly reduced cell proliferation. Decreased xenograft
tumor growth and 18F-fluorodeoxyglucose activity were also observed [47].

FGFR1 amplification and gene fusions have also been described in RMS with an active
role cancer cell proliferation [48,49]. However, opposite expression patterns have been re-
ported [50,51]. Nevertheless, it has already been shown that embryonal (ERMS) histologies
present higher FGFR1 expression levels compared to the alveolar forms (ARMS) [51].

Considering CNS tumors, upregulation of FGFR1 has been associated with worse prog-
nosis and shorter overall and recurrence-free survival in EPN and NB [52–55]. The analysis
of FGFR1 protein abundance in human MB tissues, through an anonymized, validated
MB, and cerebellum tissue microarray (TMA) and immunohistochemistry (IHC) found
high levels of FGFR1 expression in 18% of the tumor tissues. In the case of gliomas, many
mutations involving the FGFR1 gene were described, one of which was associated with
radioresistance [56–60]. Otherwise, in WT and MB, there is no published evidence.

Regarding FGFR2, information in the literature about its relevance in pediatric tumors
is scarce. Besides correlations with higher tumor grade, radioresistance and poorer survival
in gliomas [61–63], its phosphorylation (indicative of activation) was seen increased in
NB samples (compared to normal tissues) and correlated with cisplatin resistance [62].
Alternatively, low expression of this kinase was observed MB [63] and in RMS when com-
pared to normal myeloblasts [64]. Downregulation or undetectable expression of FGFR3
was also reported in RMS with no evidence of correlation with the clinical outcome [64].
However, a more recent study described a small population of FGFR3-positive cells as
strongly tumorigenic with a stem cell-like phenotype [65].

FGFR3 is also downregulated in WT [66]; however, in pediatric CNS tumors, opposite
FGFR3 expression profiles are observed. In NB, high expression levels are associated
with worse overall survival and event-free survival (EFS) [67]. In glioma, its upregulation
was associated with increased patient age [52], a feature that denotes a more invasive
phenotype in adult counterparts [59]. Moreover, FGFR3 amplification [68] and fusions
(FGFR3-TACC3) seem to play a role in tumor metabolism and tumor growth promotion in
low-grade gliomas (LGG) [69–71]. Such correlation with poor prognosis was also observed
in EPN in which FGFR3 was associated with shorter overall survival and shorter time to
tumor recurrence [52].

Moderate-to-high expression of FGFR3 mRNA was also observed in 80% of samples
from EWS family tumors [71]. Mutations in this gene were also reported in circulating
tumor cell samples [72]. However, neither of these studies presented information about
correlations with clinical outcomes. Of note, when FGFR3 is downregulated in OS cell
lines (by long noncoding, microRNA or iRNA), there is a reduction in tumor growth and
angiogenesis, reinforcing its relevance to this disease [73–76].

Regarding FGFR4, little information about its prognostic value has been published in
the pediatric setting, with a few reports on glioma, MB, RMS and NB. The prognostic
value of this kinase in the first group was initially evaluated by in 2019 by Jimenez-
Pascual and Siebzehnrubl, who did not find any correlations between FGFR4 expression
and clinical outcomes [59]. Nevertheless, a recent evaluation of transcriptomic glioma
datasets from The Cancer Genome Atlas (TCGA) revealed a direct association of high
FGFR4 expression and dismal prognosis, progressively upregulated in recurrent tumors.
In addition, the contribution of FGFR4 to the malignant phenotype of a highly aggressive
GBM subgroup was further validated by increased viability, adhesion, migration and
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clonogenicity in vitro, along with abolished xenograft formation in mice and reduced
invasiveness in zebrafish xenotransplantation models [76].

In MB, high FGFR4 expression levels were observed in HD-MBO3 cells and in a small
cohort (n = 12) of primary MB tissues, even though there was no validation upon TMA [63].
Of note, a pilot study based on an independent blinded set of 112 samples showed that
protein levels of FGFR4 in urine, together with cadherin-1 (CADH1) and fibrinogen beta
chain (FIBB), could be used to discriminate MB patients from healthy control patients with
acceptable accuracy. Moreover, the authors reported a positive correlation of urine FGFR4
detection with the age of affected patients [77].

Additionally, FGFR4 overexpression in RMS contributes to the failure of cells to
complete normal skeletal muscle development, leading to constitutive signaling and un-
regulated growth in correlation with poor differentiation [78–81]. FGFR4 mutations in
childhood RMS (7–8% of tumors) are more frequently observed within the kinase do-
main. From those, N535K and V550E increase autophosphorylation of the receptor and
promote proliferation and metastatic potential when expressed in vitro [79]. High expres-
sion levels of FGFR4 have also been associated with advanced stage and poor survival in
RMS [82,83]. Furthermore, FGFR4 has been reported as a downstream target of PAX3 and
PAX3–FOXO1 [81] and thus is commonly altered in fusion-positive RMS [83] and a key
contributor to RMS invasion and metastasis [84].

Last but not least, a germline polymorphism in the FGFR4 gene (rs351855) which
results in the expression of an arginine at codon 388 (Arg388), rather than the more com-
mon glycine (Gly388), is frequently associated with decreased survival rates, treatment
resistance and more aggressive disease in a variety of malignancies, and is associated
with an increased prevalence of NB in children [85], and this association may be linked
to differences in FGFR4 degradation rates [86]. It was also observed that cases with the
FGFR4 AA genotype were 2.5 times more likely to have tumors with MYCN amplification
compared with those with AG and GG genotypes, although such association was not
statistically significant [85].

EGFR. The epidermal growth factor receptor (EGFR) (also recognized as HER-1 or
ERBB-1) is a transmembrane glycoprotein of the ERBB receptor tyrosine kinase superfamily.
Overexpression and/or enhanced activity of EGFR activate the downstream pro-oncogenic
signaling, including the RAS-RAF-MEK-ERK and AKT-PI3K-mTOR pathways. These con-
sequently activate several biologic expressions that proceed human cancer progression [87].

Overexpression of EGFR has been reproducibly detected in a large number of tumor
samples and found to act as a strong prognostic indicator in head and neck, ovarian, cer-
vical, bladder and esophageal cancers, correlating to poorer survival rates [88,89]. In the
pediatric setting, however, there are few reports about its prognostic relevance. In gliomas,
for example, fewer molecular alterations in the EGFR gene (mutations and amplifications)
are observed in children when compared to adult counterparts [90–95]. EGFR gene amplifi-
cation/overexpression is a genetic hallmark in adult GBM (observed ~40% of tumors) [95],
whereas this feature is only observed in 25% of pediatric cases; nevertheless, it is associated
in a similar manner with higher proliferation and increased tumor grade [96–98].

Likewise, high-level amplification and EGFR overexpression correlate with shorter
event-free survival and relapse in high-grade EPN, being considered an independent
prognostic marker for intracranial forms [99–101]. In MB patients, high expression of
HER-2, another member of the EGFR gene family, was also associated with limited survival
and metastasis [102,103]. Moreover, this RTK often co-expresses with HER-4 (more than
50% of samples), suggesting that HER-2/HER-4 heterodimerization may be of particular
biological significance in this disease [101].

HER-2 expression was also reported to be associated with the aggressive behavior
of NB and to significantly reduce survival [103]. However, a later study demonstrated
that EGFR and HER-2 positivity are more frequently found in favorable histological risk
groups, including younger age (≤18 months), localized disease, and favorable histological
group [104]. Similar results were obtained by Izycka-Swieszewska et al. (2010), where
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HER-2-negative cases were more often found in the metastatic tumor group, associated
with increased mitotic index and higher KI67 expression. MYCN non-amplified tumors
were more often HER-2-positive than amplified tumors [105]. In contrast, higher expression
levels of HER-4 are more often found in patients with metastatic disease [104].

For other pediatric tumors, the biological relevance of EGFR family members remains
to be clarified. In EWS, for example, while HER-2 is not considered an important prognostic
factor, an association of HER-4 and metastasis was found [106]. In OS, EGFR expression
is common [107], but correlations between EGFR or HER-2 expression and clinical prog-
nosis have been controversial, as no treatment improvements are achieved when EGFR is
inhibited in pre-clinical and clinical trials [106].

In RMS, RB and WT, no strong associations of EGFR expression with clinical data have
been found [108–111], although the ERBB family seems to be important for the malignant
phenotype of RMS: ERBB1 sustains cell proliferation and growth, ERBB2 regulates myoblast
cell transformation and survival and ERBB3 induces myogenic differentiation. Additionally,
activation of ERBB2 coupled with inactivation of p53 induces RMS in animal models [106].

VEGFR (KDR—kinase insert domain receptor). The vascular endothelial growth fac-
tor receptor (VEGFR) family consists of three members: VEGFR1, VEGFR2 and VEGFR3 [112].
These receptors are established players in the formation of new blood vessels and the main-
tenance and remodeling of existing ones, during development and in adult tissues [113].
As such, in neoplastic growth, VEGFRs play an essential role in tumor neovascularization,
providing oxygen and nutrition, and they facilitate tumor cells to metastasize and spread to
distant organs [114]. Regarding pediatric cancer, VEGFRs have already been quantitatively
evaluated in various types of refractory brain tumors [115]. Both VEGFR1 and VEGFR2
were detected in anaplastic astrocytoma tumor cells, MB and EPN samples [116–120]. More-
over, these receptors are frequently mutated and highly expressed in gliomas, NB and OS;
in all cases, there is a negative correlation with unfavorable prognosis, advanced tumor
stage, metastasis and shorter overall survival [121–127].

RET. Under normal conditions, the RET (“rearranged during transfection”) TKR
pathway is activated by glial cell line-derived neurotrophic factor (GDNF) ligands that bind
to coreceptors from the GDNF family receptor alphas (GFRαs), playing a major role during
sympathetic and enteric nervous system development, where it signals toward proliferation,
migration and differentiation. Apart from amplification, the constitutive activation of
RET is caused by point mutations and gene rearrangements that drive malignancy in
multiple tissues (i.e., papillary and medullary thyroid carcinomas and non-small cell lung
carcinomas) [128–131].

RET rearrangements are also found in a high proportion of childhood papillary thyroid
cancers [132–134]. Recently, it was observed that pediatric tumors (soft tissue sarcomas
or medullary thyroid cancer) harboring either an RET-fused or RET-mutated pathogenic
somatic alteration show clinical response to the RET inhibitor Selpercatinib [134].

RET mutations leading to dysfunctional ligand binding have also been described
as the second most significant cancer-predisposing gene in the germline of patients with
OS [135,136]. Moreover, RET is activated and can promote motility and colony formation
in metastatic OS cells, contributing to the higher resistance of this tumor type to different
chemotherapeutic agents [137–140]. Furthermore, NB cells and tumor samples demon-
strated high RET expression levels [140], and its activation induces invasive spread NB in
animal models [141].

c-MET. The mesenchymal–epithelial transition factor (c-MET), which is also known
as hepatocyte growth factor receptor (HGFR), is an essential molecule for the survival and
function of normal cells that promotes tissue remodeling and organ homeostasis [142].
MET’s gain of function either via overexpression, amplification, aberrant splicing or muta-
tions is associated with the constant activation of downstream classic signaling pathways
that sustain rapid proliferation, promote cell migration, angiogenesis and survival of can-
cer cells [143]. Moreover, recent evidence indicates that MET signaling participates in
the acquirement of mesenchymal phenotype, tumor plasticity and adaptive responses to
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metabolic stress, contributing to the recurrence and metastatic dissemination of cancer
cells [144,145].

The c-MET gene was first identified in the human OS cell line (HOS) that had been
treated with N-methyl-N′-nitro-N-nitrosoguanidine (MNNG) as a gene able to transform
normal fibroblasts [146]. Since then, its involvement in cancer establishment and progres-
sion has been repeatedly described in a variety of common and high-risk pediatric solid
tumors, including not only sarcomas, but also gliomas, MB, NB, WT and hepatoblastomas,
among others [147]. Of note, infantile hemispheric gliomas were recently recognized to
be driven by different RTKs, including somatic fusions and alterations involving ALK,
ROS1, NTRK and c-MET [148]. Especially in anaplastic, diffuse and PA, c-MET levels often
correlate with tumor grade [149].

Cytoplasmic c-MET immunoreactivity is also associated with poor clinical outcome,
and tissues with overexpression often exhibit higher vascular proliferation and proliferative
index [150–152]. Similar phenotypes have been observed in NB, where overexpression of
this receptor promotes invasion and is associated with advanced metastatic stage [153,154].

Likewise, high levels of MET protein are associated with increased proliferative activity
invasion and metastasis in WT [155,156], and represent a risk factor for invasion in RB [156].

In childhood sarcomas, several studies have pointed out c-MET as a promising
biomarker capable of predicting poor prognosis. Forced expression of MET in primary
osteoblasts induces transformation and is essential for the maintenance of the cancer pheno-
type [157], while loss-of-function approaches in OS cell lines (143B and U2OS) demonstrated
that this oncogene promotes cell proliferation, migration and invasion, and inhibits cell
apoptosis [158]. However, the study of genomic status of MET and other genes implied
in ossification processes in a cohort of 91 children and teenagers showed that MET is
mainly deleted, although the clinical subgroup with MET amplification presents worse
outcomes [159].

In EWS, modest to high MET cytoplasmic/membranous expression is detected in
the majority of tumor samples and is significantly correlated with a poor overall survival.
However, there were no significant correlations between MET expression and clinical
characteristics, including tumor stage, tumor location and age at diagnosis. The same
group also detected genetic alterations that result in the formation of truncated MET
proteins in 5% of patients and in two cell lines (ES-2 and ES-7) [160].

Finally, this RTK is overexpressed in RMS tumor samples [161–163] and cell lines,
contributing to the metastatic and invasive features of this tumor type [163,164].

ALK. This RTK was first described in 1994, as a fusion partner in the t(2;5)(p23;q35)
chromosomal translocation characteristic of anaplastic lymphoma from which takes its
name [165]. In general, ALK activates multiple signaling cascades, such as the PI3K-AKT,
CRKL-C3G, MEKK2/3-MEK5-ERK5, JAK-STAT and MAPK pathways, and its role in
cancer may vary due to many factors, including not only its fusion partners (more than 30
described so far), but also the tumor type or its genetic background (its effects on NB, for
example, are dependent on MYCN status) [166].

Next-generation sequencing has revealed the presence of several ALK mutations in
pediatric cases with RMS, EWS, WT and OS [161,167–170]. Most mutations are located
within the kinase domain and can be divided into three groups: ligand-independent
mutations (F1174I, F1174S, F1174L and R1275Q), ligand-dependent mutations (D1091N,
T1151M and A1234T) and a kinase-dead mutation (I1250T) [167].

Germline gain-of-function point mutations are observed in half of hereditary NB and
in 9% of the sporadic forms [170], and correlate with high risk and poor prognosis [171,172],
mainly because both the wildtype and mutant forms of ALK induce MYCN transcription
and potentiate its oncogenic activity in this tumor type [173]. Other ALK-driven pediatric
tumors include infantile hemispheric gliomas [149,174], inflammatory myofibroblastic
tumors, renal cell carcinomas [167] and pediatric mesotheliomas [175].

ALK in-frame translocations have been described in EPN and EWS as detected by
fluorescent in situ hybridization with the brea-apart of 5′ and 3′ probes [160,176]. Finally,
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ALK expression is strongly associated with the WNT-activated MB subtype in which,
differently from other pediatric tumors, it represents an independent indicator of good
prognosis for medulloblastoma patients [177].

3.1.2. PI3K/AKT/mTOR Pathway

The phosphatidylinositol 3-kinase (PI3K)/Akt/mammalian target of rapamycin
(mTOR) signaling pathway is among the best investigated in human biology, and is consid-
ered a key player in both physiological and pathological conditions [178].

The first step of activation of this pathway consists of the recognition of various
growth factors and cytokines by RTKs localized at the cytoplasmic membrane. Then,
these receptors dimerize and undergo autophosphorylation, activating GRB2 (Growth
Factor Receptor Bound Protein 2) and SOS (Ras/Rac Guanine Nucleotide Exchange Factor).
These activate Ras through the exchange of GDP with GTP, which then phosphorylates and
activates the PI3K [179]. Active PI3K catalyzes the conversion of PIP2 (phosphatidylinositol
4,5-bisphosphate) to phosphatidylinositol-3,4,5-trisphosphate (PIP3), a second messenger
that binds and recruits AKT to the cell membrane, which causes a conformational change
in AKT and makes it more accessible to the PDK1-mediated phosphorylation of Thr308,
followed by the phosphorylation at serine-473 by the mTOR2 complex [180]. This activation
then induces a detachment of AKT from the inner surface of the plasma membrane, and the
relocation to the nucleus where AKT isoforms phosphorylate and modulate the activity
of several transcription factors. More than 100 different effectors have been described,
including cyclin-dependent kinase inhibitor kip1 (p27kip1) through the FOXO family of
Forkhead transcription factors, glycogen synthase kinase 3 (GSK3) and cell cycle stimulators,
including cyclin D1 and c-Myc. AKT can regulate apoptosis by the inhibition of Fas ligand
(FasL), BCL2-associated death promoter (BAD), BCL-2-interacting mediator of cell death
(BIM) or BCL-2-associated X-protein (BAX), and by the degradation of p53 [181].

AKT also activates mTOR1, which has many different targets, including translation
transcription factors that initiate transcription of genes associated with cell survival and
growth and factors associated with hypoxia and angiogenesis (Figure 2) [182].

In cancer, this pathway can be dysregulated as a result of the activation of upstream
oncoproteins including RTKs, by the loss or decreased level of its negative regulators such
as the phosphatase PTEN (phosphate and tensin homolog deleted on chromosome 10),
or directly through mutation and overexpression [183].

Undeniably, this pathway is activated in a wide variety of tumors (i.e., prostate, breast,
lung and leukemia, among many others), leading to a profound disturbance of cell growth
control, metabolic reprogramming and invasion/metastasis, as well as the suppression
of autophagy and senescence [179,184–189]. Moreover, increasing evidence points to its
critical participation in the maintenance of stemness in a variety of cancers, contributing
directly to recurrence and chemoresistance [189].

In the pediatric setting, the PI3K/AKT/mTOR signaling axis has been described as ab-
normally activated in both hematologic and solid tumors, mainly as a consequence of chro-
mosomal gains amplifying the AKT1 gene (described in rare cases of leukemia) [190–192]
or the aberrant expression of PI3K isoforms [193]. Below, the involvement of this pathway’s
individual members in childhood tumors is explored.

PI3K. PI3K is a group of plasma membrane-associated lipid kinases, consisting of
three subunits: p85 regulatory subunit, p55 regulatory subunit and p110 catalytic subunit.
According to their structure and substrate specificity, these kinases are grouped into three
categories (classes I, II and III) [194,195]. PIK3CA (phosphatidylinositol 3-kinase, catalytic,
α-polypeptide), the gene encoding the p110α subunit, is frequently mutated in ~30% of
common human cancers and has been studied most thoroughly [196,197]. Although numer-
ous mutations in this gene have been described, most gain-of-function mutations cluster
around two hotspots at exons 9 and 20 [197]; however, contrasting roles for mutations
at each exon have been described depending on the tumor type [198,199]. PI3K amplifi-
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cations have also been frequently described and correlated with aggressive phenotypes,
chemoresistance and poor prognosis [200–203].

The prognostic power of PI3K alterations in childhood cancer has been less explored.
In MB, however, although no mutations have been detected [196], the p110α isoform is typi-
cally overexpressed, promoting cell proliferation, chemoresistance and migration [204–206].

Dysregulation of PI3K signaling is also considered an important player in gliomagene-
sis, with key roles in regulating cell movement and thus contributing to the highly invasive
phenotype of GBM. Compared with normal human astrocytes, overexpression of PI3K
p110 catalytic subunits, p85 regulatory subunits and phosphorylated Akt (Ser473) was
also detected in two pediatric GBM cell lines (GBM6840 and GBM2603) [206]. Likewise,
overexpression of the catalytic p110δ and regulatory p85α isoforms was also detected in a
panel of primary NB samples and cell lines with active roles in cell growth and survival.
Especially, p110δ was correlated with MYCN amplification [207]. However, this gene is
significantly lower in NB samples with loss of heterozygosity at 1p36 and associated with
poor clinical outcome [208–210].

The regulatory domain of PI3K, p55, is upregulated in sarcoma stem-like cells and
promotes invasion, migration and chemotherapy resistance [210]. In EWS, despite variable
expression levels between samples, this positive regulator has an oncogenic role [211].
Moreover, p55 analysis on a human sarcoma TMA (that includes two EWS samples) per-
formed by Yoon et al. demonstrated a 4.1-fold increase compared with normal tissues [210].

AKT (PKB). AKT or PKB (protein kinase B) is a serine/threonine kinase that functions
as an important regulator of cell growth, survival and glucose metabolism. There are three
isoforms of mammalian AKT which are encoded by different genes [212]. AKT1 and AKT2
are ubiquitously expressed and are mostly involved in regulating cellular survival and
protein synthesis, involved in glucose transport through the insulin signaling pathway,
respectively. The function of AKT3 is not yet fully understood and its expression is almost
entirely limited to the nervous system tissue [213–215]. Nevertheless, it has been reported
that despite the high similarity, AKT isoforms exert non-redundant specific effects under
physiological and pathological conditions [215].

Gain-of-function mutations in all three AKT genes have been identified in ~40% of
breast, colon, melanoma and ovarian cancers [216,217]. G49A mutations affecting the
pleckstrin homology domain of AKT1, for instance, were identified in ~5% of breast,
colorectal and ovarian cancers [217]; however, this mutation was not detected in any
of the 100 cases of GBM or 75 cases of MB analyzed by Schüller et al. in 2008 [218].
In the pediatric population, MB samples show p-AKT, and cell lines have shown to be
crucially dependent on PI3K/AKT pathway activation; however, the phenotype was
attributed to PTEN inactivation as a result of the loss of heterozygosity of chromosome 10q
or promoter [219].

In pediatric sarcomas, Akt1 has been shown to contribute to the maintenance of
the undifferentiated state of myoblasts pointing towards Akt signaling as a critical RMS
nodal point [220]. The AKT pathway is also considered to be an important mediating
survival signal in EWS [221], Likewise, an increasing body of evidence has shown that
this pathway is frequently hyperactivated in OS and contributes to disease initiation
and development, including tumorigenesis, proliferation, invasion, cell cycle progression,
inhibition of apoptosis, angiogenesis, metastasis and chemoresistance [222–224]. The AKT2
gene is significantly upregulated in chemoresistant OS cell lines [224] and tumor samples,
being significantly associated with positive recurrence, the presence of metastasis, poor
response to chemotherapy and shorter EFS and overall survival [224]. Moreover, the AKT3
isoform was evidently upregulated in OS tissues and positively associated with tumor
size [225].

AKT2 also plays an important role in NB by regulating N-myc expression. Of note,
attenuation of this AKT isoform impaired proliferation and anchorage-independent cell
growth, and decreased the secretion of angiogenic factor VEGF and decreased the potential
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to metastasize to the liver in vivo, thus implicating AKT2 in multiple aspects of NB initiation
and progression [226].

mTOR. mTOR is a serine/threonine protein kinase that forms the catalytic subunit of
two structurally and functionally distinct protein complexes, known as mTOR Complex 1
(mTORC1) and 2 (mTORC2) [227]. mTORC1 consists of mTOR, Raptor, GβL (mammalian
lethal with SEC13 protein 8) and domain-containing mTOR-interacting protein (DEPTOR),
and plays active roles in integrating various signals that specify the availability of growth
factors, nutrients and energy in order to endorse ribosomal biogenesis, protein translation
during cell growth and the expression of metabolism-related genes, while inhibiting apop-
tosis and autophagy [228]. mTORC2, on the other hand, is composed of mTOR, Rictor, GβL,
Sin1, PRR5/Protor-1 and DEPTOR, and regulates cytoskeletal dynamics, ion transport and
promotes cell proliferation and survival through the activation of Akt [229–231].

mTOR is frequently improperly activated in human cancers and results in alteration
of both mTORC1 and mTORC2 signaling pathways, leading to increased cell proliferation
and decreased apoptosis. However, among 33 mTOR activating mutations identified in
2014 by Grabiner et al. [231], those that were functionally tested in vitro conferred varying
degrees of pathway activation, and, most importantly, a few displayed some substrate
preference towards the eukaryotic translation initiation factor 4E binding protein 1 (4EBP1)
and ribosomal protein S6 kinase (S6K1), or towards AKT1, implying that such mutations
had distinct effects on mTORC1 or mTORC2. Specifically, 4EBP1 activation by mTOR1 is a
major contributor to accelerated cell proliferation or increased cell survival; the so-called
eIF4E-sensitive mRNAs code for various cell cycle and apoptosis regulators, including
cyclins D1 and D3, CDK2, MYC, PIM1, Bcl-2, Bcl-xL and VEGF, among others [232–234].

mTOR overactivation is observed in many childhood tumors, including EPN, MB and
PA, high-risk NB, WT and RB, leading to worse prognosis and survival [105,235–241].

Constitutive activation of the mTOR pathway, predominantly through mTORC2, is ob-
served in EWS, with active roles in metastasis formation [241–244]. The metastatic behavior
of OS is also dependent on the PI3K/Akt/mTOR cascade, in which mTOR contributes to
cellular transformation and poor cancer prognosis via its downstream effectors S6K1, 4EBP1
and eIF4E [245,246]. In RMS, lower disease-free or overall survival is also associated with
the activation (phosphorylation) of multiple interconnected Akt/mTOR pathways [246].
Of note, rapamycin treatment can greatly reduce the growth of cell lines derived from these
three sarcoma types [242].

GSK-3. The glycogen synthase kinase is a ubiquitously expressed serine/threonine
kinase existing as GSK-3α and GSK-3β isoforms (encoded by separate genes), both of
which are downstream effectors of AKT [247]. Differentially from other kinases, GSK3 is
one of the few whose activity tends to be high in resting cells, and exposure of cells to
growth factors, serum or insulin results in its catalytic inactivation [248].

The GSK3 kinases are pleiotropic, phosphorylate many proteins, and interact with
multiple signaling pathways [249]. These kinases can modify the activity of transcription
factors that have profound regulatory roles in cellular proliferation (such as p53 and NF-κB),
transcription factors important for epithelial–mesenchymal transition (EMT) (i.e., Snail)
and pro-apoptotic molecules including BCL2 and BAX [250]. Therefore, aberrant activity of
GSK3s can result in many diseases and disorders and influence oncogenesis and metas-
tasis [251]. However, since GSK3s are involved in a wide range of signal transduction
cascades and a plethora of cellular functions [252,253], their roles in cancer establishment
and maintenance can deviate from their chief tumor suppressor effects and also promote
neoplastic transformation [254–257]. This dichotomy is also observed in the pediatric set-
ting. Strong evidence provided by Wang et al. (2008) [257], for example, demonstrated that
GSK-3 activity is essential for the maintenance of MLL-positive leukemias. MLL rearrange-
ments are in >70% of infant leukemia, and irrespective of the translocation partner, they
are associated with poor clinical outcomes [258–260]. Alternatively, as a key suppressor of
the Wnt, Hedgehog and Notch pathways GSK3 has attracted much scrutiny. Within these
pathways, this kinase is critical in regulating the turnover of the effectors β-catenin, c-Myc
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and c-Jun, targeting them for degradation/inactivation, and this inhibits proliferation and
stem cell maintenance [250].

The literature about the prognostic value of GSK3A in pediatric cancer is scarce. No
evidence was found in the literature about its involvement in EWS, OS, RMS, WT, RB,
NB and EPN. However, its role in MB has been explored in vitro and in vivo, showing to
be important for cell proliferation and tumor growth [260], a phenotype that seems to be
similar in pediatric glioma [261].

On the other hand, the role of GSK3B is more extensively studied. In EWS, this gene
can either promote or impair tumor growth and is associated with good prognosis [262–265].
Interestingly, in OS, the same gene acts as an oncogene [265], and is associated with worse
response to neoadjuvant chemotherapy [266].

The oncogene status also occurs in alveolar RMS, where GSK3B is directly involved
in regulating the transcriptional activity of PAX3/FKHR [267] at the same time that the
chimeric protein enhances GSK3B activity, which in turn represses MYOGENIN, a member
of the muscle regulatory factor family that orchestrates the terminal differentiation step of
skeletal muscle cells [268]. GSK3B is also involved in the maintenance of undifferentiated
phenotypes in ERMS [269].

GSK-3B is highly expressed in high-risk NB; however, its expression is not associated
with clinical stage, survival or other clinicopathological parameters [270]. GSK-3B has also
been involved in the protection of NB cells against chemotherapy by regulating NF-kB
signaling [271]. In this regard, several authors have shown that GSK3 inhibitors are able to
regulate MYCN mRNA levels and reduce NB cell viability through multiple mechanisms,
including p53 and Wnt signaling, BDNF/TrkB/PI3K/Akt, suggesting that targeting this
kinase might potentiate chemotherapy [271–274].

Alternatively, a predominantly tumor-suppressive role for GSK3B is observed in MB,
in which its accumulation leads to the downregulation of GLI, the most important activator
and driver of the SHH medulloblastoma subtype [274]. Constitutive phosphorylation
leading to GSK3β activation improves cell survival and contributes to malignant transfor-
mation [275]. Dysregulated GSK3B also sustains the survival, immortalization, migration,
invasion and maintenance of stem cells in glioma [276–278].

3.1.3. MAPK Pathway

The mitogen-activated protein kinases (MAPKs) comprise a group of serine–threonine
protein kinases that control numerous cellular processes, including proliferation, differ-
entiation, apoptosis, survival, inflammation and innate immunity [278]. In mammals,
MAPKs include three main signaling axes, namely c-Jun NH2-terminal kinase (JNK), p38
MAPK and extracellular signal-regulated kinase (ERK), each of which exists in several
isoforms [279].

This pathway mediates intracellular signaling triggered by extracellular stimuli such
as growth factors and cytokines (ERK), or by intracellular stimuli such as genotoxic, os-
motic, hypoxic, oxidative or endoplasmic reticulum (ER) stress (JNK and p38), for exam-
ple [280,281].

The general cascade pattern includes initial activation of MAP4Ks (membrane-bond
GTPases such as RAS, RHO, RAN, RAB and ARF) by RTKs, which phosphorylate inter-
mediate MAP3Ks (i.e., RAF, MEKK). These then mediate phosphorylation and activation
of MAP2Ks (MEK1/2—mitogen-activated protein/extracellular signal-regulated kinases,
MKK4/7), followed by the positive phosphorylation of MAPKs (ERK1/2, p38 or JNK). Once
activated, MAPKs phosphorylate diverse substrates, including transcription factors such as
c-Jun, c-Myc, P53 and ATF2, thereby giving rise to the various cellular responses [282,283].
p38 MAPKs have also emerged as important modulators of gene expression by regulating
chromatin modifiers and remodelers [281].

Thus, compromised MAPK signaling contributes to the pathology of a wide spectrum
of human malignancies [282]. However, while the roles of JNK and p38 pathways are
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elusive [284–290], dysregulation of the RAS/RAF/MAPK(MEK)/ERK pathway explicitly
drives the oncogenic process [291].

In fact, many of the cancer-associated mutations of components of MAPK signaling
pathways have been found in RAS. Missense gain-of-function mutations in all three RAS
genes (HRAS, KRAS and NRAS) are found in ~30% of all human cancers [292–294]. Other
perturbations in GDP–GTP regulation, persistent receptor tyrosine kinase-mediated activa-
tion of GEFs, and miRNA deregulation are additional mechanisms of RAS activation in
cancer and result in constant input signals with downstream kinases [291,295].

In this regard, the frequency of genomic alterations in the MAPK pathway as a whole
parallels the direction of the signaling cascade: RAS > BRAF > MEK, and ERK mutations
are exceptionally rare [296,297].

RAF. RAF has three isoforms (ARAF, BRAF and CRAF/RAF1), sharing a high similar-
ity of domain organization. These cytoplasmic serine/threonine-specific protein kinases
are essential effectors of the MAPK pathway through the association with activated RAS.
This binding leads to their homo- or heterodimerization and activation with the phospho-
rylation of ERK.

Altered activation of RAF members results in increased proliferation in a broad range
of human tumors [298,299]. The most common gain-of-function mutation in the members
of the family occurs in BRAF codon 600, in which a valine is substituted for glutamic acid
(BRAF-V600E). This point mutation is notably widespread in pilocytic astrocytoma (15%),
melanomas (63%) and papillary thyroid carcinomas (more than 50%) [300,301]. Overex-
pression of full-length RAF or the truncated catalytic domain also leads to hyperactivated
ERK signaling, resulting in increased malignant behavior [302].

ERK1/2. ERK1 and ERK2 are the prototypes of the eight isoforms of ERK and are
activated by MAPK/ERK kinase (MEK) 1 or 2. Upon activation, ERK detaches from cy-
toplasmic anchoring proteins and translocates to the nucleus to exert its transcriptional
regulation. Despite the well-recognized importance of ERK activation in cancer malig-
nancy, mutations in these genes have rarely been reported as drivers in human cancers.
Nonetheless, The Human Protein Atlas classifies them with enhanced expression compared
to normal tissues.

The most compelling evidence of MAPK activity in cellular processes contributing
to the development and progression of childhood tumors is represented by the duplica-
tion/rearrangement of BRAF at 7q34 leading to KIAA1549:BRAF fusion product, which is
the most common molecular alteration in sporadic PA, occurring at the highest frequency
in tumors of the posterior fossa [303–305]. ERK2 was identified as differentially expressed
in tumor samples compared to normal tissues [306]. RAS/MAPK activation was associated
with metastatic disease in MB [307,308]. Associations of ERK hyperexpression with distant
metastasis and poor overall survival were also reported for childhood sarcomas, including
RMS and OS [309–312]. For other pediatric tumors, activation of this pathway results from
their interaction with dysregulated microRNAs [313,314].

3.1.4. Cell Cycle Kinases

The cell cycle is a complex and well-ordered series of irreversible events through
which a cell duplicates its DNA and grows to produce two daughter cells with identical
genomes [315,316]. Transitions from one state to the next are driven by many oscillating
regulators that determine whether cells proceed through G1 into the S phase, and from
G2 to M, each of which are characterized by distinct molecular features and functional
outputs [317]. Central to this process are the cyclin-dependent kinases and other key
regulators such as kinases from the Polo and Aurora families.

Cyclin-Dependent Kinases

Cyclin-dependent kinases (CDKs) comprise 13 key regulatory enzymes involved in
cell proliferation through the regulation of cell cycle checkpoints and transcriptional events
in response to extracellular and intracellular signals. These intracellular serine/threonine
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kinases, whose catalytic activities are regulated by interactions with the adaptor molecules
cyclins and CDK inhibitors (CKIs), orchestrate the evolution through the sequential phases,
including entry into the cell cycle from quiescence, the G1/S phase transition, DNA replica-
tion in the S phase, nuclear breakdown, chromosome condensation and segregation, and
cytokinesis [318].

CDKs coordinate cell cycle regulation at different stages to ensure the coherence,
integrity and maintenance of every step in a sequential manner. CDK1 and CDK2, for in-
stance, are necessary to direct the transition from S to G2, but only CDK1 governs the G2/M
transition and mitotic progression [319]. Other CDKs regulate the cell cycle indirectly by
activating other members of the family (CDK7, CDK20) or transcription (CDK7, CDK8,
CDK9, CDK12, CDK19) [320,321].

Changes in the expression and regulation of CDKs induce unscheduled prolifera-
tion and chromosomal instability, well-known hallmarks of cancer and tumor aggressive-
ness [322–327]. Amplification or mutation of genes encoding CDKs, cyclins or endogenous
inhibitors of CDKs have been described in many solid cancer types, and are recurrent events
in the development of breast cancer [328] and GBM [329], for example. Such alterations are
also described as molecular drivers in childhood tumors [330–334].

CDK1. Cyclin-dependent kinase 1 (CDK1) is vital in governing cell division and
transition from G2 to the M phase [335]. Its dysregulation is common in many tumors of
diverse origins, leading to chromosomal instability via replication stress and enhanced
proliferation of cells. A recent pan-cancer integrative analysis based on TCGA and GTEx
databases performed by Liu et al. (2022) showed that CDK1 expression levels are increased
in many tumor types when compared to normal tissues and are generally associated with
poor clinical prognosis [336]. For example, CDK1 expression is positively and highly associ-
ated with advanced cancer stages in lung and endometrial cancer [337,338]. Similar results
were reported for other tumors, such as breast [339–341]. Moreover, CDK1 expression is
positively correlated with the expression of the stemness marker SOX2, indicating a direct
action on tumor maintenance and chemoresistance [342,343].

Regarding pediatric tumors, this kinase is associated with lower overall survival
and EFS rates in EPN [344,345], RMS [346,347] and NB [348]. In silico analyses have also
demonstrated that CDK1 is differentially expressed in RB [349] and plays a key role in the
development of OS, since its negative regulation or depletion leads to significant decreases
in proliferation while inducing apoptosis [350–353].

Furthermore, according to the literature, a well-described relationship exists between
CDK1 and EWS, WT and high-grade gliomas (HGG). Specifically, this kinase expression
has been directly associated with tumor progression [354], being considered a hub gene for
GBM [355].

CDK2. Cyclin-dependent kinase 2 (CDK2) drives the entry of cells into the S and M
phases of the cell cycle. Except for a few exceptions (i.e., testis), the majority of normal
tissues have low expression of this serine/threonine kinase [356], and its activity is not
essential for normal development [357]. However, CDK2 has been associated with cancer
progression and aggressiveness across several malignancies [339,358], contributing not
only with genomic instability and under-replication of DNA in the late S phase [359]
but also through interactions with other proteins in a wide range of biological processes
such as DNA damage response, intracellular transport, protein degradation and signal
transduction, among others. Differentially from other kinases, several investigations have
demonstrated that CDK2 is not upregulated or amplified; instead, its dysregulation results
from altered binding partners or alterations due to post-translational modifications [360].
In tumors with MYCN overexpression, as is the case of NB, interaction with CDK2 appears
to be critical for senescence avoidance and immortalization [361], being associated with
worse prognosis and considered a suitable therapeutic target in this tumor type [362,363].
CDK2 inhibitors effectively induced cell cycle arrest or apoptosis in MYC-driven MB [364].

The literature also shows overexpression of CDK2 in HGG compared to normal tissue
and low-grade forms, with a direct association with worse prognosis due to immune cell
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infiltration [365]. Moreover, this kinase plays a central role in the development of NB. Even
though there is no well-established relationship between this kinase and the development
of this tumor type, Zhang et al. (2016) [366] demonstrated that the inactivation of TAZ (a
biomarker of aggressiveness in RB through miR-125a-5p) inhibited proliferation and tumor
formation by decreasing cyclin E and CDK2 expression [367]. Similarly, although there is
no clear and explicit description in the literature about the relationship of this kinase with
RMS, Knudsen et al. also discussed the relationship between sustained CDK2 levels in
RD cells irrespective of the exposure of cells to differentiating culture media, explaining
the inability of those cells to arrest growth and thus contributing to oncogenesis [368].
Moreover, there are reports of apoptosis induction in several sarcoma cells after CDK1 and
CDK2 co-depletion [369,370]. Of note, in a microarray-based study, CDK2 was found to be
overexpressed and associated with poor prognosis in EWS [371].

CDK4/6. Cyclin-dependent kinases 4 and 6 are highly homologous key components
of the cell cycle to drive the passage from G1 to S phase. Upon interaction with any D-type
cyclin (CCND1, CCND2 or CCND3), these interphase kinases phosphorylate Rb to release
E2F from Rb and initiate the transcription of genes required for cell cycle progression.
Besides proliferation, other roles of cyclin-D/CDK4/6 have been confirmed, including the
regulation of senescence, apoptosis, migration/invasion and angiogenesis [372].

Consequently, the complex CCND/CDK4/6 shortens G1, and hence, its constitutive
activation represents a driving force of tumorigenesis. These proteins are generally concur-
rently studied and, in many cases, they present themselves with similar patterns, being
simultaneously dysregulated [373,374].

CDK4 was identified as a major risk factor for disease progression in Paget’s dis-
ease [375] and its overexpression and/or hyperactivation is implicated in many types of
human cancers [376–381]. Point mutations at the CDK4 locus (CDK4R24C) have also been
reported [382].

Co-overexpression of both CCND1 and CDK4 is common in hepatoblastoma, a rare
malignant liver tumor of childhood, and usually positively correlated with tumor recur-
rence [383]. In parallel, enhanced kinase activity of CDK6 has been associated with other
childhood tumors [384]. This kinase plays an important role during hematopoiesis and is
frequently altered in hematological malignancies of different immunophenotypes [385,386].
MLL-AF9 oncofusions in myeloid leukemia, for example, induce high CDK6 levels, acting
as a blocker of myeloid differentiation and contributing to the maintenance of an immature
phenotype [387]. This MLL fusion-driven activation of CDK6 (through MLL-AF4 and
MLL-ENL) has also been described in infant leukemia [388].

Likewise, CDK4 and CDK6 have been described with similar frequencies in WT
compared to normal mature kidneys, even though only CDK4 showed correlation with
relapse [389]. However, a more recent study by Haruta et al. (2019) showed that WT
samples with chromosome 12 trisomy does indeed show upregulation of this kinase,
but that stronger expression is associated with better overall survival [390].

Activation of the CDK4/6 pathway is also a powerful driver of sarcomagenesis [391].
Amplification of 12q13-15 also occurs in OS, and a recent copy number analysis of pediatric
high-grade OS detected a recurrent gain of chromosome 12q14.1 in ~25% of samples, which
resulted in CDK4 overexpression. In vitro, higher expression of CDK4 was considered a
predictive biomarker for resistance to cisplatin [392]. Indeed, elevated CDK4 expression
is correlated with metastasis potential and poor prognosis in this tumor type [393–395].
Consistent with these findings, a recent study demonstrated that about 50% of OS samples
present CDK4 somatic variants, 9.5% of which were identified as gain-of-function CNVs
correlated with metastasis and death [396].

The inhibition of CDK4/6 also represents a promising precision medicine-guided
therapy for other childhood sarcomas. A parcel of PAX3/PAX7-FOXO1-positive RMS
tumors with amplification of the chromosomal region 12q13-q14, for example, also presents
elevated CDK4 levels relative to non-amplified, fusion-negative forms [397,398]. In ad-
dition, in Brazilian cohorts, amplification or overrepresentation of CDK4 was evinced
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through qRT-PCR and immunoreactivity in both forms of RMS (ERMS and ARMS), along
with several leiomyosarcoma samples [399,400]. Similarly, using a human TMA, Saab et al.
(2007) demonstrated CDK4 expression in 82% of ARMS and 63% of ERMS tumors [401].
CDK6 was detected at high levels in six RMS-derived cell lines, reinforcing the prospects
of its inhibition as a therapeutic opportunity [402]. In a similar manner, a shRNA-based
screening demonstrated that CDK4 (together with CCND1) is required for survival and
anchorage-independent growth in EWS [403].

More recently, a systematic evaluation of CDK4/6 as targets in a series 16 pediatric
cancer types indicated that further preclinical evaluations are still needed to affirm the
dependence of tumors on CDK4/6. Nevertheless, the results provided evidence for benefits
in EWS, malignant peripheral nerve sheath tumors and MB [391]. Of note, within MB
subgroups, CDK6 and CDK14 co-amplifications were identified in 20% samples from
patients with relapsed group-4 MB [330].

Shubert et al. (2022) also pointed out that patients with atypical rhabdoid
tumor/malignant rhabdoid tumor, NB or HGG may also benefit from anti-CDK4/6 ther-
apy [391].

CDK4 and CDK6 are both highly expressed in NB compared to normal tissues [404].
Moreover, like CDK2, CDK4/CDK6 exert oncogenic roles in this tumor type, especially in
MYC-amplified forms [405]. Additionally, when co-amplified with MDM2/FRS2, CDK4
and CDK6 are associated with poor prognosis and atypical clinical features, including
poorly differentiated or undifferentiated histology and metastasis at diagnosis and at
relapse [406].

In line with Schubert et al. (2022) [391], CDK4/6 upregulation also plays an important
role in the pathogenesis and progression of high-grade gliomas with potential actionabil-
ity [407–409]. However, the use of CDK4/6 inhibitors alone did not show satisfactory
results, suggesting the use of combinatorial intervention [410].

CDK4 was likewise found overexpressed in EPN and associated with adverse out-
comes [411]; accordingly, its inhibition restricted cell proliferation and reduced the expres-
sion of genes associated with the cell cycle and DNA repair (CCNB1, TOP2A, CDK2, BRCA1
and RAD51), and induced morphological changes that culminated in cell death [412].
Considering EPN subgroups, De Almeida Magalhaes et al. (2020) showed that CDK6
is overexpressed in ST-EPN-RELA tumors compared to other ST-EPN subgroups [413],
even though others have suggested that the dysregulations of the p16-CDK4/6-pRB-E2F
pathway might also compose the genetic background underlying the aggressive biology of
posterior fossa EPN in infants less than 1 year old [414].

CDK5. The cyclin-dependent kinase 5 (CDK5) represents an unusual member of
the family of cyclin-dependent kinases, which is activated upon binding to p35 and p39
proteins, which are not cyclins. Conversely, interactions with CCND1 or CCND can attenu-
ate CDK5 activity [415]. CDK5 is expressed ubiquitously, but with higher activity in the
nervous system, participating in neuron migration, neurite outgrowth and synaptogenesis.
Nevertheless, increasing evidence points to a diverse array of functions in other tissues,
ranging from cell proliferation to cytoskeleton remodeling and cell motility by regulating
actin dynamics [416–418].

Apart from neurodegenerative disorders, amplification and increased expression of
CDK5 have been described in multiple tumor types and are associated with worse prognosis
and stemness [419–431]. Mutations located in key domains of CDK5 that influence its
structure and post-translational modifications have also been described as contributors to
tumorigenesis [432].

The participation of CDK5 in pediatric tumors is purported; however, the stimulation
of cancer-related signaling pathways by this kinase remains obscure, and reports are scarce.
CDK5 was found to be hyperactivated in NB and its inhibition resulted in cell cycle arrest
and morphological differentiation [433,434]. Moreover, as a crucial regulator of neuronal
signal transduction, CDK5 can be found differentially expressed in gliomas, progressively
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augmenting with tumor grade, suggesting an active role not only in tumorigenesis but in
aggressiveness as well [424,435,436].

CDK5 also appears to be a central regulator of OS tumorigenesis, with high levels
of expression being associated with low survival and increased angiogenesis [437,438].
Interestingly, CDK5 also plays a role in osteoblastic differentiation. Fu et al., for example,
demonstrated that CDK5 inhibition promotes the expression of Runx2, ALP, OCN and
OPN in mesenchymal stem cells, the mineralization of MC-3T3E1 cells and suppresses
the migration of the OS cell line MG-63 [439]. Additionally, the CDK5/p35 complex
strongly inhibits the Wnt/beta-catenin signaling pathway, also able to stimulate osteoblastic
differentiation [440].

The WNT pathway defines a molecular subgroup of MB [441]; thus, it may be assumed
that CDK5 might also contribute to this tumor malignancy. In fact, Cdk5 expression has
been demonstrated in different MB cell lines and in a reduced cohort of patients; however,
its deletion did not alter proliferation, reflecting the more favorable prognosis of MB with
WNT activation [441]. Nevertheless, a role for CDK5 in tumor immune evasion through
the regulation of PD-L1 was suggested [442].

CDK7/9. Cyclin-dependent kinase 7 (CDK7) and 9 (CDK9), apart from directing cell
cycle progression, have critical roles in transcription initiation and elongation as regulators
of the phosphorylation of the carboxy-terminal domain (CTD) of RNA polymerase II (CDK7
is a component of TFIIH, and CDK9, a subunit of pTEFb) [443–445]. CDK7/9 also controls
many transcription factors, functioning to either promote their activity and/or regulate
their turnover [445]. Recently, other uncovered transcription-associated functions have
been revealed, including epigenetic modifications and mRNA-3′ termination [446–448].

CDK7/9 levels are elevated in several cancer types and are associated with clinical
outcomes [449–455]. In many cases, they can indirectly impact gene expression profiles by
aberrantly controlling the functioning of transcription factors that are critical in specific
tumor types, as is the case of estrogen- or androgen receptor-mediated transcription in
breast and prostate cancer, respectively [449,456,457]. MYCN-dependent transcription can
also be affected, as demonstrated in NB cells, or contribute to histone-3 methylation in
diffuse intrinsic pontine glioma (DIPG) [445,458].

With regard to other pediatric tumors, CDK7 has been shown to be upregulated in
a panel of OS cell lines and tumor samples, being associated with worse prognosis and
higher metastasis rates [459]. Accordingly, CDK7 knockdown in SJSA-1 cells reduced
phosphorylation of the RNAPII CTD and reduced tumor volume and weight in xenograft
models compared with tumors derived from wild-type cells [460]. Similarly, higher levels
of expression of CDK9 have been associated with lower Huvos grade and lower survival
rates, characterizing this kinase as a suitable therapeutic target, as determined through
siRNA assays [461,462].

Descriptions about the relationship between CDK7 expression and EPN, RMS, EWS,
WT, RB and NB are rare. Nevertheless, the use of THZ1 (CDK7 inhibitor) has exposed
positive scenarios, considering that EWS cells are sensitive to this compound and that
reduced EMT capacity of RB cells is observed after treatment [463,464]. In contrast, CDK9
kinase is widely expressed in RMS, where it impedes the physiological cellular differentia-
tion [448,465–467]. Additionally, inhibition of CDK9 demonstrated a general disruption
of transcription [465]. Similarly, this kinase is widely expressed in pediatric sarcomas,
such as EWS, and its pharmacological inhibition (PHA-767491) enhanced the mithramycin-
mediated suppression of the EWS-FLI1 transcriptional program, leading to a shift in the
IC50 and striking regressions of mouse xenografts. Furthermore, this kinase is upregulated
in NB, increasing with the degree of differentiation of the tumor [468]. Of note, Poon et al.
(2020) demonstrated that CDK9 inhibitors are able to downregulate MYCN to varying
degrees and to induce apoptosis, as detected by induction of poly (ADP-ribose) polymerase
(PARP) cleavage [469].
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Polo-Like Kinases

Polo-like kinases (PLKs) comprise a highly conserved multifunctional family of kinases
of five members: PLK1, PLK2, PLK3, PLK4 and PLK5 [470–472]. These serine/threonine
kinases are traditional controllers of cell cycle progression, with major roles in the formation
of the mitotic spindle, chromatid separation, regulation of the anaphase-promoting complex,
DNA damage response and cytokinesis [472,473]. Structurally, these proteins share an
N-terminal highly conserved catalytic domain and a regulatory domain fundamental
to the functionality and localization of PLKs, called Polo-Box (PBD) and located at the
C-terminus [474].

PLKs are differentially expressed depending on the tissue and cell cycle phase [475].
Alterations in the expression of PLK genes have already been described in different types
of cancer (breast, OS, leukemia, gliomas, among others) and have generally been correlated
with dismal prognosis [476].

PLK1. PLK1 is the most studied member of the family. This protein plays key roles
at different points of the cell cycle, especially during the progression of mitosis [477].
Nevertheless, other non-mitotic functions such as cell survival, genomic maintenance, cell
fate and DNA damage control are also regulated by PLK1 through the interaction of with
effector pathway components, including the oncogenes AKT, MYC, MDM2, B-catenin and
the tumor suppressors P53, PRB, BRCA2 and PTEN [478,479].

A plethora of studies have firmly established the active role of this kinase in oncogen-
esis and its prognostic value along with its potentiality as a therapeutic target [480–486].
Childhood cancer is not an exception. Higher levels of PLK1 have been observed in a
variety of cell lines, including EWS, OS, NB and RMS [483,484]. Moreover, this protein
has been described as overexpressed in MB samples, where it is associated with higher
recurrence and lower survival rates [487,488]. Furthermore, other studies have validated
this positive correlation between PLK1 expression and higher cell proliferation in, mainly in
undifferentiated tumors with the presence of massive choroidal invasion [205,476,489–491].
PLK1 overexpression is also present in unfavorable NB and associated with poor prognostic
markers such as lower age at diagnosis and MYC amplification [492]. This interaction
between PLK1 and MYC has also been observed in OS, in which the kinase contributes to
MYC stabilization [493].

Aurora Kinases

Three members of the Aurora family of serine/threonine kinases have been identified
in humans: Aurora kinase A (AURKA), Aurora kinase B (AURKB) and Aurora kinase C
(AURKC). These kinases (named after the resemblance or their localization to the poles
of the mitotic spindle to the way aurora borealis are observed at one of the poles of the
earth) have pivotal parts in the execution of mitosis (AURKA and AURKB) and meiosis
(AURKC), and even exerting conserved function, they cannot fully compensate for the loss
of one another [494,495].

AURKA. Aurora kinase A is involved in the centrosome maturation process and
promotes the transition from G2 to mitosis. AURKA levels increase along late S and G2
phases and reach a higher peak in mitosis, followed by proteasome-dependent degrada-
tion [496,497]. This kinase is early localized at the centrosome and regulates the progression
of mitosis by phosphorylation of multiple substrates, promoting mitotic entry through
the activation of Cyclin-B/CDK1 [498]. Moreover, AURKA progressively associates with
the mitotic poles and the adjacent spindle microtubules, contributing to chromosome
separation and bipolar spindle [499,500].

Among the three human aurora kinases, AURKA has been the family member most
consistently associated with cancer. Amplification of the chromosomal region 20q13 where
the AURKA gene is located is commonly observed in cancer cells [501–503]. Nevertheless,
according to Mou et al., almost 90% of tumors present in the TCGA database show AURKA
overexpression [504]. Indeed, high levels of AURKA expression can endorse abnormal cell
cycle progression, resulting in genomic and chromosomal instabilities, which are hallmarks
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of highly proliferative tumors [505,506]. Thus, AURKA expression not only enhances
proliferation, but may also influence other processes, including apoptosis evasion, EMT,
drug resistance and metastasis [507–517].

Besides AURKA mitotic functions, other non-canonical and kinase-independent activ-
ities have been gradually discovered in cancer cells. After mitosis, most AURKA proteins
degraded, but a remnant population may be still detected inside the nucleus, pointing to
the possibility that the kinase could work as a transcriptional regulator [518]. In this regard,
AURKA overexpression has been associated with the upregulation of stem cell markers
such as SOX2 and NANOG, imposing participation in the maintenance of the self-renewal
capacity of cancer stem cells (CSCs) [519].

In pediatric tumors, AURKA polymorphism rs8173 G > C has shown to decrease WT
risk [520]. Conversely, AURKA plays an active role protecting MYCN from ubiquitiny-
lation and proteolysis in NB, thus contributing to more aggressive phenotypes and poor
survival probability [521,522]. Moreover, this role has also been described in RMS, where
AURKA not only stabilizes MYC but also PAX3-FOXO1 [523]. Moreover, in this tumor
type, AURK is overexpressed and considered a key factor in the observed aneuploidy and
chromosomal instability [524]. AURKA is also closely related to the oncogenic process of
EWS and is considered a chemotherapy resistance and may act as a potential biomarker for
prognosis [525,526].

AURKA overexpression has also been associated with OS, as many cell lines are
highly sensitive to its inhibition [527,528]. Similar patterns have been seen for WT, where
AURKA inhibition impaired tumor growth and induced apoptosis both in vitro and in vivo;
however, such effects were improved in RB1-deficient cell lines compared to those with
MYC amplification [529].

Moreover, expression profiling of pediatric brain tumors has shown that AURKA
was consistently and highly overexpressed (up to 106-fold) in tumor samples from all
glioma grades and from patients varying from 4 months to 82 years old; however, mRNA
expression showed only weak correlation with the Ki-67 labeling index, and significant
associations with poor patient survival were only observed for GBM [530]. Overexpression
of AURKA is also linked with survival in MB patients [531].

AURKB. The second member of the family, Aurora kinase B (AURKB) is one of the
most intensively studied kinases because it provides catalytic activity to the chromosome
passenger complex (CPC), formed by AURKB, INCEP (inner centromere protein), survivin
and borealin (Cell 2002;13:3064–77). The CPC governs highly different processes, such
as chromosome alignment, histone modification and cytokinesis [532–535]. Additionally,
AURKB kinase activity is essential for faithful chromosome segregation and functions
to correct any improper kinetochore attachment to the spindle [532,536–538]. Finally,
Aurora kinase B (AURKB) is also essential in mitotic DNA damage response, protecting
against DNA damage-induced chromosome segregation errors, including the control
of abscission checkpoint and prevention of micronuclei formation [539]. Consequently,
AURKB dysregulation results in aneuploidy and genomic instability and in turn promotes
cell cycle progression and survival of cancer cells [540–543]. Indeed, expanding evidence at
the gene, mRNA and protein levels supports a carcinogenic role of AURKB. Overexpression
has been reported in clear cell renal cell carcinoma (RCC) and cervical carcinoma, among
many others, with clear associations with clinicopathological parameters such as stage and
tumor volume, chemoresistance, tumor progression and poorer survival [544–553].

In the pediatric setting, overexpression of AURKB was closely correlated with poor
prognosis and carboplatin resistance in NB patients [552,554]. Similar profiles were ob-
served for pediatric ALL and AML patients, especially in T-cell and E2A-PBX1-translocated
ALL cases. Further in vitro assays demonstrated that AURKB is an essential protein for the
proliferation and survival of acute leukemia cells [555].

The importance of Aurora kinases as potential therapeutic targets for childhood brain
malignancies is highlighted by AURKB being highly and consistently overexpressed in
the majority of high-grade gliomas, but despite reflecting the presence of aneuploidy,
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at least in EPN, it did not emerge as a prognostic factor [556,557]. For other tumor types,
however, data about the prognostic value of AURKB are less explored and primarily rely
on experimental assays using pharmacological inhibitors. In this context, OS, EWS and RB
are included [558–560].

AURKC. Differentially from AURKA and AURKB, Aurora kinase C (AURKC) is
limited to cells that undergo meiosis (sperm and oocyte). This kinase is located on human
chromosome 19q13.43, regulated by promoter methylation and when expressed in germ
cells, can undergo alternative splicing resulting in three protein variants [561–563]. As the
major enzymatic component of the CPC during meiosis, it plays a specific role during
human female meiosis and preimplantation embryo development [564].

A body of evidence shows that overexpression of AURKC in mitotic cells leads to
centrosome amplification and multinucleation [565]. Its upregulation and other CPC com-
ponents occur in cancer cells and may correlate with clinical characteristics [566,567]. In line
with this, AURKC is overexpressed in tumors of the reproductive system and in breast
and prostate cancer cell lines [568,569]. Nevertheless, varying degrees of CpG islands
hypermethylation leading to lower AURKC mRNA levels have been described in WT,
suggesting that this kinase might not be of importance in this childhood tumor [570]. Like-
wise, AURKC expression was not associated with survival or risk status in neuroblastoma
patients [571]. In OS, knockout of AURKC displayed no changes in cell proliferation, mi-
grated less and formed fewer colonies in soft agar compared to wild-type cells. Moreover,
whole-transcriptome sequencing revealed over 400 differentially expressed genes which
included genes encoding proteinaceous extracellular matrix components, suggesting that
therapeutics targeting this aurora kinase isoform could decrease cancer cell metastasis and
disease progression, the most limiting characteristic of survival [572].

3.2. In Silico Analysis of Different Kinases Expression and Their Association with Clinical Prognosis

According to our systematic in silico analysis of the selected group of kinases, com-
parisons of expression patterns between pediatric tumors and normal samples showed
varying results, and despite what was expected from the data already published, few com-
monalities were found (Figure 3A,B, Supplementary Table S1). Considering CNS tumors,
overexpression of AKT1, AURKA, CDK2 and CDK7 was observed in EPN and MB, but not
in PA. Similarly, EPN showed higher levels of CDK1, CDK4, EGFR, KDR and MET, while for
MB, the upregulation of FGFR2, FGFR4 and MAPK1 was highlighted. Conversely, EPN
samples demonstrated low levels AKT3 and FGFR1, while CDK1/4/6, FGFR1/3 and AURKB
were downregulated in MB tissues. PA, on the other hand, exhibited high levels of only
ALK and FGFR1, and downregulated genes included AKT3, AURKB, CDK5, EGFR, FGFR2,
FGFR4 and MAPK1.

Neuroblastoma was the tumor type with the more reduced number of hub genes.
In this tumor type, CDK6 and FGFR2 were less expressed than in normal tissue, whereas
CDK7, MET, ALK and AURKB stood out as upregulated in tumor samples. Concomitantly,
RB showed high levels of AKT3, ALK, AURKA, AURKB, CDK1, CDK2 and FGFR2 genes
and low levels of CDK6, CDK9, EGFR, KDR and MET.

Among sarcomas, RMS was the tumor type with the most altered kinase profile,
including high levels of AKT3, ALK, AURKA, AURKB, CDK4, CDK5, CDK6, CDK7, GSK3B,
PLK1 and all FGFR. Then, AKT2, EGFR, FGFR4 and GSK3s (A and B) showed higher
expression in EWS, contrasting the low levels of ALK, AURKs (A and B), CDKs (1, 2,
4, 5 and 9) and FGFRs (1, 2 and 3). Finally, our analysis of OS samples demonstrated
upregulation of the receptor genes EGFR and FGFR (1, 2 and 4), as well as CDK9 and
GSK3A. Alternatively, CDK6/7, AURKA/B and AKT3 had low expression profiles.

Notwithstanding, further analysis showed that, in the same line as reported in the
literature, the expression of most of the selected kinases is indeed associated with clinical
features of worse prognosis, including associations with MYC amplification in NB and
molecular subtypes in MB, and metastases in bone sarcomas (Supplementary Table S2).
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Figure 3. (A) Polar plots of differentially expressed kinases in pediatric tumors obtained through the
analysis of available data on the R2: Genomics Analysis and Visualization Platform (http://r2.amc.nl
(accessed on 15 October 2022)). Tumor abbreviations: EPN—ependymoma; EWS—Ewing sar-
coma; MB—medulloblastoma; NB—neuroblastoma; OS—osteosarcoma; PA—pilocytic astrocytoma;
RB—retinoblastoma; RMS—rhabdomyosarcoma. p-values are represented by differential coloring
gradients. The external inner circle corresponds with “tumor versus normal tissue” results. The other
concentric layers represent data related to associations with clinical features: metastasis, death,
molecular subgroup (MB), MYC status (NB) and Huvos grade (OS). For actual p-values, refer to
Supplementary Table S2. (B) Percentage of tumors with altered expression of each kinase. Few
commonalities were found.

4. Kinases as Druggable Targets—Evidence and Limitations

The gradual advancements in genetics and biochemistry during the second half of
the last century not only contributed to the better understanding of molecular events
underneath signaling pathways in both natural and pathological settings, but also laid the
foundation for the development of modern targeted agents. Perhaps the most expressive
example of that trajectory involves chronic myeloid leukemia and the “Philadelphia chro-
mosome”. After its simple description (250 words) by Nowell and Hungerford, it took
a decade to properly identify the chromosome pairs involved in the translocation [573].
It was only after the introduction of the G-bands by Marina Seabright that Janet D. Row-
ley from the University of Chicago that it was possible to identify the little chromosome
as a result of the reciprocal translocation between chromosomes 9 and 22, specifically,
t(9;22)(q34;q11) [574,575]. However, its molecular characterization only came to light
between 1982 and 1984 [576–578], demonstrating the in-frame juxtaposition of the ABL
oncogene (on chromosome 9) with the BCR gene (on chromosome 22), resulting in the
hybrid BCR/ABL gene that gives rise to a chimeric protein with high tyrosine kinase activity
and with a critical role in the development of leukemia [579]. Later, the discovery of this
tumor-specific protein led to development of imatinib mesylate, providing an incredibly
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successful treatment that converted a fatal cancer into a manageable chronic condition,
and pioneered an era of target-directed therapy [580].

More recently, the emergence of integrative laboratorial methods such as kinome-
wide siRNA screens, next-generation sequencing (NGS) and phosphoproteomics have
dramatically intensified the assortment of kinase inhibitors for the treatment of human
cancers, currently accounting for about a quarter of all drug discovery research and
development efforts.

Moreover, the increasing number of databases and analytical and visualization tools
has facilitated advanced drug discovery not only by gathering information about the
prognostic value of specific genes in oncology, but also it is now possible to access chemical
structures and docking, affinities and structural features of approved small-molecule
inhibitors in more easily, accessible and systematic ways, thus accelerating the discovery
and optimizing screening to more direct translational assays.

In this regard, to further illustrate the importance of the selected kinases’ dysreg-
ulation in the pathophysiology of pediatric cancer, other bioinformatic tools were used
(Supplementary Figure S2). As a first step, we analyzed the vulnerability of different
cancer cell lines against their inhibition through the Cancer Dependency Map portal
(http://depmap.org accessed on 14 December 2022), a platform that provides information
about how dependent different cell lines are on a specific gene depletion based on CRISPR
and RNAi knockout experiments. The results are presented as a score generated by the
platform itself: greater than zero (>0) indicates that the cell line is not dependent, less than
zero (<0) indicates that the lineage is dependent and scores below −1 indicate that the
analyzed gene is essential for the survival of the cell lineage.

Initial screening showed that all or most cell lines are dependent on the kinases ana-
lyzed, with comparable scores between adult or pediatric origins (Figure 4; Supplementary
Table S3). Interestingly, a similar pattern occurs across the different tumors, irrespective
of histology. Almost 100% of the cell lines are highly dependent on cell cycle kinases,
especially AURKA/B AURKB, cyclin-dependent kinases CDK1 and CDK7/9, and PLK1.
Cell lines were also highly dependent on mTOR. Conversely, cell lines were less vulnerable
to the depletion of AURKC, AKT3, GSK3A and FGFR3, with more than 50% of cell lines
presenting scores above 1 (in line with published data reviewed above).

Then, aiming to further exemplify information on individual kinase-targeted com-
pounds and their analogs, we performed a search through the CanSAR knowledgebase
(http://cansar.icr.ac.uk accessed on 14 December 2022), an integrative platform that com-
piles multidisciplinary data and provides useful drug discovery predictions. The analysis of
predicted compounds for our selected group of kinases showed more than 55,000 potential
compounds that are able to target RTK, with EGFR and VEGFR representing the most
druggable ones. As shown in Figure 5, FDA-approved drugs are already identified for all
the RTKs, and more than 20 additional drugs are being studied as novel clinical candidates.

For PI3K, although the CanSAR analysis revealed more than 20,000 potential com-
pounds, only the mTOR inhibitors perhexiline and everolimus are described as FDA-
approved drugs. Nonetheless, 15, 4 and 2 clinical candidates are being investigated as spe-
cific inhibitors for mTOR, AKT1 and GSK3B, respectively (Supplementary Figure S3). Ap-
proved drugs for MAPK are also scarce, including only sorafenib, regorafenib, dabrafenib
and encorafenib, all of which target RAF1. For this specific kinase, CanSAR identified 4764
promising compounds and three clinical candidates (Supplementary Figure S3). Among the
cell cycle kinases, CanSAR identified only approved drugs targeting CDK4 and CDK6.
However, many clinical candidates (more than 15) targeting the other kinases of this group
are being studied. According to the platform, cell cycle kinases are the second druggable
category of kinases with the highest number of compounds described as potential specific
drugs, totaling more than 48,000 (Supplementary Figure S3).
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Figure 4. Percentage of pediatric cell lines dependent on the selected group of kinases. Dependency
data were imported from the DepMap consortium (CRISPR (DepMap 22Q2 Public + Score, Chronos;
https://depmap.org/ portal/ (accessed on 30 October 2022)) and classified as highly dependent,
dependent or not dependent. The data were plotted on a histogram where it is possible to see the
vulnerability of pediatric cell lines mainly to cell cycle kinases and PI3K/AKT/mTOR families. Cell
lines selected included Ewing sarcoma (EWS), osteosarcoma (OS), glioma (GB), medulloblastoma
(MB), neuroblastoma (NB), neuroblastoma (NB), retinoblastoma (RB) and rhabdomyosarcoma (RMS).
Dependency scores for each cell line are shown in Supplementary Table S3.
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Figure 5. (A) Schematic illustrations of RTK druggability identified by the CanSAR database, includ-
ing the total number of compounds with predicted interaction capacity with each kinase, as well
as FDA-approved drugs and clinical candidates. (B) Interaction networks of RTK inhibitors and
associated binding proteins according to STITCH (search tool for known and predicted interactions
between chemicals and proteins available at http://stitch.embl.de (accessed on 1 November 2022)).
Compounds are represented as pill-shaped nodes, while proteins are shown as spheres. Small nodes
represent proteins of unknown 3D structures, while large nodes show proteins with known or pre-
dicted structures. Nodes that are associated with each other are linked by an edge: thicker lines
represent stronger binding affinities. Networks were constructed considering a minimum required
interaction score of 0.700, and based on associations reported in curated databases (gray lines), or on
both databases and experimental/biochemical data (green lines). Purple lines represent functional
links between proteins.

Further, for compilation of the preclinical results on kinase inhibitors, and considering
that information in the literature often appears scattered and fragmented, the following sec-
tion shows published evidence for (1) solid tumors that showed differential gene expression
through in silico analysis (refer to Figure 3), (2) compounds considered “FDA approved”
or with “clinical promise” and (3) compounds that have been assessed in vitro or in vivo
before entering clinical trials. Thus, in the following subsections, experimental data on
individual kinase inhibitors are detailed within each category. For further information, see
Supplementary Table S4.

4.1. RTK Inhibitors

Erlotinib (Tarceva®). This compound is a quinazoline derivative that selectively and
reversibly inhibits EGFR [581]. Erlotinib is an FDA-approved drug for the treatment of
NSCLC and pancreatic cancer in combination with gemcitabine chemotherapy [582]. In the
pediatric setting, this inhibitor has shown contrasting results. As monotherapy, Erlotinib
was not efficient in reducing cell growth in a panel of NB cell lines, albeit effective indi-
rect responses were obtained in xenograft tumors [583]. Similar results were obtained in
sarcomas. This compound alone was ineffective in OS cells, in which the STAT3 cascade
pathway has been pointed as the molecular mediator of both intrinsic and acquired resis-
tance. In EWS, this compound alone or in combination did not inhibit growth of tumor
xenografts and even led to a decrease in the therapeutic activity of cyclophosphamide when
compared to single-agent activity [584,585]. Erlotinib had no effect on tumor progression
in genetically engineered ARMS mouse models [586].
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In contrast, satisfactory results were obtained in CNS tumors, where erlotinib therapy
inhibited MB migration in vitro and successfully diminished the levels of phosphorylated
EGFR in EPN models [587,588]. Treatment with this drug was also cytotoxic in Y79 and
WERI RB cells in a dose-dependent manner, leading to cell cycle arrest and reduced migra-
tion, while oral administration dramatically reduced the growth of Y79 tumor grafts [589].
Regarding patients, phase I clinical studies have been developed in order to evaluate the ac-
ceptable tolerability profile in cases of brain and refractory solid tumors including RMS, soft
tissue sarcomas, NB or germ cell tumor. Children appeared to tolerate erlotinib similarly
to adult patients, and drug disposition was similar between these populations. The com-
bination of temozolomide and erlotinib was well tolerated and it was also suggested in
combination with radiotherapy [590,591].

Vandetanib (Caprelsa®). This is a multitargeted tyrosine kinase inhibitor with potent
effects against VEGFR2/3, EGFR and RET [592,593]. This compound is approved to treat
medullary thyroid cancer that cannot be removed by surgery and is locally advanced or
has metastasized, and has demonstrated modest efficacy in patients with metastatic breast
cancer [594,595]. Regarding pediatric tumors, vandetanib has been shown to inhibit the
proliferation of NB cells mediated by the induction of G1-phase cell cycle arrest at lower
concentrations and by apoptosis at higher concentrations. Migration and invasion were also
markedly decreased compared with the control group [596,597]. Treatment also decreased
(p)RET expression in five other NB cell lines and strongly impaired tumor growth in vivo
in both MYCN/KI AlkR1279Q and MYCN/KI AlkF1178L mice, and was able to sensitize
cisplatin-resistant NB subcutaneous tumor growth with less severe liver toxicity compared
with high-dose cisplatin [598–600]. Moreover, vandetanib, in combination with 13-cis-
retinoic acid, reduced tumor vascularity and induced apoptosis in NB xenografts [601].
Indeed, according to Craveiro et al. (2017), the narrow target spectrum of Vandetanib along
with a favorable toxicity profile makes this drug ideal for multimodal treatment approaches.
These authors tested this compound against SHH-TP53-mutated and MYC-amplified MB
cell lines and found that it leads to a dose-dependent reduction in cell viability, interferes
with clonogenicity and has pro-apoptotic effects after 48 h. Of note, combinations with
GDC-0941 (clinically available PI3K inhibitor) and etoposide resulted in complete loss of
cell viability [602]. The combination of vandetanib and celecoxib displayed a synergistic
or additive antitumor effect on OS in vitro and in vivo [603]. However, combinations of
gefitinib and vandetanib only inhibited the proliferation of EWS cell lines at very high
concentrations (>1 µM vandetanib, >5 µM gefitinib), indicating the action on off-target
effects [604].

Gefitinib (Iressa®). This drug, also known as ZD1839, is a member of the 4-
anilinoquinazoline class of compounds that specifically and selectively inhibits EGFR [605].
In preclinical studies, gefitinib treatment was associated with growth inhibition and in-
creased apoptosis in human cancer cell lines, and antitumor effects against xenografts
of human tumors [606,607]. Gefitinib was shown to inhibit proliferation in juvenile PA
primary cell cultures with an IC50 determined between 1.6 and 9.6 µM [608]. In addition,
this compound was shown to inhibit invasion and metastasis of intratibial OS xenografts
via inhibition of macrophage receptor interacting serine-threonine kinase 2 (RIPK2) [609].
Moreover, in children, Gefitinib has been tested for refractory solid tumors and CNS
malignancies, showing similar pharmacokinetics as in adults [610].

Regorafenib (Stivarga®). This drug is an oral multikinase inhibitor that targets
VEGFR1/3, FGFR and other receptor kinases [611]. This compound is already approved to
treat metastatic cases of colorectal cancer and advanced hepatocellular carcinoma (HCC)
previously treated with Sorafenib [610]. In vitro, regorafenib exhibits antiproliferative
effects against a panel of 33 pediatric tumor cell lines, including MB (D341 Med, Med-Meb-
8A), OS (IOR-OS-18), EWS (EW7, ORS, POE, SIM, STA-ET-1) NB and (SJ-NB-8, SK-N-BE(2),
SH-SY5Y), with a mean half maximal growth inhibition of 12.5 µmol/L [612]. Particu-
larly in the last, Regorafenib has shown to be effective against through the inhibition
of RAS/MAPK, PI3K/Akt/mTOR and Fos/Jun pathways [612]. Similarly, regorafenib
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demonstrated antitumor activity in animals bearing subcutaneous RMS, EWS (STA-ET-1
and EW7) and NB (SJ-N-B8 and SK-N-AS) xenografts with tumor growth inhibition ranging
from 73% to 93%. Moreover, when associated with radiation and irinotecan, it induced
100% regression in an MB patient-derived xenografts (PDX) model [610].

Dacomitinib (Vizimpro®). Also known as PF-00299804, this drug is an orally admin-
istered, second-generation, irreversible inhibitor of EGFR, HER2 and HER4, which has
shown positive anticancer activities in some preclinical and clinical trials, being approved
by the FDA for the treatment of metastatic NSCLC [613,614]. Besides its ATP-competitive
action, dacomitinib covalently binds to Cys773 located in the ATP-binding cleft of EGFR,
which irreversibly blocks ATP binding and inactivates the receptor [615]. For pediatric MB,
dacomitinib has shown to block EGFR/HER signaling in DAOY cells and in orthotopic
xenografts, extending median survival as a single agent; however, it was antagonistic
when used in combination with standard frontline chemotherapy (4HPC, vincristine or
cisplatin) [616].

Lapatinib (Tykerb®). This compound is an oral dual tyrosine kinase inhibitor that
inhibits human EGFR and blocks the EGF receptor 2 (HER2) [617]. It was FDA-approved to
treat HER2-positive advanced or metastatic breast cancer as monotherapy or in combination
with other drugs [618]. Lapatinib has been tested in childhood solid tumors (including
RMS, EWS and NB) and leukemia cells by the NCI-supported Pediatric Preclinical Testing
Program (PPTP) [619]. In this study, among 23 cell lines, fifteen achieved at least 50%
growth inhibition, and the median IC50 value for lapatinib against the entire cell line panel
was 6.84 µM (range 2.08 µM to >10.0 µM). In vivo, however, lapatinib presented little
activity against the 41 xenograft models of pediatric tumors [619,620].

Cetuximab (Erbitux®). This compound, available as Erbitux® (Merck Sereno), is a
human–murine chimeric monoclonal antibody that competes to bind to the extracellular
domain of EGFR and has been approved for the treatment of colorectal and head and neck
cancer [620]. Information about preclinical use of this compound is scarce. However, a
report showed that the proliferation of RMS cell lines was not influenced by this EGFR
inhibitor [621]. However, later, it was shown that the combination of cetuximab and
actinomycin D was highly effective in EGFR-positive RMS cells (RD and Rh30, of embryonal
and alveolar origin, respectively), synergistically inhibiting cell growth and inducing
apoptosis [622].

Sunitinib: Sold under the brand name Sutent®, this drug is a small-molecule multitar-
get inhibitor functioning on PDGFR, VEGFR, KIT, Flt-3 and RET [623–625]. In a preclinical
study, this drug demonstrated limited growth inhibitory effects in a panel of 23 pediatric
cell lines that included OS, ALL, EWS, RMS, MB, EPN, NR, GBM, WT and others [625].
However, in vivo, it presented growth inhibitory activity against pediatric solid xenograft
models of EWS, RMS and NB [625]. A later study showed decreased cell proliferation and
phosphorylation of VEGFRs NB cells after treatment with sunitinib, and tumor growth,
angiogenesis and metastasis in tumor xenograft models [624]. Moreover, in combination
with an mTOR inhibitor (rapamycin), it showed a synergic cytotoxic effect, which was more
effective than the traditional chemotherapeutic agent cyclophosphamide [624].

Lenvatinib (Lenvima®). This drug is a synthetic, orally available type I tyrosine
kinase inhibitor exhibiting powerful antiangiogenic activity currently used to treat certain
types of thyroid cancer and potentially other tumor types [626]. Lenvatinib was initially
reported in 2008 as a multitargeted RTK inhibitor of VEGFR1/2/3, but it also inhibits
FGFR1–4, PDGFR-alpha and KIT [627–629]. Preclinical findings in sarcomas indicated
that lenvatinib was able to inhibit tumor growth in xenografts obtained through direct
implantation of patient tumor specimens in nude mice. The experiment showed positive
results in 7 out of 10 xenografts accompanied by marked decrease in microvessel densities.
However, in vitro, Lenvatinib did not show potent effects on tumor viability in OS-derived
cell lines [629]. Others showed that the drug was able to inhibit tumor cell migration and
invasion in U2OS cells [630]. Further, in a phase I/II study, lenvatinib as a single-agent
reported a response rate of 7% and a median progression-free survival of 3 months in a
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cohort of 31 children and young adults with OS, although many patients had treatment-
related adverse events of grade ≥3 [631]. In other pediatric tumors, the effects of lenvatinib
remain to be investigated.

Pazopanib (Votrient®). This compound is an FDA-approved pan-VGFR inhibitor,
even though it also targets PDGFR-α and -β, FGFR1/3, KIT as well as BRAF proteins [632].
In a pan-cancer study, pazopanib was unable to affect the viability of the any of the
treated cell lines, which included SK-N-BE(2) (N-Myc amplified) and SH-SY5Y (non-N-Myc
amplified) NB cell lines, the KHOS OS cell line, and the RMS cell lines RH30 and RD.
However, in combination with topotecan, this compound showed significant antitumor
activity in vitro and halted tumor growth in NB xenograft-bearing mice, but after 50 days,
gradual growth was observed [633,634]. The combination of pazopanib with trametinib
showed antitumor effects in vitro and in vivo against a panel of seven OS cell lines, in which
treatment reduced proliferation and colony-forming capacity and increased the percentage
of apoptotic and dead cells. In MNNG/HOS and KHOS xenograft models, both drugs
induced a significant inhibition of tumor growth compared to the untreated controls [635].
The in vivo antitumor activity of pazopanib was also tested by the PPTP Program in a subset
of sarcoma models that also included EWS and RMS. Although objective responses were
not observed for any of the sarcoma xenografts studied, treatment prolonged survival [636].
Even with modest benefits, pazopanib has been approved for line treatment of metastatic
non-adipocytic soft tissue sarcomas after the failure of standard chemotherapy. Its efficacy
in patients with OS is limited to case reports [637]. One metastatic extraosseous EWS was
also reported as successful after treatment with pazopanib [638].

Regarding CNS tumors, EPN cells showed to be sensitive to Pazopanib with a viability
reduction of around 35% at 1 µmol/L [639]. Additionally, treatment with Pazopanib
reduced the mobility of MB cell lines, inducing clumping of the actin microfilaments (which
facilitated cell detachment), as detected by wound healing assays and Fluor-555-coupled
phalloidin [640]. Further in vivo tests demonstrated delayed growth of group-3-MB cells
transplanted into the cerebellum of mice and prolonged survival (by 10 days) of mice treated
once daily by gavage with 60 mg/kg compared to untreated controls [641]. Alternatively,
for patients with recurrent high-grade gliomas as part of phase I or II clinical trials, this
drug has not been beneficial [642].

Cabozantinib (Cometriq®). This compound is an orally available multitarget tyrosine
kinase inhibitor that inhibits VEGFR1/2/3, MET, KIT, RET, AXL and FLT3. FDA-approved
since 2012, it is currently used to treat metastatic medullary thyroid cancer, RCC, HCC
and differentiated thyroid cancer [643,644]. In preclinical studies, reports of its anticancer
effects include the inhibition of metastasis, angiogenesis and tumor growth [645–647].
In vitro, cabozantinib has been shown to diminish the cell viability of EWS and OS cells
in a dose-dependent manner [160]. Moreover, it also interferes with migration and the
microenvironment by inducing the production of osteoprotegerin and causing a decrease
in the synthesis of the RANK ligand by osteoblasts [648]. Positive effects on decreasing
proliferation were also observed in MB with no differences between cell lines corresponding
to different molecular subgroups [649]. Cabozantinib also exhibited anti-proliferative effects
in NB cells and reduced cell migration in vitro and significantly inhibited tumor growth of
orthotopic xenografts on a daily basis [650].

Nintedanib (Ofev®). This drug, commercially available under the brand names Ofev
and Vargatefi, is an indolinone-derived inhibitor of multiple kinases including VEGFR,
FGFR and PDGFR. Recently approved for the treatment of idiopathic pulmonary fibrosis
and advanced non-small cell cancer of adenocarcinoma tumor histology, it exerts its antitu-
moral activity by reducing proliferation, migration and angiogenesis [651–653]. Consider-
ing pediatric tumors, nintedanib has been shown to inhibit growth in EWS (A673, CHP100)
and OS (SaOS2) cell lines, with a key role in controlling OS lung metastatic growth by block-
ing the fibrogenic reprogramming of OS stem cells (OSCs) [654,655]. Growth inhibition was
also observed in a panel of 13 RMS cells, with the PAX3–FOXO1 fusion-gene-positive ones
more sensitive to treatment [656]. Moreover, there are reports of EPN cells being sensitive
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to nintedanib treatment, while this drug is able to extend the survival of mice bearing
ST-RELA xenografts [657,658].

Midostaurin (Rydapt/Tauritmo®). Also known as PKC412 and CGP 41251, this small
molecule acts as a multikinase inhibitor targeting PKCα/β/γ, Syk, Flk-1, Akt, PKA, c-Kit,
c-Fgr, c-Src, FLT3, PDFRβ and VEGFR1/2. Presenting anticancer roles in vitro and in vivo,
it is currently approved for the treatment of acute myeloid leukemia and advanced systemic
mastocytosis [659,660]. Midostaurin has been shown to be an efficient anti-sarcoma agent.
Indeed, it inhibited EWS cell proliferation in a dose- and time-dependent manner and
decreased tumor growth in vivo [661,662]. Moreover, the combination of midostaurin
with the cytokine oncostatin M has been shown to be efficient in reducing in vivo tumors,
pointing to this combination as a potential adjuvant treatment for OS [663].

Axitinib (Inlyta®). Also known as AG-013736 this is an oral VGEFR1/3 and PDGFR
inhibitor explored to control angiogenesis [664]. Currently, this compound is approved for
treatment as monotherapy or in combination with other drugs for renal carcinoma, and is
under phase I, II and III clinical trials for many other tumor types [664]. Pre-clinical studies
in EPN showed that this drug inhibited PDGFRα and PDGFRβ, and reduced the expres-
sion of mitosis-related genes including ASF1B, MKI67, HMGA1, BRCA2, ESPL1, TACC3,
CDC25A, RAD51AP1, AURKA, BUB1B, CENPE and HELLS. It also decreased proliferation
resulting from cellular senescence [639]. Similar antiproliferative effects were observed in
MB 2D and 3D cell cultures, without affecting normal brain cells. Of note, the compound
efficiently crossed the blood–brain barrier (BBB), reducing growth rates of experimental
brain tumors without acute toxicity in juvenile rats [649]. In GBM, the cytotoxic activity of
Axitinib was also reported in vitro and in vivo, characterized by an anti-angiogenic effect
and survival prolongation [665]. Moreover, combinations of axitinib and other therapeu-
tic targets have been explored with satisfactory results [666]. Indeed, the combinatorial
treatment of Axitinib and PLK4 inhibitor has shown to be beneficial in MB and RMS [667].
Combinations with etoposide or gemcitabine also showed favorable effects on preventing
tumor progression in an orthotopic group-3-MB xenograft models [649,668]. Furthermore,
in immunodeficient and immunocompetent orthotopic GBM models, axitinib + G47∆-
mIL12 resulted in an extensive decrease in vascularity, increased macrophage infiltration
and significant tumor necrosis [669]. Such a antimetastatic effect was also observed in
NB [670].

Ramucirumab (Cyramza®). This is a humanized monoclonal antibody that acts by
binding to VEGFR-2, thus limiting angiogenesis and the proliferation and migration of
human endothelial cells [671]. Preclinical studies in NB, RB, OS, RMS and EWS have also
shown that ramacirumab enhances anti-tumor activity by abrogating endothelial cord
formation, while in vivo, it has also induced tumor growth delay. However, modest or no
response was observed in OS [672]. This compound was approved by the FDA in 2014 and
indicated for the treatment of gastric cancer, NSCLC, colorectal cancer and HCC [673–675].
As a well-tolerated drug, its combinatorial use was also approved, even though its use in
clinics is limited due to a lack of specific markers and high costs [676].

Alectinib (Alecensa®). Also known as CH5424802, this is an orally available selective
ALK inhibitor already approved by the FDA for lung cancer treatment [677]. The compound
is able to bind wild-type ALK and its fusions and its anticancer effects have been widely
described. Noteworthy, it has shown acceptable results after treatment of intracranial
EML4-ALK-positive tumors in rats with a high brain-to-plasma ratio, and permeability in-
dependent of P-glycoprotein transport [678]. Moreover, despite heterogeneous intratumoral
distribution, alectinib delayed tumor growth in an NB mouse model, leading to increased
survival, providing an option for future clinical treatment [679–681]. An interesting point in
this regard is that Alectinib may improve sensitivity to chemotherapeutic since it increases
the intracellular accumulation of ABCB1/ABCG2 substrates such as doxorubicin (DOX)
and rhodamine [682]. Moreover, it has also shown effectiveness in combination with the
histone deacetylase inhibitor vorinostat in NB harboring the ALK R1275Q mutation and
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after intensive radiotherapy for the treatment of a rare intraosseous RMS with FUS-TFCP2
fusion, evidencing the potential of this drug to treat extremely aggressive tumors [683,684].

AEE-788. This drug is an orally bioavailable bispecific EGFR/HER2 inhibitor that ex-
erts significant anti-tumoral activities and radio-sensitizes EGFR-overexpressing cells [685].
By targeting this receptor, the compound efficiently reduced clonogenicity, proliferation
and survival of EPN cells and prolonged the survival of tumor-bearing mice, probably due
to the increase in apoptosis of endothelial cells (as shown by others in cutaneous cancer
xenografts) [686,687]. AEE788 also inhibited cell proliferation and prevented epidermal
growth factor- and neuregulin-induced HER1, HER2 and HER3 activation in chemosensi-
tive and chemoresistant (cisplatin selected) MB cells in vitro and in vivo [688].

Crizotinib (Xalkori®). This drug is an orally available aminopyridine-based ATP-
competitive inhibitor of ALK that has shown positive results against NSCLC [689]. In turn,
in pediatric tumors, growth-suppressive activities have been reported in some tumor types,
such as PA, EPN, EWS and MB [160,690,691]. This drug was also able to induce apoptosis
and autophagy in a dose-dependent manner in RMS cells, reducing cell migration and
invasion, as well [692]. However, despite these promising results, this compound lacks
clinical significance in patients with FOXO1-rearranged ARMS [693]. Similarly, crizotinib
responses in NB are variable and mostly dependent on the mutation variants present in
the tumor, considerably limiting its applicability [694–696]. Moreover, the literature widely
illustrates that despite initial effectiveness, the vast majority of tumors treated with this
compound will develop resistance within a few years [697].

Capmatinib (Tabrecta®). This compound is an orally bioavailable inhibitor of c-
MET [597]. The information about the effects of this compound in pediatric oncology
is limited. There are reports of its action in pediatric HGG in which this compound
appeared to be more efficient than crizotinib in terms of specificity, potency and brain
availability, resulting in a higher cellular response compared to crizotinib treatment in vitro
and in vivo [698]. Nevertheless, in a phase I dose escalation study that included EWS and
OS patients, only mild responses were observed [699].

Tepotinib (Tepmetko®). This compound is a phenylmethyl-pyrimidine derivative
developed to disrupt MET phosphorylation that received approval from the FDA and
the Japanese Ministry of Health, Labour and Welfare for the treatment of patients with
metastatic NSCLC harboring METex14 skipping alterations who progressed following
platinum-based cancer therapy [700]. According to PubChem (CID 25171648), this com-
pound has been investigated in the treatment of neuroblastoma.

PF-04217903. This compound is an ATP-competitive small-molecule inhibitor with
1000-fold selectivity for c-MET compared with more than 150 kinases, making it one of
the most selective c-MET inhibitors described to date. In vitro, it inhibited tumor cell
proliferation, survival and migration/invasion in cell lines where c-MET is activated by
different mechanisms, including c-MET gene amplification, HGF/c-MET autocrine loop
formation and c-MET overexpression [701]. In vivo, oral administration or subcutaneous
minipump infusions led to a robust tumor growth inhibition at doses of 30 mg/kg with
suitable tolerability. Reductions in microvessel density were also observed [701]. Consid-
ering pediatric tumors, similar results were obtained when two highly metastatic OS cell
lines were injected by tail vein into immunodeficient mice. In this experiment, mice were
treated with PF-04217903 (30 mg/kg) or vehicle control by gavage 5 days on and 2 days off
for 30 days. Mice injected with MNNG-HOS cells (which has constitutively activated MET)
treated with PF- 04217903 had a tenfold reduction in the number of metastatic nodules,
while those with injected MG63.2-derived tumors (which have high levels of total and
phospho-MET) had a 37% reduction in nodules compared to control mice [702]. This com-
pound has also shown potential for the treatment of malignant peripheral nerve sheath
tumors in NF1 patients [703].

Tivantinib. This compound, also known as ARQ 197, was described as an orally
bioavailable small-molecule c-MET inhibitor with antitumor activity. Tivantinib inhibited
cell viability with similar potency in both c-MET-addicted and nonaddicted adult carci-
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noma cells, pointing to alternative mechanisms of action [704]. Despite this, the failure
of a pioneer a phase I clinical trial in pediatric tumors was attributed to the lack of se-
lection for MET amplification during patient enrollment. In the study, which comprised
36 patients, including 4 glioma, 4 MB, 4 EPN, 4 EWS, 4 OS, 3 RMS, 2 WT and 2 NB, sub-
optimal responses were achieved when tivantinib was given with food to children with
refractory solid tumors is 240 mg/m2/dose. Moreover, while the drug was well tolerated,
its pharmacokinetic profile was also variable, discouraging further investigation in this
setting [705]. However, two of those patients (alveolar soft part sarcoma) who responded
to tivantinib administration and were transitioned to a follow-up protocol experienced
extended progression-free survival receiving 360 mg twice every day without adverse
events [706].

Lorlatinib (Lorbrena®). This small molecule represents an orally available, ATP-
competitive inhibitor developed by Johnson et al., and further investigated for the treatment
of ALK-positive NSCLC [707]. Also named PF-06463922, the drug has shown minimal
toxicity in adults and there has been much interest in its prospective use in NB treat-
ment. In this regard, Infarnato et al. described higher potency of PF-06463922 across
ALK variants in a panel of 10 NB cell lines, with IC50 values for inhibition of F1174L- and
F1245C-mutated ALK significantly lower than those seen for its predecessor, crizotinib
(0.2–10 nmol/L) [708]. Moreover, this compound at 10 mg/kg/day induced complete
tumor regression in xenograft mouse models of NB, and in (PDX) harboring the crizotinib-
resistant F1174L or F1245C mutations within 3 weeks [708]. Similar 10-fold lower IC50
values were obtained by Guan et al. (2016). In another group of cell lines, PF-06463922
inhibited growth, reduced levels of tyrosine 1278 (Y1278) phosphorylation on ALK, and
induced apoptosis. Comparatively, treatment reduced tumor volume in subcutaneous
and orthotopic xenograft models of NB, as well as in the Th-ALKF1174L/MYCN-driven
transgenic NB mouse model [709]. PF-06463922 has also been tested sporadically in patients
affected with NB. Two recent articles portray favorable responses in a 3-year-old boy with
ALK-fusion-positive HGG and an adolescent with relapsed, refractory, metastatic ALK
F1174L-mutated NB. The first, considering that the compound is able to cross the BBB, was
treated through a nasogastric tube at a dose of 95 mg per square meter of body surface
area once daily [710]. Histology after tumor resection showed a marked decrease in the
proliferative index of the tumor and since the tumor was not seen on postsurgical MRI,
therapy stopped. After 6 months, metastatic lesions were identified on cranial nerve VII
and treatment was restarted at a dose of 95 mg per square meter administered by mouth
once daily, achieving a near-complete response after 1 month [711]. In the second case,
the patient had already shown no response to the first-generation ALK inhibitor crizotinib
(240 mg/m2/dose given twice daily combined with the standard cytotoxic chemotherapy
regimen). The tumor was reduced with continuous 95 mg/m2/dose lorlatinib and the only
significant side effect observed was grade 2 hypercholesterolemia. However, differentially
from the infant, she relapsed after 13 months of treatment and died from progressive
disease 3 months later [712].

Ceritinib (Zykadia™). Formerly known as LDK378, it is an oral ALK inhibitor that
also targets insulin-like growth factor receptor IGFR, insulin receptor and ROS1. This com-
pound was approved by the FDA through an accelerated process to treat ALK-positive
metastatic NSCLC [713]. Preclinical studies in the pediatric setting have indicated antipro-
liferative effects and improved inhibition (11-fold) compared to crizotinib [714]. However,
in an exploratory study with a panel of NB cell lines, it was noted that inhibition occurs irre-
spective of ALK mutational status, and cell lines that carry other driver mutations (i.e., MYC
amplification) are sensitive to treatment as well. The same authors further treated a child
with ALK-I1171T high-risk NB that was not responding to conventional treatment due to an
underlying congenital genetic condition, Fanconi anemia. Monotherapy with ceritinib was
well tolerated and resulted in tumor shrinkage and complete clinical remission including
all metastatic sites [715]. This compound can be given with food and penetrates the human
brain, and thus presents itself as an option for the treatment of CNS tumors with ALK alter-
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ations such as EPN and MB [715–718]. However, in orthotopic PDX (from a 10-year-old boy
with a multiple recurrent GBM), it was observed that even though ceritinib-treated mice
lived longer, the drug had only a moderate effect [719]. Monotherapy was also inefficient in
treating a 16-year-old patient with a long history of OS lung metastases, despite acceptable
results in primary tumor cells of six other patients and the HOS cell line [720]. Similarly,
Ceritinib treatment led to decreased cell proliferation, cell cycle arrest and apoptosis in
a dose-dependent manner in a panel of RMS cell lines, all of which lack intrinsic ALK
phosphorylation (PAX3-FOXO1-positive Rh30, Rh41 and -negative Rh18 and RD cell lines).
The work showed that the compound affects the IGF1R signaling pathway without effects
on the migratory ability of cells. Moreover, in subcutaneous Rh41 xenografts, a reduction in
tumor growth was observed after approximately 2 weeks, albeit subsequent evaluation of
tumor characteristics showed no difference in proliferation or vascularization between the
treatment groups and controls [721]. Others also showed that even though LDK378 reduces
cell viability and induces cell death in RMS cell lines at low micromolar concentrations
irrespective of ALK expression levels or phosphorylation status, cells are far less sensitive
compared with Karpas 299 non-Hodgkin’s lymphoma cells carrying the NPM–ALK fusion
gene [722].

Brigatinib (Alunbrig®). Originally named AP26113, this next-generation ALK in-
hibitor was first described in 2016 and is considered highly CNS-penetrant [723,724]. This
compound was granted approval for the treatment of patients with metastatic ALK+
NSCLC and intolerance to crizotinib [725]. In an NB setting, preliminary indication of
efficacy was observed after exposure of several NB cell lines, including CLB-BAR (MYCN
amplification, ALK (∆4-11) and amplified, ALK addicted), CLB-GE (MYCN amplification,
ALK (F1174V) amplification, ALK addicted), IMR32 (MYCN amplification, WT ALK) and
CLB-PE (MYCN amplified, WT ALK), in which treatment inhibited cell growth and ALK
phosphorylation in a dose-dependent manner. However, while IC50 values varied between
75 and 100 nM in ALK-addicted cell lines, the compound was unable to inhibit growth of
both non-ALK addicted NB cell lines, IMR32 and CLB-PE. The effects of brigatinib were
further validated in vivo through two complementary models. The first used transgenic
Drosophila melanogaster flies expressing two gain-of-function variants, F1174L and R1275Q,
which disrupt the eye morphology, giving a “rough phenotype”. The authors showed
that larvae grown on food containing Brigatinib displayed a concentration-dependent
improvement of the rough eye phenotype. Then, brigatinib was used as a single agent to
treat BalbC/NUDE mice bearing ALK-addicted CLB-BAR xenografts. In this model, the
compound also showed to be effective, with robust and potent anti-tumor activity [726].

Entrectinib (Rozlytrek®). This compound (also called RXDX-101, NMS-E628, NMS-
01191372, Rozlytrek) is a selective, oral tyrosine pan-TRK, ALK and ROS1 inhibitor that
has demonstrated preclinical efficacy in tumors with NTRK1/2/3, ALK and ROS1 alter-
ations [727]. This inhibitor can pass through the BBB and has clinically proven to be effective
against primary and metastatic brain diseases, with no adverse off-target activity [728].

Entrectinib also displays promising anti-tumor activity in NB, evinced by diminished
Ki-67 and activation of caspase-3 in ALK wild-type, amplified or mutated cell lines [729].
In vivo growth inhibition and substantially reduced phosphorylation in TrkB-expressing
NB xenografts were also observed after treatment as a single agent or in combination with
irinotecan or temozolomide (TMZ), eliciting increased EFS when compared to controls [730].
Moreover, the ability of entrectinib to inhibit p-TrkB, p-PLCγ, p-Akt and p-Erk suggested
that this compound may have improved efficacy compared to other targeted inhibitors
previously evaluated in NB [172]. However, despite durable responses in pediatric patients
with intracranial tumors or NB harboring NTRK1/2/3 or ROS1 fusions, its utility may be
hampered by the appearance of acquired resistance in this tumor type [730,731].

X-396. This compound, also known as Ensartnib, is an aminopyridazine-based second-
generation ALK/MET inhibitor that holds much clinical promise with increased potency
as compared with crizotinib and other second-generation ALK inhibitors such as alectinib
and ceritinib [732]. X-396 significantly reduced growth (by 40% at a 3 nM concentration)
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and ALK phosphorylation in SY5Y NB cells that harbor ALK-F1174L. Biochemical IC50
values for MET inhibition were 2-fold higher [733]. Ensartinib was significantly more
effective than crizotinib at inhibiting the intracranial growth of the SH-SY5Y NB model
harboring the F1174L mutation [732]. Furthermore, the activity of X-396 administered alone
or in combination with liposomes carrying ALK-siRNAs (that are active irrespective of
ALK gene mutational status) was later tested in a mouse model by Di Paolo et al. (2011).
These authors corroborated previous in vitro data with a second NB cell line (LAN-5)
and showed that in subcutaneous NB models, the compound acted in a dose-dependent
manner, with adequate bioavailability, moderate half-life, high mean plasma and tumor
concentrations. Moreover, against human NB orthotopic xenografts obtained by implanting
of Luciferase stably transduced NB cells, SH-SY5Y-Luc and LAN-5-Luc, into the adrenal
gland of nu/nu mice, significant dose-dependent anti-tumor activity was also observed,
with even more reduced tumors and prolonged survival with the combination with the
liposomal formulation [734].

Erdafitinib (BalversaTM). This compound is an oral pan-FGFR inhibitor with quinox-
aline structure [735]. Known as JNJ-42756493, this compound is already approved by the
FDA for the treatment of advanced or metastatic urothelial carcinoma, and is now under
clinical trials that also include childhood CNS tumors [736]. It inhibits FGFR1/2/3/4
with increasing IC50 values of 1.2, 2.5, 3.0 and 5.7 nM, respectively [737]. This compound
inhibited proliferation on five different NB cell lines (SK-N-AS, SK-N-BE(2)-C, SK-N-DZ,
SK-N-FI and SK-N-SH) as monotherapy, but showed variable synergistic, additive and
antagonistic effects when combined with commonly used cytotoxic agents such as cisplatin,
vincristine and doxorubicin [738]. Additionally, IC50 for FGFR4 inhibition by this com-
pound on the A-204 RMS cell line was determined as 4.5 nM, while treatment of mice
xenografts resulted in a 58% volume reduction after 21 days of treatment with daily doses
of 30 mg/kg [735].

Erdafitinib has also been tested alone and in combination with cisplatin, vincristine
and radiotherapy on the SHH-MB cell lines DAOY and UW228-3. Under all conditions,
the cell lines showed dose-dependent decreases in viability and proliferation after 48 and
72 h [739].

Dovitinib. Also known as TKI258, this is a multi-targeted tyrosine kinase inhibitor
with potent activity against FGFR1/3, VEGFR1/2/3 and to different extents, PDGFR-β, Flt3,
c-Kit and CSF-1R, that showed promising results as an antitumoral and antiangiogenic com-
pound [658]. This compound is already in clinical trials in adult patients [740]. However,
in pediatric neoplasms, information about preclinical studies is limited. Preliminary results
of Dovitinib in NB cells, which express high levels of FGFR, indicated anticancer-activity in
this tumor type [741]. Similar results were reported for RMS, albeit it was demonstrated
that this inhibitor is not as potent as other FGFR inhibitors (i.e., ponatinib) [656,742]. In ad-
dition, due to its ability to cross the BBB, this compound has been indicated as a suitable
candidate for the treatment of CNS tumors. In this regard, in vitro, it reduced the capacity
of EPN cells to re-adhere and proliferate in a dose-dependent manner [658]. In DIPG and
GBM, however, true effects on viability were observed at high dovitinib concentrations
(>400 nM) [743]. Of note, others showed that despite killing glioma cells in vitro (up to
55% of cells at the assay end point), the drug exerted minimal anti-tumoral effects in vivo,
suggesting a microenvironment-mediated therapeutic resistance mechanism [744].

Masitinib (Masivet®). This compound, also known as AB1010, is an orally adminis-
tered, novel, potent and selective phenyl aminothiazole-type tyrosine kinase inhibitor of
KIT, used in the treatment of canine mast cell tumors acting as a blocker of mast cell de-
granulation, cytokine production and migration of bone marrow cells [745,746]. Masitinib
is under clinical investigation in several human malignancies that harbor similar canine
KIT mutations (i.e., gastro-intestinal stromal tumors, ovarian and prostate cancer). In fact,
this inhibitor acts on several mutated forms of KIT, and other receptors, including PDGFR,
FGFR3 and focal adhesion kinase (FAK) [747,748]. Noteworthy, a brain tumor xenograft
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model using pediatric GBM cells suggested that masitinib may potentiate the effects of TMZ,
providing decreased tumor growth relative to either drug used as a monotherapy [749].

4.2. PI3K/AKT/mTOR Pathway Inhibitors

Everolimus (Afinitor®). Everolimus (Afinitor, Novartis) is an orally administered
rapamycin derivative approved by the FDA and the European Medicines Agency for the
treatment of RCC [749]. This compound reduces tumor cell proliferation and induces
apoptosis and autophagy through the phosphorylation inhibition of mTOR [750,751]. Pre-
clinically, the combination of everolimus with sorafenib yielded enhanced antiproliferative
and proapoptotic effects, potentiated antiangiogenesis and reduced the metastatic po-
tential of OS [751]. Prolonged exposure to everolimus also improved the CNS retention
of dasatinib and extended the survival of mice bearing pediatric high-grade glioma tu-
mors [752]. Comparatively, everolimus is synergistic with carboplatin in low-grade glioma
models [753]. However, in the literature, there is significantly more information about
clinical experience because, since its approval, everolimus has become widely accepted
by the medical community where treatment options may be limited. One major clinical
example involves subependymal giant cell astrocytomas (SEGA), tumors that are frequently
diagnosed in patients with tuberous sclerosis complex (TSC) [754]. Loss of function of
either TSC1 or TSC2 leads to downstream constitutional activation of the mTOR com-
plex [755]. Besides surgical excision, patients with large or recurring SEGAs did not have
robust treatment options, and Everolimus has been shown to induce tumor shrinkage and
presents additional clinical benefits including seizure control [756,757].

Palomid-529. Also known as RES-529, this compound is a small-molecule drug dual
novel inhibitor of mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2). Palomid
529 likewise inhibits both VEGF-driven and bFGF-driven endothelial cell proliferation [758].
Due to its potential to penetrate the BBB without restriction by the ABCB1 and ABCG2
efflux transporters, the anti-glioma effects of this drug have been investigated [759–761].
In childhood cancer, a single report proved a potent inhibition of viability, cell cycle
progression and proliferation of the OS cell line U2OS [762].

OSI-027. This compound is an orally bioavailable selective ATP competitive inhibitor
of mTOR and off-targeted PI3Kα (100-fold selectivity for mTOR relative to PI3Kα) that
has been studied in the treatment of many tumors [763]. OSI-027 is active in vitro against
cell lines and primary cells of pediatric pre-T-ALL, with superior efficacy to rapalogs and
in vitro synergy with a number of conventional cytotoxic agents [181]. Preliminary studies
combining OSI-027 treatment with alpelisib demonstrate similar antineoplastic results
inhibiting PI3K/mTOR signaling MB, EWS and RMS cell lines [764–767].

VS-5584. This dual inhibitor of mTORC1/2 and class I PI3-kinases has shown anti-
tumor potential in a broad spectrum of tumor types in vitro and in vivo [768–770]. Note-
worthy, evidence supports that this compound has an active role in reducing stem cell
viability in multiple mouse xenograft models of human cancer (30-fold more potent com-
pared to non-stem cells) [769]. Thus, the activity of VS-5584 was recently explored in OS,
in which treatment dramatically suppressed growth and cell migration and synergized
with CCT128930, an AKT2 inhibitor [771–773]. In the same way, this drug is cytotoxic,
showing apoptosis induction and a robust limitation of the colony-forming ability in NB
cell lines. Delay of tumor growth was also observed in mice subcutaneously inoculated
with BE(2)-M17 cells and treated with VS-5584 (25 mg/kg, three times per week) for
2 weeks [773].

Dactolisib (BEZ235). This drug, also called BEZ235 or NVP-BEZ235, is a reversible
PI3K/mTOR inhibitor belonging to the imidazoquinoline class already tested in a variety
of cancers in preclinical studies. In sarcomas (EWS, OS and RMS), dactolisib showed
promising results in vitro, such as a reduction in cell proliferation, G1 cell cycle arrest and
decreased in cell migration [774,775]. Interestingly, it was also shown that BEZ235 elicits
strong cytostatic effects in EWS cells and results in a global modulation of the transcriptome
affecting other pathways related to splicing and metabolism. This drug also reduced
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the expression of EWS/FLI1 by 50%, reinforcing its potential for EWS treatment [773].
However, its capacity to induce apoptosis is uncertain. Mild results were obtained by
Giorgi et al. (2018), and when OS cells were treated with a similar inhibitor range, U2-OS
and MG63 presented no significant differences in apoptosis induction, although the drug
was efficacious with either doxorubicin or vincristine [774–776]. In RB, GBM, and MB,
decreased viability and proliferation in a dose-dependent pattern was observed in most cell
lines [777–780]. When tested in vivo, dactolisib could reduce tumor volume, vascularity
and metastasis and improve animal survival, especially when combined with other drugs,
such as topotecan, carboplatin, vincristine or the SMO inhibitor LDE225 [773,781–783].

SF-1126. This is a pan and dual first-in-class soluble PI3K/mTORC inhibitor that ex-
hibits antitumor and antiangiogenic activity against several malignancies [784,785]. In the
literature, there are few reports of this inhibitor in pediatric preclinical models. SF-1126
promoted a decrease in cell viability of a panel of EWS cell lines and CD15+ stem cell
population in SHH-driven MB [786,787]. Moreover, SF1126 has been shown to enhance
the cytotoxicity of doxorubicin in NB cells, leading to p53-mediated activation of apopto-
sis [788]. Treatment of NB tumors with SF1126 also reduced MYC expression and inhibited
growth in vivo, leading to tumor shrinkage and reduced neovascularization [789].

Triciribine. Triciribine is a pan-AKT 1 inhibitor with anticancer effects in various
tumor types [790]. This compound has been shown to decrease the survival of SH-SY5Y
NB cells in both 2D and 3D culture models, affecting the migratory abilities of their sphere-
forming units [791]. Triciribine demonstrated activity in EWS cell lines as well, with
a mean IC50 of 24µM, with robust synergy when combined with dasatinib; however,
it did not affect tumor growth in vivo [792]. Moreover, Smeester and colleagues (2020)
tested this drug in OS and showed that ATK inhibition in HOS and SJSA-1 cell lines leads
to decreased cell proliferation, migration and colony capacity, and increased apoptosis.
Further assessment in an orthotopic OS model also demonstrated reduced tumor growth
(volume and weight) and metastasis after triciribine 40 mg/kg three times weekly [793].

Sapanisertib. Also called MLN0128, INK-128 or TAK-228, this is an ATP-competitive
mTOR inhibitor already tested for safety in an adult cohort [794]. In studies including
pediatric models, this inhibitor has shown promising results in vitro, reducing cell viability
and colony formation and inducing apoptosis in sarcoma cells (EWS, OS and RMS) without
affecting human osteoblast and osteocyte cells (normal bone cells); effects were improved
by combination with MK2206, an AKT-specific inhibitor [795,796]. Similarly, the inhibition
of mTOR (oral gavage for 21 days-3 mg/kg twice daily 3 x/week in EWS and RMS,
or 2.5 mg/kg, daily) in OS resulted in tumor volume reduction, without observable side
effects [795,796]. Comparable results were obtained for brain tumors (MB, NB and GB), with
reduced cell invasion at low concentrations [797,798]. Interestingly, it was also observed
that sapanisertib promotes metabolic alterations, such as disrupting glutathione synthesis
and reducing glucose and lactate (a common feature of cancer cells) [797,798]. When tested
in murine models, it reduced tumor weight and size, improving animal survival [797–799].
However, in combination with trametinib (1 mg/kg; 3 x/week; p.o. + MAPK inhibitor;
1.5 mg/kg; 5 x/week; p.o.), despite showing antitumor effects (reduction in angiogenesis
and improvement in animal survival), some adverse effects were observed, including
weight loss and skin redness [800]. Finally, in RB models, sapanisertib inhibited growth
and increased apoptosis, whereas it inhibited cell migration and angiogenesis [801].

LY-2090314. This drug belongs to the ATP-competitive class of GSK-3 inhibitors with
limited activity against additional kinases. Preclinical data suggested partial anticancer ac-
tivity as a single agent against solid-tumor-derived cancer cell lines in vitro and in xenograft
models, although it seemed to potentiate platinum-based chemotherapy [802]. Only a single
report of its activity against pediatric tumors was found in the literature. Kunnimalaiyaan
et al. (2018) tested LY2090314 in a panel of NB cell lines with different genetic backgrounds:
SH-SY-5Y (non-amplified MYCN or single-copy, wild-type TP53, F1174L ALK mutation),
NGP (1p alteration, MYCN-amplified, wild-type ALK, TP53 mutated, MDM2-amplified)
and SK-N-AS (1p deletion, MYCN single-copy, H168R TP53 mutation, wild-type ALK),
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and found that this GSK-3 inhibitor at nanomolar range promoted growth inhibition in a
time- and dose-dependent manner irrespective of the cell line markers. Reduced growth
resulted mainly due to apoptosis induction, evinced by a 2-fold increase in the expression
of cleaved PARP and capsase-3/7 activity. Downregulation of survivin and cyclin 1 was
also observed [803].

Tideglusib. This compound represents another GSK-3 inhibitor, although it acts in a
non-ATP competitive manner. Evidence of its antineoplastic effects with a pediatric scope
includes in vitro experiments in OS and NB cell lines. In both models, treatment showed
a significant reduction in cell proliferation in a dose-dependent manner, cell cycle arrest,
and apoptosis induction, even though micromolar concentrations are required to achieve
comparable results to LY2090314 [804–806]. Nevertheless, inhibition of GSK-3 by Tideglusib
importantly compromises stem cell characteristics of both cell types. In the OS, treatment
decreases stem cell markers, including OCT4, CD133 and SOX2, while in NB, it decreases
neurosphere self-renewal. In mice models, tideglusib treatment (10 or 20 mg/kg in OS- and
NB-derived tumors, respectively) promoted a reduction in tumor growth with few side
effects [804,806]. Of note, PDX-derived cell cultures of both variants of RMS (embryonal
and alveolar) treatment with tideglusib substantially reduced β–catenin phosphorylation
at 60 nM; however, tumor-bearing mice treated with 200 mg/kg of tideglusib daily by oral
gavage did not benefit in terms of survival or myodifferentiation [807].

MK-2206. This compound is an orally bioavailable allosteric and non-ATP-competitive
AKT inhibitor tested in several tumors [808]. In OS, for instance, this drug was able to
induce cytotoxic effects both in vitro and in vivo [223,796,809,810]. Similarly, in NB cells,
MK-2206 diminished cell viability and increased apoptosis in cells with high expression of
FOXO3a [810,811]. In vivo, the drug promoted inhibition of tumor growth and increased
animal survival, effects that were even improved by combination with etoposide [812].
Of note, EWS and RMS cells were not sensitive or had less sensitivity to AKT inhibi-
tion [809].

Ipatasertib. Also known as GDC-0068, this compound is an ATP-competitive pan-
AKT inhibitor developed by Array BioPharma/Genentech Inc. Having similar activity
against Akt-1 and Akt-3, it is effective against several tumor types [813]. So far, Choo
and colleagues are the only group that has tested this compound in childhood sarcomas.
The drug induced a reduction in cell viability; however, RMS cells were more sensitive to
PI3K/AKT pathway inhibition than OS cells [814].

4.3. MAPK Pathway Inhibitors

Sorafenib (Nexavar®). Sorafenib is an inhibitor of VEGFR2/3, PDGFR, KIT, FGFR-1,
RAF and RET, approved by the U.S. FDA for the treatment of unresectable HCC and
advanced RCC [815]. In preclinical models of MB, this compound reduced cell viability
and increased apoptosis in established cell lines and primary tumor cultures. Moreover,
it induced cytoskeletal alterations that ended in impaired cell migration [640]. In vivo,
sorafenib (100 µL of 10 µmol/L administered three times a week for five weeks) was able to
reduce the volume of subcutaneous tumors [816]. Similar results were obtained NB, in vitro
and in vivo. Of note, in this model, sorafenib also impaired angiogenesis and G1 cell cycle
arrest [817,818]. Conversely, despite reducing initial viability in EPN and PA, growth-factor-
driven rescue was also seen, reducing the potential of using sorafenib for treatment of
these tumors [691]. Indeed, in pediatric patients with PA, sorafenib induced progressive
tumor growth acceleration as a result of ERK upregulation, which resulted in premature
termination of the study [819]. In bone sarcomas, dubious results were also observed.
In OS, sorafenib treatment blocked cell proliferation and was able to reduce tumor growth
in murine models [820–822]. However, other studies showed that sorafenib was only able
to reduce tumor growth when combined with everolimus, or palbociclib, probably due
to the capacity of sorafenib to induce mTORC activation [821,823]. At the same time, in
EWS and RMS, sorafenib only showed efficacy when combined with doxorubicin or with
ceritinib, respectively [823,824].
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Regorafenib. Also called BAY 73–4506, this is a new-generation multi-tyrosine ki-
nase inhibitor that already showed antitumor and antiangiogenic effects. This inhibitor
diminished cell proliferation in a cell line panel from the Innovative Therapies for Children
with Cancer (ITCC), which includes 5 MB, 7 EWS, 7 NB, 7 OS and 7 RMS cell lines [610].
Regorafenib also induced cell cycle arrest and promoted apoptosis in NB cells [612]. In vivo,
10 mg/kg/d or 30 mg/kg/d treatment resulted in tumor growth inhibition in RMS, EWS
and NB orthotopic models and improved EFS in EWS, NB, OS and RMS [610,825,826].

4.4. Cyclin-Dependent Kinases Inhibitors

Milciclib. This is a second-generation ATP competitive pan-CDK inhibitor, devel-
oped by Tiziana Life Sciences, that also acts on TRKs (from tropomyosin receptor kinase
A) [827,828]. In preclinical trials performed in different tumors, such as MB and gliomas, it
showed promise given its ability to cross the BBB, even though there are reports of MDR
transporters limiting the penetration into the brain [829–831]. Moreover, MYCN-amplified
the Grp3-MB cell lines MB002, Sd425 and D283 and the MYCN-amplified NB cell line Kelly
are particularly sensitive to MILCICLIB treatment, evinced by cell cycle arrest and massive
apoptosis [829].

Terameprocol (CINelim™). This is a semi-synthetic inhibitor developed by Eri-
mos Pharmaceuticals LLC from a plant lignan, showing antiviral and anti-cancer po-
tential [829,832]. The drug is considered a global inhibitor of the transcription process,
which in turn acts by preventing, for example, the synthesis and activation of survivin, by
competing with the transcription factor Sp1 for specific Sp1 DNA-binding domains within
gene-promoter regions during DNA synthesis [833]. To date, only a single in vitro study
(that included the childhood GBM cell line SF188) showed that this inhibitor was able to
reduce the proliferation capacity of the cells in a dose-dependent manner, and showed
synergism with TMZ under simultaneous exposure for 48 h. Increased effects were also
observed when combined with ionizing radiation. Moreover, as expected, this compound
induced significant arrest in the G0/G1 phase, decreasing the mitotic index and almost
killing all cells at 30 µM [833].

UCN. UCN-01, or 7-Hydroxystaurosporine, is a synthetic derivative of staurosporine
with antineoplastic activity that acts on AKT, CDKs and calcium-dependent protein kinase
C (in an ATP-competitive manner), and is able to act synergistically with others [834].
In experimental models described in the literature, UCN-01 showed promising results by
inducing apoptosis in leukemic and colon cancer cells; moreover, according to the pediatric
tumors included in this work, this inhibitor also showed potential against OS tumor cells,
reducing viability, proliferation and migration [835,836]. Similar results were observed in a
panel of NB cell lines (with genetic backgrounds differing in MYC, p53 and BCL2 statuses),
where this inhibitor was the most effective compound in reducing cell proliferation (com-
pared to BiCNU, docetaxel, flavopiridol, staurosporine) and induced apoptosis measured
through both caspase activation and caspase-3 and PARP cleavage [837].

BMS-387032. Also called SNS-032, this is a small aminothiazole molecule that acts
as an ATP-competitive cyclin CDK inhibitor, especially for CDK2/7/9. Preclinical studies
have shown that as a cell cycle blocker, it causes cytotoxicity and prevents tumor cell growth
in several models [838–840]. Regarding pediatric tumors, this inhibitor showed positive
results in the OS cell line U2-OS, evoking downregulation of RNA polymerase II Ser2
phosphorylation and some degree of caspase activation at all doses tested [839]. Similarly,
this CDK inhibitor showed encouraging results in a panel of 109 NB cell lines, consisting
of 19 parental cell lines and 90 sublines with acquired resistance to 14 different anticancer
drugs. Doses between 58.3 and 14,615 nM were able to reduce viability in a great proportion
of cell lines and impaired the growth of the multidrug-resistant cisplatin-adapted UKF-
NB-3 subline UKF-NB-3(r)CDDP(1000) injected into the right flank of NMRI:nu/nu mice.
Of note, p53 status did not affect the response of NB cells; however, ABCB1 expression
conferred resistance to this drug [841–843]. Other interesting results, albeit not in child-
derived cell lines, were also published, including the inhibition of hypoxia-mediated GBM
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cell invasion and cell-mediated capillary formation of HUVEC cells when co-cultured with
U87MG cells in the presence of the drug [844,845]. Nevertheless, further studies with this
inhibitor were stopped due to its high toxicity and low selectivity [846–848].

Seliciclib (Roscovitine®). Formerly known as Roscovitine, CYC202 or R-roscovitine,
this is a selective ATP-competitive pan-CDK inhibitor that blocks cell proliferation in almost
all phases of the cell cycle. Seliciclib is a potent inhibitor of CDK9/cyclin T, CDK7/cyclin
H, CDK2/cyclin E and CDK1/cyclin B. The negative influence of seliciclib on CDK7
and CDK9 also portrays a role for this inhibitor in modulating RNA polymerase II CTD
phosphorylation [848]. Its antitumor activity has been explored in a wide spectrum of
hematological and solid malignancies as a single agent and in combination with other
cytotoxic agents [848–850]. Among pediatric tumors, Roscovitine showed promising results,
in EWS, where it was able to reduce cell proliferation and induce caspase-dependent
activation (half minimal dose 10 µmol/L) in a panel of six cell lines, while it slowed A4573-
derived tumor growth in mice after intraperitoneal injection [851]. Similar results were
found in OS, with reduced proliferation and migration at doses up to 90 µM [437,851].
Moreover, in NB, the drug resulted concentration-dependent cytotoxicity, both in vitro
and in vivo, with doses between 10 and 200 µM [851–855]. Roscovitine also reduced MB
viability, with IC50 values of around 25 µM [856]. Moreover, treatment of Pzp53med
cells (derived from a mouse Ptc+/−/p53−/− tumor) with 10 nM roscovitine resulted in
reduced levels of E2F1, FASN, Bmi1, cyclin D2, cdk2 and cdk4. Synergistic effects were also
observed when combined with C75, an inhibitor of FASN [857].

Ribociclib (Kisqali®). Also known as Kisqali® (Novartis, Basel, Switzerland), this
compound is a highly specific inhibitor of CDKs 4/6 that received FDA approval for
use in the upfront treatment of hormone receptor-positive (HR+), HER2-negative breast
cancer in 2017 [858]. With respect to the pediatric tumors, this compound demonstrated
adequate results in EWS, causing cell cycle arrest mainly in combination with IGF1R
inhibitors [859]. Moreover, in NB, this drug was able to reduce proliferation in vitro
and in vivo, with doses between 0 and 10,000 nmol/L [331,860,861]. Most importantly,
ribociclib showed high CNS penetration (>10 nM) in vivo, suggesting prospects for its
use in the treatment of brain tumors. In this regard, oral doses of ribociclib inhibited RB
phosphorylation, downregulated E2F target genes (CNE2, CCNA2, MKI67, TOP2A and
PLK1) and decreased proliferation in group-3-MB mouse and human orthotopic PDX.
Additionally, the combination of ribociclib and gemcitabine slowed tumor progression and
metastatic spread and increased survival, warranting further investigation [862].

Palbociclib (Ibrance®). Also known as PD-0332991 (Ibrance®, Pfizer, New York, USA),
this compound represents an ATP-competitor with selective potency against CDK4/6, ap-
proved by the FDA in 2015 [859]. The effects of this inhibitor have been assessed in
several childhood tumors. In primary EPN cells, for example, it was able to reduce pro-
liferation at 0.5 µM, with G1 arrest and reduced expression of CDC6, MCM2, MAD2L1,
CDK2, BRCA2 and RAD51 [863]. Similar results were observed in NB, where this inhibitor
reduced proliferation, inhibited colony formation in a dose-dependent manner and af-
fected cell differentiation, tumor progression and metastasis in a preclinical chick embryo
model [863–866]. Palbociclib has also been shown to be a new option for targeted therapy
in childhood sarcomas. Perez et al. (2015), by treating a panel of 10 low-passaged sarcoma
cell lines generated directly from patient samples and two commercial cell lines of heteroge-
neous origin and different molecular karyotypes (including liposarcoma, leiomyosarcoma,
EWS, RMS and myxofibrosarcoma), determined IC50 values ranging from 8 to 26 µM
depending on their levels of CDK4 expression. Moreover, palbociclib was active in vivo
against subcutaneously engrafted CDK4-expressing sarcomas, although responses were
negative in tumors displaying low levels of CDK4 and high levels of p16ink4a [867]. Strong
decreased cell proliferation and G0/G1-phase arrest with decreased S/G2 fractions were
also observed in leiomyosarcomas by another group [868]. Most interestingly, this com-
pound is capable of inhibiting growth in sarcomas with different translocation backgrounds.
For example, Palbociclib (100 mg/kg) was able to reduce the volume of tumors originated
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from an EWS sample with CDKN2A/B loss and FUS-ERG fusion implanted in the right
chest wall of nude mice [869]. Additionally, satisfactory results were obtained after the
treatment of a child with a refractory pediatric sarcoma harboring paracentric inversion on
the short arm of chromosome X, resulting in the fusion of the BCOR and CCNB3 genes [870].
Regarding assays in OS, this inhibitor reduced proliferation and migration with doses of
0.04, 0.16, 0.625, 2.5 and 10 µM [393]. Migration and invasion have also been hampered by
palbociclib in glioma cell lines, both in vitro and in vivo, with doses ranging between 10 nM
and 10 µM [871–873]. Moreover, this inhibitor showed significant therapeutic benefit in
mice after intracranial transplant of genetically relevant murine or human astrocytoma cells
expressing BRAFV600E, and extended survival of animals when combined with PLX4720
(PubChem CID24180719) [874]. Similar results were also obtained in a DIPG with PDGF-
B overexpression and Ink4a-ARF loss. Palbociclib induced cell cycle arrest in vitro and
in vivo. However, in models engineered for PDGF-B expression with p53 deletion, the
results were disappointing. Regarding survival, Palbociclib treatment prolonged animal
survival by 12%, which was further increased by combinations with a previous single dose
of 10 Gy radiation therapy [875].

Abemaciclib (Verzenio®). This compound, under the name Verzenios® (Eli Lilly, Indi-
anapolis, USA), is a highly selective CDKs 4/6 inhibitor that acts by competing for the ATP
binding site. This inhibitor is the most different from its peers (palbociclibe and ribociclibe),
being more lipophilic and able to cross the BBB and penetrate breast tissue [859]. In addi-
tion, this inhibitor has potent activity against recurrent ER+/HER2- breast cancers [876,877]
However, its clinical adverse effects are not well described [878–880]. Preclinical stud-
ies in pediatric tumors indicate effectiveness against EP, NB, EWS and OS [412,880–882].
Moreover, in gliomas, this inhibitor has been shown to be efficient in reducing cell migra-
tion and invasion, as well [883,884]. Finally, combining abemaciclib with other inhibitors,
one of them being trametinib (MEK inhibitor), synergistically reduced the survival of the
RAS-mutant RMS cell line RD. However, when PDX-bearing mice were treated with that
combination, they exhibited progressive disease compared to the RMS standard-of-care
regimen (irinotecan + vincristine) [885].

AT-7519. This is a potent pan-CDK inhibitor, acting on CDK1/2/4/6/9. Preclinical
studies have shown a reduction in cell proliferation and induction of cell death in many
cell lines, regardless of tumor origin [886–888]. In addition, this inhibitor showed promise
for the treatment of MYC-amplified NB, evinced by apoptosis induction in vitro and dose-
dependent growth inhibition in PDX, with improved survival and tumor regression in 86%
of patients 7 days of treatment initiation [889].

4.5. Polo-Like and Aurora Kinases Inhibitors

BI-2536. This is an ATP-competitor dihydropteridinone that has proved to be more
than 1000 times more specific for PLK1 than for other kinases [471,890]. This compound
has been tested in several tumor cells, although reports for pediatric tumors are more
uncommon. Our group showed that this compound reduces proliferation in up to 64% of
cases, causes G2/M arrest and induces apoptosis after 24 h of treatment in the SF188 cell line,
and it exerts the strongest radiosensitizing effect among all the cell lines tested [891,892].
Anti-mitotic and sensitizing to ionizing radiation effects were also demonstrated by us
in MB cells, even though the results were comparable to other PLK1 inhibitors [893].
Others also showed that this compound suppresses self-renewal of patient-derived primary
cells with high PLK1 but not low PLK1 expression, and it did not affect the growth of
normal neural stem cells. Finally, BI2536 extended survival in MB-bearing mice [487,488].
Sensitizing effects were also observed for hyperthermia in the RB cell lines Y79 and WERI-
Rb-1 [894].

With IC50 lower than 100 nM, BI 3526 was also able to induce cell cycle arrest at the
G2/M phase and cell apoptosis in NB cells [492,895,896]. It has recently been proposed
that this drug induces cell death by regulating the expression of the minichromosome
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maintenance complex components 2 and 10, which are involved in DNA replication and
have been associated with poor outcome in other tumors [897].

Perturbation of normal mitotic progression by BI 2536 nanomolar concentrations (10,
50 and 100 nmol/L) also significantly decreased cell proliferation and clonogenic capacity,
inducing mitotic arrest and aneuploidy in OS cell lines, resulting in caspase-independent
mitotic catastrophe followed by necrosis [898]. Conversely, in another set of OS cell
lines, apoptosis induction was validated through PARP cleavage and caspase activation.
Irrespective of this, BI 2536-treated xenograft mouse models presented significantly smaller
tumors compared with controls [899]. Moreover, in RMS, PLK1 inhibition by BI 2536
led to elevated ubiquitination and rapid proteasomal degradation of the PAX3-FOXO1
chimeric oncoprotein in vitro, whereas it reduced PAX3-FOXO1-mediated gene expression
and elicited tumor regression in a xenograft mouse model [900]. Moreover, in this tumor
type, this drug presented high antiproliferative activity when combined with Eribulin,
a microtubule-interfering drug [901].

NMS-1286937. Also known as Onvansertib or NMS-P937, this novel PLK1-specific
inhibitor has shown high potency at low nanomolar concentrations on a large number of
cell lines, both from solid and hematologic tumors; in addition, differentially from other
PLK1 inhibitors that compulsorily need intravenous administration, this small molecule
can be administered orally [902]. Considering pediatric tumors, onvasertib has shown
promising results in OS and MB. In the former, this drug proved to be highly active in
both drug-sensitive and drug-resistant cell lines, except for cell lines overexpressing the
multiple-drug-resistant transporter ABCB1 [903]. Results were also very promising in
group-3 MB, which is characterized by PLK1 overexpression. In the study, treatment of
D341, D425 and D458 cell lines resulted in reduced colony formation, cell proliferation, stem
cell renewal and G2/M arrest. The half-maximal inhibitory concentrations varied from
4.9 to 6 nM. Other cell lines within the SHH subgroup needed 27.94 nM for comparable
results. Moreover, onvansertib acted as a radiosensitizer, and showed marked time- and
dose-dependent growth arrest of neurospheres and patient-derived short-term cultures.
Most notably, onvansertib dramatically improved the median survival of orthotopic PDX
models from 68 to 95 days [904].

GSK-461364. This compound is a second-generation and potent ATP-competitive
thiophene amide PLK1 inhibitor. The anti-mitotic effects of this compound have been
demonstrated in several tumors; however, it has been observed that its activity can be
hampered by the overexpression of the multidrug resistance pump ABCB1 [905]. Preclinical
findings in the pediatric setting include reduced viability after treatment in NB, MB and OS,
in all of which it diminished growth and caused cell cycle arrest with massive apoptosis at
a low-dose nanomolar range [906,907]. This compound also demonstrated a synergistic
cytotoxic effect with paclitaxel, even though combination with methotrexate, cisplatin,
vinblastine or doxorubicin was not that effective [907]. Conversely, this PLK1 inhibitor
has been shown to be an effective radiosensitizer [908]. In vivo, GSK461364 treatment
(50 mg/kg body weight intraperitoneally administered) strongly delayed the establishment
of high-risk NB tumors in nude mice (by 22 days) irrespective of MYC status of the cell
lines used, and significantly increased survival time in the treated group [906].

Volasertib. This drug, also known as BI 6727, is also a dihydropteridinone derivative
that induces a distinct prometaphase arrest phenotype (polo-arrest) and subsequent apop-
tosis. Regarding pediatric tumors, in 2014, the NCI-supported PPTP Program published
initial results about the use of BI 6727 in pediatric tumors. The systematic work presented
in vitro results on 24 cell lines that included 4 RMS, 4 EWS, 1 GBM, 4 NB and several
leukemias, concluding that the compound was effective without histotype selectivity. Then,
the responsiveness of solid tumor xenografts (that also included OS and WT) using a dose
of 30 mg/kg for 3 weeks was also tested. Volasertib was able to induce regression in
only a minority of the models tested; however, significant differences in EFS distribution
compared to control in 59% of the evaluable xenografts were observed, with better results
for OS, WT and NB (the only one that showed objective responses) [909]. The results for OS
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were later validated in vitro by our research group, where treatment with BI 6727 not only
led to growth arrest, triggered apoptosis and radiosensitized cells, but also it seemed to be
more efficient in sensitizing OS cells to standard cytotoxics compared with GSK461364 [908].
Anti-mitotic effects were also observed in MB cells [893].

Aurora kinase inhibitors. Over the past two decades, several small-molecule in-
hibitors of Aurora kinases have been developed, most of which primarily target Aurora B.
Despite not being approved or with clinical promise by the CanSAR platform, some of these
inhibitors have shown promising results. MLN8237, for instance, was evaluated against
a panel of EWS (n = 11) and NB (n = 17) cell lines with acceptable results in vivo [910].
The drug also inhibited growth uniformly in the majority of the cell lines from the PPTP
in vitro panel, with IC50 values ranging from 49 nM to 61 nM. In vivo, EFS was 80% higher
in treated animals compared to controls, showing even more auspicious results than those
obtained for Volasertib [911]. More recently another AURK inhibitor, designated as PHA-
680626, disrupted the AURKA/N-Myc, presenting a new alternative for the treatment of
high-risk NB [912,913]. Additionally, AMG-900 (pan-aurora inhibitor) blocked MB cell
proliferation and increased apoptosis and acted synergistically with the histone deacetylase
inhibitor SaHa [914].

5. Kinase Inhibitors in Clinical Trials

Clinical trials including children and using kinase inhibitors have been increasingly
reported in recent decades. Among the 95 predicted compounds for our selected group
of kinases retrieved through the CanSAR platform, for instance, 18 have already entered
clinical trials (Figure 6A), most of which have focused on measuring cytotoxic effects on
high-risk, refractory and recurrent tumors.
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In order to gather an updated and comprehensive review on clinical data and outcome
of pediatric tumors treated by these new TKIs compounds and already published to date, a
PubMed search was performed (as per Oct 2022) using the following uniterms: ((cancer)
AND (pediatric)) AND (kinase inhibitor). The following additional filters were set: clinical
trial, meta-analysis, randomized controlled trial. In total, 233 articles were retrieved.
Abstracts of the whole set of results were carefully read to exclude duplicated data/patients
from the same clinical trial, articles where children and/or adolescents (<21 years of age)
were not included or where clinical trials not testing kinase inhibitors were retrieved.
A total of 53 articles met these inclusion/exclusion criteria, and were read and analyzed in
full. Data on study design, study population, main clinical information and outcomes are
summarized in Supplementary Table S5. The next part of this section does not review all
studies on this subject, and also does not include clinical trials under development or in
recruitment with unpublished data. Our main purpose was to gather and to discuss major
sedimented data of clinical value and of clinical interest and applicability in this setting.

5.1. TRK—Tyrosine Receptor Kinases
5.1.1. EGFR and VEGFR

Abnormal or disrupted angiogenesis is considered to be one of the hallmarks of cancer,
and an increasing interest in targeting EGFR and VEGFR pathways has been observed
in clinical oncology [915]. Unfortunately, most of these studies are focused on the adult
population, and experience with these drugs in pediatric cancer is less robust. Yet, many of
these compounds were tested in clinical trials that included children and/or adolescents
with cancer, with variable results.

Regarding VEGFR inhibitors, at least three major molecule subtypes have been de-
scribed. Type I VEGFR inhibitors exert their action as competing molecules to ATP [916].
Some examples of type I VEGFR inhibitors include pazopanib, axitinib, sunitinib, ponatinib
and others. Type II inhibitors bind to the inactive “DFG-out” conformation adjacent to
the ATP-binding site. Some examples of type II inhibitors include sorafenib and lenva-
tinib. Type III inhibitors lead to an irreversible binding of kinases at specific sites [917].
In addition, many of these VEGFR inhibitor molecules are under clinical evaluation in asso-
ciation with different inhibitors, particularly immunotherapy [918]. In addition, VEGFR2
inhibitors of dual action against other tumor-associated biomarkers are gaining much
attention lately [919].

Inaba et al. (2011) evaluated the combination of sorafenib, a potent multikinase
inhibitor, in association with cytarabine and clofarabine to treat relapsed or refractory
childhood leukemia [916]. A total of 12 patients (<21 years of age; 11 with acute myeloid
leukemia (AML) and one with early T-cell precursor leukemia) entered this phase I study.
Of note, complete remission (CR) was obtained in 6 out of 12 patients, CR without complete
blood recovery in 2 cases and partial remission (PR) in 1 case. Dermatologic, gastrointestinal
(GI), metabolic and infectious adverse events were observed, and were more pronounced
in the sorafenib higher-dose stratum. Grade 3 hand–foot skin reactions and/or rash
were dose-limiting toxicities (DLTs). Sorafenib was also evaluated in a phase II trial,
in association with everolimus to treat patients with progressive and unresectable high-
grade osteosarcoma who failed standard treatment [920]. Although some encouraging
initial results with sorafenib were observed earlier in this setting, a larger phase II study
by Grignani et al. has shown some minor activity for selected cases, and the trial did
not reach the 6-month progression-free survival target in at least 50% of patients [920].
Sorafenib was also evaluated in a phase I study that included refractory or relapsed hepatic
tumors (hepatoblastoma or HCC) in children. The drug was used in association with
irinotecan [921]. Six patients were evaluable for tumor response: two patients survived
with no evidence of disease (NOD), one patient was alive with disease (AWD) and two
patients DOD upon publication date. Radiation therapy and/or metastasectomies were
offered after study protocol based on individual clinical needs. Increased grade 3 or 4
transaminase levels or neutropenia were reported.
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Axitinib, a VEGFR1, 2 and 3 inhibitor, was also evaluated in a phase I study that
included refractory solid tumors, as part of a Children’s Oncology Group (COG) trial and
a pilot consortium trial ADVL1315. Nineteen patients were evaluated, with ages ranging
from 9 to 17 years. Five patients achieved stable disease (SD), and a PR was observed in
one case (an alveolar soft tissue sarcoma). The maximum tolerated dose (MTD) of axitinib
was set at 2.4 mg/m2/dose [922]. Lenvatinib, a multiple oral tyrosine-kinase inhibitor
against VEGFRs 1 to 3, RET, KIT, FGFRs and PDGFR-alpha were evaluated in a phase I/II
pediatric and young adult trial for osteosarcomas [631]. The phase I study observed SD
(some lasting for 23 weeks) as the best response obtained with Lenvatinib; the phase II
study depicted two patients with partial response and thirteen children with SD. Although
this single agent showed some activity in osteosarcoma, future studies will focus on the
association of Lenvatinib with chemotherapy, or different molecules. Recently (September
2021), the FDA approved the use of cabozantinib for the treatment of patients (>12 years of
age) with metastatic or locally advanced differentiated thyroid cancer (DTC), not amenable
to receive iodine therapy, and who have failed different TKIs therapies. This approval was
mainly achieved as a result of clinical findings of the COSMIC-311 study that observed
prolonged progression-free survival in the group receiving the drug compared to the control
(placebo) group.

Anti-EGFR therapy to treat pediatric malignancies has been less frequently evaluated
in clinical trials. The Children’s Oncology Group (COG) evaluated gefitinib, an oral EGFR
tyrosine kinase inhibitor, in children with refractory solid tumors [923]. Twenty-five patients
were enrolled, and although the drug was well tolerated, only one patient showed partial
tumor response in this study cohort. Gefitinib was also evaluated in concomitance to
radiotherapy in newly diagnosed children with brainstem gliomas (DIPGs). Forty-three
eligible patients entered this study. Although the vast majority of patients experienced
rapid and fatal tumor progression, three patients remained free of tumor progression for
more than 36 months, pointing to a possible benefit of this approach for a small subset of
DIPGs [924].

5.1.2. RET Inhibitors

Recently, RET-altered tumors were considered amenable to receive targeted therapy
with RET inhibitors in a tissue-agnostic manner [925]. Vandetanib, a multi-TKI including
RET inhibition, was evaluated in association with bortezomib in 22 patients (17 evaluable
cases) with medullary thyroid cancer, with 27% showing partial responses [926]. Addi-
tionally, selpercatinib was evaluated in 42 patients with RET-fused tumors of different
histologies other than lung and thyroid; durable antitumor activity across different tumor
subtypes was observed, with only minor adverse effects [927]. Tissue-agnostic benefits of
the use of RET inhibitors in patients with RET-fused tumors of different histologies were
also confirmed with different drugs, such as Pralsetinib [928].

5.1.3. ALK Inhibitors

A consortium phase I study coordinated by the COG evaluated the use of crizotinib
for childhood cancer with refractory solid tumors or anaplastic large-cell lymphomas
(ALCL). Seventy-nine children (aged 6 years or older) and adolescents were enrolled;
tumor responses were more pronounced among patients with tumors with activating ALK
aberrations [929]. In addition, Fukano et al. investigated the role of alectinib in primary
refractory ALCL, or after relapsing, in a phase II study that included both children and
adults. Eight out of ten enrolled patients responded to alectinib, with minor adverse effects
described [930].

Moreover, Entrectinib, a potent CNS-penetrant inhibitor of TRKA/B/C, ROS1 and
ALK, was also evaluated to treat children and young adults with solid or primary CNS
tumors harboring NTRK, ROS1 or ALK aberrations [730]. In this phase I/II trial, the
objective response rate (ORR) was 57.7% among 43 response-evaluable patients. Entrectinib
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shows a suitable safety profile and is effective as an option to treat pediatric patients with
solid tumors harboring NTRK1/2/3 or ROS1 fusions.

5.2. PI3K/AKT/mTOR Pathway

The use of mTOR inhibitors, particularly everolimus, may be considered an impor-
tant hallmark to treat children (>3 years old) with subependymal giant cell astrocytomas
(SEGAs) associated with tuberous sclerosis complex (TSC) and not amenable to surgical
treatment. This indication is largely derived from a phase III study (EXIST-1) that evalu-
ated 117 patients in a double-blind placebo controlled trial, showing 50% tumor reduction
exclusively in the treatment arm. The most frequent adverse events were oral ulcer and
pyrexia; however, there was no treatment discontinuation due to adverse events [931].

5.3. MAPK Pathway

Abnormal, disrupted or constitutively activated MAPK pathways are involved in
many pediatric cancers, particularly in low-grade gliomas (LGG). Recently, BRAF V600E-
mutated tumors in children were eligible for agnostic treatment with BRAF plus MEK
inhibitors [932]. Patients were randomized to receive either dabrafenib plus trametinib
or standard chemotherapy. Among 110 treated children, complete and partial responses
were reached in 47% of patients receiving the targeted therapy versus 11% for patients
receiving chemotherapy alone. Of note, the clinical benefit rate, defined as complete,
partial and stable disease lasting for more than 24 weeks, was 86% for trametinib plus
dabrafenib versus 46% for standard chemotherapy [933]. Monotherapy with the BRAF
inhibitor Dabrafenib was also previously evaluated in refractory or relapsed BRAF V600-
mutated LGGs in children in a phase I/II study [934]. Among 32 enrolled patients (aged 1
to <18 years), the ORR was 44% and the 1-year PFS was 85%. In addition, adverse events
(AE) were described in 91% of the participants; the most frequent AEs were fatigue, skin
rash, dry skin and fever.

Disrupted MAPK pathways are also observed in patients with NF-1, where germline
pathogenic neurofibromin mutations lead to the abrogation of the repressive function of this
protein, with consequent activation of the PI3-K/AKT and RAS/MAPK cell signaling [935].
Besides the augmented frequency of LGG in patients with NF-1, plexiform neurofibromas
are also frequently diagnosed in these patients, sometimes with life-threatening clinical
consequences. Selumetinib, an MEK inhibitor, was evaluated in patients with symptomatic
and inoperable plexiform neurofibromas [936]. Fifty children were enrolled in this phase II
study that showed sustained tumor reduction, associated with clinical benefits. Improve-
ments were observed in reducing pain and recovering motor function. However, 5 out of
50 patients discontinued treatment due to adverse effects possibly related to selumetinib,
and 6 patients experienced disease progression while receiving the medication.

5.4. Cell Cycle Kinases

Ribociclib, an oral CDK4/6 inhibitor with pre-clinical evidence of action in different
types of pediatric cancer, was tested either alone or in combination with chemotherapy
in phase I and I/II studies, respectively [331,937]. Stable disease was the best response
observed for both trials. The most common AEs were hematologic, including neutropenia,
anemia and lymphopenia. More recently, palbociclib, a different oral CDK4/6 inhibitor,
was evaluated in a phase I study directed at children and adolescents with progressive
brain tumors. MTD of palbociclib was set at 75 mg/m2 (as monotherapy) for 21 days,
followed by 7 days without medication. Neutropenia and thrombocytopenia were common
AEs; no objective responses were observed among 35 enrolled patients [938].

In addition, different aurora-kinase inhibitors (AKIs) have undergone clinical trials in
pediatric cancer. Thirty-seven patients were enrolled in a phase I COG study evaluating
MLN8237, a selective AKI-A [939]. Myelosuppression, mucositis and hand–foot skin
syndrome were common side effects. One PR and six prolonged SD were observed. AT9283,
a different multitarget of AKIs A and B, was evaluated to treat pediatric patients with
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different types of solid tumors [940]. Of twenty-three evaluable patients, the authors
described one confirmed PR and nine cases of disease stabilization after two courses of
AT9283. More recently, Alisertib, a potent AKI-A, was evaluated in the pediatric population
with both recurred/refractory solid tumors or leukemia (phase I). Five objective responses
were reported, including two complete responses out of one-hundred and thirty-seven
evaluable participants [941].

6. Final Remarks

Despite improvements, cancer is still responsible for 8% of all disease-related deaths
in the pediatric setting [942]. Conventional chemotherapy not only is often ineffective but
can also cause long-term complications that hamper the patient’s quality of life.

Over the past two decades, precision oncology and the advent of innovator small-
molecule drugs or immunotherapy have revolutionized the treatment of many adult
cancers, such as CML, GBM and certain types of breast carcinomas [12,943–947]. The tidal
increase in genomic, epigenomic, transcriptomic, proteomic and biochemical data has
enormously improved our understanding of the specific molecular signatures of pediatric
solid tumors, as well as allowing the sub-classification of some tumor types, as is the case
of MB and EPN [948], and the application of corresponding specific therapies. Indeed,
we are currently in a transition state where the broadly applied decades-old and not
always conclusively curative cytotoxic drugs are being gradually substituted by targeted
ones, and in the near future, molecular technology will steer diagnosis and personalized
treatment [949].

With over 500 kinases in the human genome regulating key biological processes, many
members of this molecular family have gained scientific limelight in oncology and academic
pharma. Herein, we provided an in-depth review of published data on the roles of the
dysregulation of a selected group of kinases in tumor pathophysiology and corroborated
their importance as therapeutic candidates in the context of pediatric solid tumors.

By 2020, the FDA had approved 52 small-molecule therapeutics that target nearly 20
different protein kinases (half of them are multikinase inhibitors and the majority target
RTKs) [950]. Other drugs targeting an additional 15–20 protein kinases remain in clinical
trials worldwide. Nevertheless, a total of 40 target kinases represents only 10% of the kinase
superfamily, and most of those kinase-directed drugs have not been tested in pediatric
patients. Still, critical challenges must be overcome in experimental oncology and the
translation into clinical options. These challenges include the following:

(1) Selectivity: Most inhibitors developed so far target the ATP-binding site, meaning
that they may act on multiple targets simultaneously and open new opportunities for
the treatment of different tumor histologies [951,952]. Imatinib, for example, which
has led to a significant increase in CML survival rates by selectively targeting the
tumor-specific protein BCR/ABL, was included for the treatment of gastrointestinal
stromal tumors (GIST), which are characterized by KIT-activating mutations [953].
Nevertheless, most inhibitors discovered to date have faced several adversities limit-
ing their clinical use. First of all, the high sequence similarity in the ATP-binding sites
frequently results in poor selectivity (refer to Figure 5 and Supplementary Figure S3)
that may lead to undesired side effects. Moreover, these small molecules must compete
with high intracellular ATP levels, leading to differences in potency when measured
in vivo by biochemical versus cellular assays. In fact, many compounds inhibit their
enzymes at nanomolar concentrations when measured biochemically, but only in-
hibit tumor cell growth under 3-fold higher concentrations [954]. Nevertheless, the
increasing number of recognized kinase-specific structural features has allowed the
emergence of superior non-ATP competitive kinase inhibitors that target other al-
losteric sites, which mostly act by inducing a conformational shift in the target enzyme,
depleting its function [951,955–957].

(2) Adverse effects: Imatinib and dasatinib, for instance, are both licensed for the treat-
ment of children with CML. Despite its undeniable benefits, and with the spectrum of
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side effects being comparable to what has been reported in adults (i.e., gastrointestinal
toxicity, skin rash and muscle cramps), in a growing organism, imatinib treatment
impairs longitudinal growth through the disturbance of osseous remodeling and
inhibition of growth hormone secretion, which raises concerns about its lifelong
use [958]. Moreover, despite the wealth of compounds that emerge on a daily basis,
showing selectivity, potency and favorable pharmacological profiles, the probabilities
for the translation into effective patient treatment for the great majority of them are
extremely low. In this regard, less than 30% of the compounds approved or with
clinical promise retrieved from the CanSAR platform have entered clinical trials in the
pediatric setting (refer to Figure 6A). PLK1 inhibitors, for instance, despite the robust
results obtained in vitro and in vivo, have demonstrated poor applicability due to
severe hematological toxicity [959].

(3) Mutational burden and lack of predictive biomarkers: As stated before, the muta-
tional identity may vary between adult and pediatric cancer, a feature that reflects
in treatment response. Current treatments targeting ALK mutations in other cancers,
for example, have not shown significant efficacy against NB. In this tumor, two hotspot
mutations, at positions R1275Q and F1174L, occur in a high proportion of patients;
tumors harboring the first are highly sensitive to crizotinib, while tumors bearing
the second are resistant [960–962]. Moreover, as suggested by Bellantoni and Wag-
ner (2021), childhood solid tumors may have fewer potentially targetable mutations,
evinced by the inhibition of RTK for the treatment of OS, where it is necessary to target
several relevant RTKs simultaneously to achieve desirable results [821]. Therefore,
ground-breaking drugs for adult cancer may not be effective in the pediatric setting.
In parallel, inhibitors are not effective if the target is not essential to drive tumor
growth or does not represent a prognostic factor, as is the case of ROCK kinases.
Even though these proteins have gained popularity and progressively been researched
as targets for the development of novel anti-cancer drugs due to their association with
metastasis and poorer patient survival in adult tumors, the influence of both isoforms
on the prognosis of childhood cancer remains controversial [963].

(4) Intrinsic and acquired resistance: Resistance to targeted therapies is considered a
largely inevitable hurdle that has a substantial impact on patients. Refractoriness to
chemotherapy due to acquired F1174S ALK mutation in NB has been reported [964].
Likewise, the location of EGFR mutations significantly changes the effectiveness of
EGFR; several mutations conferring resistance to EGFR tyrosine kinase inhibitors
(such as T790M, L833V, A839T, V851I, A871T and G873E) have been reported [938].
Other examples include inadequate response to imatinib due to BCR-ABL1 kinase
domain mutations that impart varying degrees of drug insensitivity, observed as
underlying mechanism in 5–10% of adults and children with CML, bypassing pathway
activation [965,966]. Moreover, despite an initial benefit of the targeted drug in
molecularly well-defined tumors, patients inevitably experience tumor progression
due to the development of resistance (i.e., Crizotinib in ALK-rearranged NSCLC
population and CNS relapses) [967].

(5) Lack of compounds designed specifically for childhood tumors: In general, few
pediatric patients with cancer are enrolled in clinical trials. The perception that
adult studies can be generalized to children with similar diseases is a major obstacle.
Consequently, most treatments are based on modifications of previously approved
regimes for the adult population, and many compounds enter clinical trials without
preclinical testing in pediatric oncology (refer to Figure 6B), which is mandatory to
obtain a more accurate interpretation of its possible therapeutic potential in a certain
cancer entity [968]. Moreover, pediatric cancer is rare, and even among patients
with the same cancer type, there is often broad heterogeneity in terms of prognosis,
molecular features or pathology. Therefore, few institutions have sufficient patients
and the chances of every potential agent or combination being tested are reduced.
Even so, priorities for funding are typically assessed according to the “burden of
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illness” for diseases, which is traditionally determined by disease frequency and
mortality rate, leading to reluctance to distribute limited research funding to pediatric
trials [969–971].

Regardless of the above challenges, kinase-based drug discovery has attained dramatic
growth in the past 20 years. Although kinase inhibition represents a young therapeutic
strategy compared with other traditional tactics, the FDA has approved a median of almost
two small-molecule kinase inhibitors per year [952]. Thus, increasing numbers of targeted
therapies are being tested for pediatric cancers, and many have shown undeniable success.
Besides, the inhibition of kinases in normal cells can be clinically tolerated, presenting a
therapeutic window that allows the softening of the acute side effects that generally lead to
refusal and abandonment of treatment [972].

Moreover, as research advances, it has become clear that kinase inhibitors do not
have to be absolutely selective. Crizotinib, for instance, was initially developed as an
MET inhibitor, but later it was found to be even more efficient in cancers with ALK
rearrangements. Additionally, molecularly targeted therapies are proving to be more
effective in combination regimes to completely shut down the dysregulated pathway. As
an example, it has been shown that everolimus improves CNS retention of vandetanib,
dasatinib and sorafenib, which may have a great impact on the treatment of CNS tumors
or brain metastases [751,752]. In the same vein, third- or fourth-generation inhibitors are
being developed to avoid resistance and improve other biopharmaceutical properties such
as brain penetration. These inhibitors, coupled with the increased ability to characterize
tumors on molecular and genomic levels, will not only enable treatment refinement by
identifying which patients may benefit most, but in the near future may conquer many
diseases that are currently incurable.
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interaction capacity with each kinase, as well as FDA-approved drugs, and clinical candidates.
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Abstract: The therapeutic use of tyrosine kinase inhibitors (TKIs) represents one of the successful
strategies for the treatment of glioblastoma (GBM). Pyrazolo[3,4-d]pyrimidines have already been
reported as promising small molecules active as c-Src/Abl dual inhibitors. Herein, we present a series
of pyrazolo[3,4-d]pyrimidine derivatives, selected from our in-house library, to identify a promising
candidate active against GBM. The inhibitory activity against c-Src and Abl was investigated, and
the antiproliferative profile against four GBM cell lines was studied. For the most active compounds
endowed with antiproliferative efficacy in the low-micromolar range, the effects toward nontumoral,
healthy cell lines (fibroblasts FIBRO 2-93 and keratinocytes HaCaT) was investigated. Lastly, the
in silico and in vitro ADME properties of all compounds were also assessed. Among the tested
compounds, the promising inhibitory activity against c-Src and Abl (Ki 3.14 µM and 0.44 µM,
respectively), the irreversible, apoptotic-mediated death toward U-87, LN18, LN229, and DBTRG
GBM cell lines (IC50 6.8 µM, 10.8 µM, 6.9 µM, and 8.5 µM, respectively), the significant reduction in
GBM cell migration, the safe profile toward FIBRO 2-93 and HaCaT healthy cell lines (CC50 91.7 µM
and 126.5 µM, respectively), the high metabolic stability, and the excellent passive permeability across
gastrointestinal and blood–brain barriers led us to select compound 5 for further in vivo assays.

Keywords: glioblastoma; tyrosine kinase; c-Src/Abl dual inhibitors; pyrazolo[3,4-d]pyrimidines;
ADME; antiproliferative activity

1. Introduction

According to the World Health Organization (WHO), glioblastoma multiforme (GBM)
is classified as the most aggressive form of primary brain cancer (grade IV), associated
with poor prognosis, high morbidity, and mortality [1]. Among GBM patients, the median
survival time is typically no longer than 1 year from the diagnosis, and <3% of cases have a
5-year survival rate. Responsible for 18% of brain tumors, GBM is one of the most common
primary tumors of the central nervous system in adults [2]. Histologically, GBM is typed by
high microvascularity and necrotic areas, typical signs of the high proliferation, invasive-
ness, and angiogenesis of the tumor, demanding nutrients and oxygen for its development.
The current standard treatments of GBM are represented by surgical resection, followed
by a combination of radiotherapy and chemotherapy; despite these massive and intense
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treatments, the prognosis remains inauspicious [3]. Failure in GBM therapy is mostly repre-
sented by the lack of drugs able to hit effective molecular targets, overcome the blood–brain
barrier, and escape from multidrug resistance mechanisms occurring during the therapy.
Therefore, novel and more effective pharmacological approaches are urgently needed to
improve the prognosis of GBM patients [4]. Genomic studies highlighted the aberrant acti-
vation of receptor tyrosine kinases (RTKs) over different types of cancers, including GBM.
A common feature of GBM has been identified by transcriptional analyses in the downreg-
ulation of TP53, RB1, and RTKs/Ras/PI3K pathways, recognizing these as fundamental
requirements for the pathogenesis of GBM. Moreover, the massive activation of RTKs leads
to the downregulation of the downstream signaling cascade resulting in the activation of
both ERK and MAPK pathways and non-receptor tyrosine kinases (TKs), such as Src and
Abl. Src family kinases regulate cell proliferation, survival, and angiogenesis and play an
essential role in cancer progression and diffusion [5]. Additionally, the upregulation of the
Abelson (Abl) family members is a trademark of GBM, involved in tumorigenesis, prolif-
eration, and migration [6,7]. Thus, targeted therapy toward activated Src and Abl might
represent a favorable strategy to counteract the high proliferation rate and invasion of GBM.
In the last few decades, great attention has been paid to the implication of TKs in glioma
biology and development of novel small-molecule compounds able to target and inhibit
these molecular targets. Although monotherapy with Src inhibitors, such as dasatinib and
bosutinib, resulted unsatisfactory for recurrent GBM, TKs remain one of the most promising
targets to arrest cancer invasion [4]. In this context, several pyrazolo[3,4-d]pyrimidines
have been studied and developed by our research group as ATP-competitive TKIs. Several
compounds showed potent antitumor activities, inducing apoptosis and downregulating
cell proliferation, in several cancer cell lines, including solid tumors such as osteosar-
coma [8], neuroblastoma [9], GBM [1,5,10], and mesothelioma [11], as well as hematological
tumors such as leukemia and Burkitt lymphoma [12,13]. In vivo data, obtained from
xenograft mouse models, supported the antitumor activity of these small molecules against
neuroblastoma, leukemia, and GBM [14]. Compound 1 was previously reported by us as a
potent c-Src/Abl dual inhibitor with favorable Ki values and micromolar efficacy against
the U-87 GBM cell line [10]. The ADME profile was characterized by suboptimal aqueous
solubility and good passive permeability across the gastrointestinal (GI) and blood–brain
barrier (BBB) membranes, but metabolic stability was lower than 80%. With the purpose of
identifying molecules with the right balance between efficacy against GBM and suitable
pharmacokinetic properties, we selected a series of pyrazolo[3,4-d]pyrimidines from our
internal library. We performed structure–activity relationship (SAR) studies along with
biological and ADME evaluations to select a promising molecule active as a TKI against
GBM. The compounds were characterized by heterogeneous chemical features at the N1,
C4, and C6 positions. First, a cell-free assay was set up to determine the Ki values against
c-Src and Abl, followed by the assessment of the antiproliferative activity against four
GBM cell lines (U-87, LN18, LN229, and DBTRG). Furthermore, the cytotoxic profile was
established on two nontumoral, healthy cell lines (fibroblasts FIBRO 2-93 and keratinocytes
HaCaT) for the most active compounds of the series. Lastly, the in silico and in vitro ADME
profile was investigated for all derivatives. On the basis of the biological and ADME studies,
compound 5 resulted as the most promising pyrazolo[3,4-d]pyrimidine derivative of the
panel. Its favorable inhibitory activity against c-Src/Abl, its promising antitumor efficacy
against all GBM cell lines tested, and its safe cytotoxic profile led us to select compound
5 for further in vitro assays. Its ability to elicit an irreversible cytotoxic effect, arrest cellular
migration, and induce apoptotic-mediated cell death was assessed. Moreover, the high
metabolic stability and satisfactory passive permeability across the GI and BBB membranes
suggest that compound 5, with appropriate formulation studies to overcome solubility
issues, could represent a strong candidate for future in vivo PK studies.
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2. Materials and Methods
2.1. Drugs and Materials

Compounds herein reported were previously synthesized and reported by us [12,15–19].
The NMR characterizations, chemical names, and structures are presented in the Supplemen-
tary Materials (Chemistry chapter and Scheme S1). All reagents, solvents, and materials were
purchased from Sigma Aldrich S.r.l. (Milan, Italy) and Carlo Erba Reagents S.r.l (Milan, Italy).
Cell culture mediums, fetal bovine serum (FBS), L-glutamine, and penicillin–streptomycin
were purchased from Euroclone S.p.A. (Milan, Italy). Human glioblastoma multiforme cell
lines (U-87, LN18, LN229, and DBTRG) and the normal human dermal fibroblast (FIBRO
2-93) cell line were purchased from American Type Culture Collection (ATCC) (Manassas,
VA, USA). Human keratinocytes (HaCaT) were kindly donated by Professor Federica Pessina
from the Department of Molecular and Developmental Medicine (University of Siena, Italy).
All the compounds were dissolved in dimethyl sulfoxide (DMSO) as a 20 mM stock solution
immediately before use and diluted to final desired concentration with appropriate cell
culture medium (see below).

2.2. Enzymatic Assay

Active recombinant kinases and specific peptide substrates were purchased from
Promega (Madison, WI, USA). The reactions were carried out in accordance with the
manufacturer’s instructions, with minor modifications. The experiments were run using
all substrates at least twice the concentration of apparent Km. Src reactions were carried
out with 500 µM Src-peptide (KVEKIGEGTYGVVYK), 100 µM ATP, and 0.00087% NP-40;
Abl reactions were performed with 50 µM Abltide (EAI-YAAPFAKKK), 30 µM ATP, and
0.00087% NP-40, and T315I reactions were carried out with 100 µM Abltide, 60 µM ATP,
and 0.0013% NP-40. All reactions were run out at 30 ◦C for 10 min with 10–50 ng of
enzyme and 10 µL of 10% DMSO. Protein low-binding tubes were used to prevent peptide
adsorption onto the plastic surface. To detect kinase activity, the ADP-Glo Kinase Assay
(Promega, Madison, WI, USA) was used according to the manufacturer’s protocol. Into
white 384-well plates, reactions were stopped for 50 min at RT by adding 10 µL of ADP-Glo
Reagent (Promega, Madison, WI, USA). After 30 min, 20 µL of Detection Reagent (Promega,
Madison, WI, USA) was added, and the reaction was read using a GloMax Discover
microplate reader (Promega, Madison, WI, USA). Data were plotted using GraphPad Prism
5.04 (GraphPad Software Inc., San Diego, CA, USA), and ID50 values were calculated
according to Equation (1).

ν = V/(1 + (I/ID50)), (1)

where ν represents the measured reaction velocity, V is the apparent maximal velocity
without the inhibitor, I is the inhibitor concentration, and ID50 is the 50% inhibitory dose.
Compounds analyzed were considered to act as ATP-competitive inhibitors. Thus, Ki
values were calculated using Equation (2).

Ki = (ID50/(1 + KmATP/[SATP]))/(1 + Kmpep/[Spep]), (2)

where Ki represents the affinity of the inhibitor for the enzyme, S is the ATP concentration,
and Km is the affinity of ATP calculated according to Michaelis–Menten equation.

2.3. Cell Culture, Antiproliferative Effects, and Cytotoxicity on Cell-Based Assays

Cell-based assays were performed using four GBM cell lines, i.e., U-87, LN18, LN229,
and DBTRG, cultured in Dulbecco’s modified Eagle medium (DMEM) (U-87, LN18, and
LN229) or Roswell Park Memorial Institute medium (RPMI 1640) (DBTRG). Both media
were implemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, and
10,000 units/mL penicillin/streptomycin at 37 ◦C in a 5% CO2 atmosphere. To evalu-
ate the antiproliferative activity of the compounds reported as IC50 (i.e., drug concentration
that caused 50% of cell growth inhibition), cells were seeded at a density of 1 × 104 in
96-well plates and, after 24 h of incubation, treated with increasing concentrations of com-
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pounds for an additional 72 h. The final concentration of DMSO used never exceeded
0.5% v/v, and appropriate controls were always performed in each assay. To assess the
potential cytotoxic profile of the three most promising and active compounds toward
nontumoral cells, reported as CC50 (i.e., concentration that reduced the proliferation of
cells by 50%), further investigations were conducted using healthy fibroblasts FIBRO 2-93
and keratinocytes HaCaT. These were cultured in DMEM supplemented with 10% FBS,
2 mM L-glutamine, and 10,000 units/mL penicillin/streptomycin at 37 ◦C in a 5% CO2
atmosphere. The protocol used to assess the cytotoxic effect on both healthy cell lines was
the same described above for the antiproliferative assay. For both the antiproliferative
and the cytotoxic assays, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) was used to assess cell viability as previously described [20]. Briefly, 150 µL of MTT
(5 mg/mL in FBS-free culture medium) was added to each well, and the plates incubated for
4 h in a 5% CO2 atmosphere at 37 ◦C. Afterward, formazan violet crystals were solubilized
in 150 µL of isopropanol, and the absorbance was quantified at 570 nm using a Multiskan
SkyHigh Microplate Spectrophotometer (ThermoFisher, Waltham, MA, USA). Cell viability
was expressed as a percentage of DMSO-treated cells (controls), taken as 100%. IC50 and
CC50 values were calculated by fitting data to a nonlinear regression analysis (sigmoidal log
concentration vs. normalized response curve; GraphPad Prism 5.04 software, GraphPad
Software Inc., San Diego, CA, USA) using at least six points in a concentration range from
0% to 100% of the studied effects (total widest range 0.01–1000 µM). To support MTT data,
cytotoxicity assays was always paralleled by a careful observation of cells under a phase-
contrast light microscope, as described in USP 28 (United States Pharmacopeia edition
2005) as an alternative method [21–23]. This analysis was performed by an expert operator
blind to the treatment, and exemplificative photos representing the effects of compound
5 on LN229 and DBTRG cells are reported in Figures S2 and S3 (Supplementary Materials).

2.4. In Vitro ADME Assays
2.4.1. HPLC/UV–MS Method

UV/LC–MS chromatographic analyses were carried out using an Agilent 1100 LC/MSD
VL system (G1946C) purchased from Agilent Technologies (Palo Alto, CA, USA). Chromato-
graphic separations were achieved at room temperature (RT) using a Phenomenex Kinetex
C18-100 column (150 mm × 4.6 mm, 5 µm) and gradient elution consisting of a solution of
solvent A (H2O) and solvent B (ACN), both acidified with 0.1% v/v formic acid (FA). The
analysis began with 5% B (t = 0–1 min), increased to 95% (t = 1–10 min), maintained at 95%
(t = 10–19 min), and finally returned to 5% solvent A. The analyses were performed at a flow
rate of 0.6 mL/min, UV detection was monitored at 254 nm, and spectra were acquired over
the scan range of m/z 100–1000 in both positive and negative modes.

2.4.2. Parallel Artificial Membrane Permeability Assay (PAMPA)

The DMSO stock of each compound was diluted with phosphate buffer (PBS 25 mM,
pH 7.4) to a final concentration of 500 µM in order to obtain the “donor”. For GI and
BBB permeability, filters were coated with 10 µL of 1% w/v dodecane phosphatidylcholine
solution or 5 µL of 10% w/v CHCl3/dodecane brain polar lipid solution. The donor
(150 µL) was poured over the artificial membranes on the filter plate. DMSO/PBS (300 µL,
1:1 v/v) was then added to the acceptor wells. After assembling the sandwich plates, the
experiments were run for 5 h at room temperature (RT). Lastly, the amount of compound
passed though the artificial membranes was determined using the UV/LC–MS method
described above. Apparent permeability (Papp) and membrane retention (MR%) were
determined as previously described [24,25].

2.4.3. Metabolic Stability Assay

Each DMSO compound solution was incubated for 1 h at 37 ◦C in the presence of
500 µL of PBS (25 mM, pH 7.4), human liver microsomal (HLM) proteins (0.2 mg/mL),
and 10 mM NADPH solution in MgCl2 (48 mM). The reactions were stopped with 1.0 mL

211



Pharmaceutics 2023, 15, 453

of cold ACN. The samples were centrifuged (4000 rpm for 10 min), and the supernatants
were collected, dried under N2 flow, and suspended in 100 µL of methanol (MeOH). Parent
drugs and metabolites were determined using the previously described HPLC/UV–MS
method. The percentage metabolic stability was calculated by comparing the metabolized
and unmetabolized compounds.

2.5. Reversible/Irreversible Effect on LN229 Cell Death

To check if cytotoxic effects of compound 5 were reversible or irreversible, LN229
cells were seeded and treated as previously described. After 24 h of incubation with
increasing concentration of compound 5 (0.1–1–10–100 µM), plates were washed with PBS
and cultured in drug-free DMEM with 10% FBS for a further period of 48 h [20]. Afterward,
the MTT assay was performed to assess cell viability as previously described.

2.6. Cell-Cycle Analysis

Flow cytometry was used to investigate the apoptotic effect of compound 5 on LN229
and DBTRG cells. These were seeded in a six-well plate (5 × 105 cells/well) and treated
with compound 5 at the respective IC50 values concentrations for 72 h. Afterward, the cells
were treated as previously reported [26]. Red fluorescence (DNA) was detected through
a 563–607 nm bandpass filter (FL2 channel, 104 cells/sample) using an FACScan flow
cytometer coupled with Cell Quest software v.3.0, (both purchase from BD Biosciences, San
Jose, CA, USA), and the latter was used to calculate the percentage of cells in the different
phases of the cell cycle.

2.7. T-Scratch Assay

To investigate the inhibitory effect of compound 5 on cell migration, LN229 cells
(8 × 104 cells/well) were seeded in 24 well-plate such that they were at 90% confluence
the following day, at which point a scratch was made in the cell layer using a sterile p200
pipet tip. After washing the cells with warm PBS to remove the detached cells, 500 µL
of fresh DMEM containing 1% FBS and increasing concentrations (0.25–0.5–2.5–5 µM) of
compound 5 were added to each well. The scratched area was observed and photographed
at 10× magnification after 0–24–48–72 h (see Figure S5, Supplementary Materials). Finally,
the size of the area covered by cells at selected timepoints was obtained using ImageJ
software (National Institute of Health, Bethesda, MD, USA, 1.37v), and the percentage
cellular migration was plotted as percentage wound closure using GraphPad Prism version
5.04 (GraphPad Software Inc., San Diego, CA, USA).

2.8. Data Analysis

Data are reported as the mean ± standard deviation (SD) of at least three independent
experiments. Statistical analysis was performed using two-way ANOVA followed by
Tukey’s multiple comparison test (reversible/irreversible effect on LN229 cell death, T-
scratch assay) and Student’s t-test for unpaired samples (cell-cycle analysis) as appropriate.

3. Results and Discussion
3.1. In Vitro Biological Evaluation
3.1.1. Enzymatic Assay

GBM is a highly aggressive tumor with low expectations of recovery. Today, the
standard treatment for GBM is surgical ablation, combined with and/or followed by radio-
therapy and chemotherapy. The Src and Abl families play a crucial role in carcinogenesis,
angiogenesis, and metastasis, and contribute to the development of the mechanisms of
resistance, particularly in GBM, in which they are highly upregulated [5–7]. On the basis
of these factors, the development of small molecules that act as dual Src/Abl inhibitors
with improved pharmacokinetic properties, especially the ability to reach the target be-
yond the BBB, represents one successful strategy to attack GBM on several fronts while
targeting the molecular mechanisms implicated in resistance. Thus, to investigate the
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structure–activity relationship (SAR) of the selected compounds, a cell-free enzymatic assay
was used to assess the affinity toward c-Src and Abl, as shown in Table 1. As already
reported [10], compound 1 inhibited both enzymes with Ki values in the micromolar and
low-micromolar range (3 µM and 0.37 µM against c-Src and Abl, respectively). A wide-
ranging SAR study on this class of derivatives suggested that the presence of a benzylamine
moiety (3, 4, 5, 6, 7, 9, and 11) in the R2 position resulted in more active derivatives than
cyclopropylamine (2), aniline (12), or phenethylamine ones (8 and 10). Among the first
group of compounds, with respect to parent compound 1, an improvement in the inhibitory
efficacy against c-Src was achieved thanks to the introduction of a fluorine atom in the ortho
(3), para (4) [16], or meta (11) [19] position of the benzylamine group. These modifications
led to a significant reduction in the inhibitory efficacy against Abl when compared to that of
reference compound 1. The introduction of a fluorine (6) [16] or a chlorine atom (7) [17] in
the R position resulted in promising derivatives with Ki values in the low-micromolar range.
Compound 5 did not show substantial changes in c-Src/Abl inhibition, despite having one
more fluorine atom than 1. Lastly, the introduction of a morpholine ethanethiol moiety
(9) in R3 provoked a favorable improvement in the inhibition of Abl, but no significant
differences against c-Src [17].

Table 1. Chemical structures and enzymatic activity (µM) against c-Src and Abl of compounds 1–12.
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Enzymatic Data

Compounds R R1 R2 R3 c-Src Ki
a Abl Ki

a

1 b H Cl NHCH2C6H5 H 3 * 0.37 *

2 H Cl NH-cyclopropyl H 11.57 ± 1.08 8.01 ± 0.73

3 c H Cl NHCH2C6H4-oF H 0.15 ± 0.02 0.73 ± 0.05 *

4 c H Cl NHCH2C6H4-pF H 0.51 ± 0.08 2.00 ± 0.10 *

5 c F Cl NHCH2C6H5 H 3.14 ± 0.38 0.44 ± 0.06 *

6 c F Cl NHCH2C6H4-oF H 0.07 ± 0.01 0.02 ± 0.01 *

7 d Cl Cl NHCH2C6H4-pF H 0.80 ± 0.09 0.08 *

8 e H Cl NHCH2CH2C6H5 SCH3 0.70 * 7.30 *

9 f H Cl NHCH2C6H5 SCH2CH2-4-morpholino 2.90 ± 0.30 * 0.09 ± 0.01 *

10 Cl Cl NHCH2CH2C6H5 H 0.22 ± 0.03 0.31 ± 0.02

11 e H H NHCH2C6H4-mF H 0.51 * 4.92 *

12 b Br Cl NHC6H5 H 0.06 * 0.61 *
a Values are the means ± SD of three different experiments run in triplicate. * Compounds previously published.
b Ref. [10]. c Ref. [16]. d Ref. [12]. e Ref. [19]. f Ref. [17].

While the cyclopropylamino derivative 2 showed Ki values approximately 10 µM
against both enzymes, the anilino-substituted compound 12, typed also by the presence of
a bromine in R [10], was characterized by a relevant improvement in the inhibitory efficacy
against c-Src. Among the phenethylamine derivatives, compound 8 possessed a promising
activity against c-Src, but a lower activity against Abl, probably due to the presence of
methanethiol group in R3 position [19], while compound 10 substituted with a chlorine in
R, showed a better profile, acting as a low-micromolar dual inhibitor (Ki values of 0.22 and
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0.31 µM against c-Scr and Abl, respectively). The present enzymatic studies revealed a
general improvement in the inhibitory efficacy against c-Src, with Ki values usually lower
than the reference compound 1. The low-micromolar inhibitory activity against Abl was
confirmed and sometimes also improved; only a few exceptions resulted in potential TKI
inhibition worse than compound 1.

3.1.2. Cell Viability Assay

In light of the previous results, further SAR studies were conducted to investigate the
antiproliferative activity of the pyrazolo[3,4-d]pyrimidine derivatives against four GBM
cell lines (U-87, LN18, LN229, and DBTRG) (Table 2).

Table 2. Antiproliferative activity (µM) of compounds 1–12 against four GBM cell lines and cytotoxi-
city (µM) of the most promising ones on nontumoral, healthy FIBRO 2-93 and HaCaT cell lines.

Compounds IC50
a CC50

b

U-87 LN18 LN229 DBTRG FIBRO 2-93 HaCaT

1 c 2.9 ± 1.1 * 3.6 ± 0.5 3.4 ± 0.8 4.3 ± 0.8 86.9 ± 4.2 88.7 ± 5.7

2 NA 49.4 ± 2.8 NA NA - -

3 40.2 ± 3.6 27.5 ± 2.1 29.2 ± 2.6 15.1 ± 2.1 - -

4 29.8 ± 2.5 9.0 ± 1.2 NA 68.5 ± 3.8 - -

5 6.8 ± 0.3 10.8 ± 1.4 6.9 ± 0.5 8.5 ± 1.4 91.7 ± 5.3 126.5 ± 6.4

6 32.4 ± 2.7 11.7 ± 1.5 33.8 ± 2.3 20.1 ± 1.8 - -

7 22.7 ± 2.3 3.9 ± 0.6 7.1 ± 1.1 14.6 ± 0.9 28.6 ± 3.7 37.8 ± 4.9

8 37.9 ± 3.9 5.9 ± 1.1 26.1 ± 2.8 31.2 ± 2.5 - -

9 NA 2.9 ± 0.5 58.2 ± 3.4 59.4 ± 3.7 - -

10 33.9 ± 2.9 6.2 ± 1.0 27.9 ± 2.1 46.5 ± 4.1 - -

11 56.9 ± 3.3 34.1 ± 2.9 58.4 ± 3.0 69.2 ± 3.9 - -

12 c 14.0 ± 1.9 * NA NA NA - -
a IC50 = drug concentration that caused 50% of cell growth inhibition, b CC50 = concentration that reduced the
proliferation of cells by 50%, both determined by measuring the cell viability with the colorimetric MTT assay.
Values are the means ± SD of at least three different experiments run in triplicate. * Compounds previously
published. c Ref. [10]. NA means not active (IC50 > 100 µM). Empty cells were not determined.

Compound 1, previously reported to be active against U-87 cells in the low-micromolar
range [10], confirmed its potent antitumor activity against the other GBM cell lines (LN18,
LN229, and DBTRG). As shown in Table 2, the cyclopropylamine derivative 2 resulted the
least active of the series with only a slight activity against LN18 cells, while compounds
3 and 4, with a fluorine atom in the ortho and para positions of the benzylamine group,
displayed promising IC50 values. Interestingly, the best results were obtained with com-
pound 5 (characterized by an additional fluorine atom in the R position with respect to
reference compound 1), which showed low-micromolar activity against all GBM cells tested
(concentration vs. cytotoxic effect curves relative to each cell line are reported in Figure
S1, Supplementary Materials). Ortho and para fluorobenzylamino derivatives bearing
a fluorine (6) or chlorine (7) atom in the R position presented a slight or significant im-
provement in anticancer efficacy compared to the corresponding unsubstituted compounds
(3 and 4) on the N1 side-chain. To further investigate the SAR around the scaffold, sub-
stituents such as methanethiol and 4-morpholinoethanethiol moieties were introduced in
R3 position leading to compounds 8 and 9, respectively. The phenethylamine derivative 8
demonstrated a mild ability to act as an antiproliferative agent, especially against LN18
cells, while the efficacy of compound 9 was reduced in the other GBM cell lines. Compound
10 followed the same trend as compound 8, proving to be a valuable antiproliferative agent
with encouraging IC50 values. Lastly, if compound 11 was a weak cytotoxic agent, the
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introduction of the aniline moiety in R2 (12) produced a potent compound active against
U-87 cells [10], but was ineffective against the other GBM cell lines. Taken together, the
present results strongly suggest that our compounds are promising anticancer candidates
toward GBM. Compound 1 and the two most encouraging derivatives (5 and 7), endowed
with antiproliferative activity comparable to that of reference one, were further investigated
for their safety profile by assessing their activity in two different nontumoral, immortalized
healthy cells (FIBRO 2-93 and HaCaT). Except for compound 7 which affected the viability
of both healthy cell lines (CC50 values of 28.6 and 37.8 µM on FIBRO 2-93 and HaCaT,
respectively), compounds 1 and 5 were characterized by an optimal safety profile (CC50
~87 µM for compound 1 and >90 µM for compound 5, i.e., 10 times higher than their IC50),
thus suggesting a reassuring ability to distinguish between tumoral and healthy cells.

3.2. In Vitro ADME Evaluation

To assess the capability of the selected pyrazolo[3,4-d]pyrimidine derivatives to reach
their target in vivo, the in silico and in vitro ADME properties were assessed for all com-
pounds (Table 3). Our research group was efficiently involved in the attempt to overtake
the suboptimal solubility of these compounds with prodrugs [10] or formulations such as
albumin nanoparticles [27], cyclodextrins [28], and liposomes [27]. For this reason, we de-
cided to analyze this property using a computational approach followed by proper in vitro
investigations. The QikProp software confirmed the hydrophobicity of the derivatives.
All compounds were characterized by suboptimal LogS values which could limit their
in vivo bioavailability depending on the solvation rate. Nevertheless, the entire series of
pyrazolo[3,4-d]pyrimidines had the optimal ability to cross the GI membrane and, most im-
portantly, the BBB, as demonstrated by PAMPA assays. Similar to the reference compound
1, previously reported to show high passive permeability across membranes, compounds 3,
4, 5, 6, 7, 10, and 11 were characterized by high apparent permeability values, never lower
than 10 cm/s × 10−6, and limited percentages of membrane retention.

Table 3. In silico and in vitro ADME properties of compounds 1–12.

Compounds QP
LogS

GI
Papp a,b (MR%) c

BBB
Papp a,b (MR%) c

Metabolic
Stability a (%)

Metabolite
Formation (%) d

1 e −5.715 11.08 * 16.5 * 78.3 *

M1 = 14.5 *
M2 < 0.1 *
M3 = 2.6 *
M4 = 4.5 *

2 −4.862 6.46
(34.7)

4.96
(55.0) 96.3 M1 = 2.1

M2 = 1.6

3 −6.358 12.4
(7.3)

12.2
(4.8) 80.4 M1 = 14.5

M3 = 5.1

4 −6.784 11.2
(7.8)

10.6
(2.1) 92.2

M1 = 5.9
M2 = 1.0
M3 = 0.9

5 −6.511 10.7
(9.2)

11.2
(5.6) 84.2

M1 = 10.8
M2 = 1.7
M3 = 3.3

6 −6.955 11.4
(10.1)

12.4
(4.4) 69.9

M1 = 21.9
M2 = 3.0
M3 = 5.2

7 f −7.533 16.6 * 9.6
(4.4) 94.0 * M1 = 4 *

M3 = 2 *

8 −6.207 3.2
(42.7)

5.96
(18.3) 96.6 M1 = 1.9

M2 = 1.5
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Table 3. Cont.

Compounds QP
LogS

GI
Papp a,b (MR%) c

BBB
Papp a,b (MR%) c

Metabolic
Stability a (%)

Metabolite
Formation (%) d

9 g −5.6 * 9.1 * 2.6
(6.3) 95 * M1 = 5 *

10 −7.589 10.8
(17.2)

11.3
(4.8) 85.9 M1 = 10.3

M3 = 3.8

11 −5.973 10.1
(6.7)

10.8
(5.2) 93.0 M1 = 0.4

M2 = 6.7

12 e −6.576 6.64 * 13.1 * 96.4 * -
a Values represent the mean values of three independent experiments run in triplicate. b Apparent permeability
(Papp) reported in cm/s × 10−6. c Membrane retention %. d M1 = M − HCl + O (−36 + 16); M2 = M + OH (−16);
M3 = M—group bearing NH moiety in R2; M4 = M − Cl + OH (−35 + 17). * Compounds previously published.
e Refs. [10,18]. f Ref. [12]. g Ref. [17]. Empty cells were not determined or not found.

The in silico and in vitro results confirmed the well-known suboptimal aqueous solu-
bility characterizing the pyrazolo[3,4-d]pyrimidine derivatives, as well as the satisfactory
ability to efficiently overcome membranes (especially the BBB) without remaining en-
trapped in the phospholipidic bilayer. Regarding the metabolic stability in the presence of
HLMs, the principal metabolites were identified because of dechlorination (M1 and M4),
oxidation (M2), and the loss of the groups bearing the amine moiety in R2 (M3). The per-
centage of metabolite formation was calculated as previously reported [18]. With respect to
reference compound 1, most of the derivatives resulted in higher metabolic stability, around
90% or more (2, 4, 7, 8, 9, 11, and 12), when incubated in presence of HLMs. Compound
6 underwent massive metabolization with the formation of more than 20% of metabolite M1,
resulting definitively worse than the reference compound 1. Lastly, compounds 3, 5, and 10
were characterized by improved metabolic stability of approximately 80–85%. As a general
conclusion, metabolic stability studies highlighted the tendency of selected compounds to
lead to the massive formation of metabolite M1 (M − HCl + O), followed by the loss of the
group bearing the NH moiety in R2 (M3).

3.3. Irreversible Cytotoxic Effect on LN229 Cell Death

Results so far obtained highlighted that compound 5 is a dual inhibitor, endowed with
low-micromolar activity against four different GBM cell lines, an optimal safety profile
toward healthy cells, and promising ADME properties, particularly a high BBB permeability
that represents the Achilles heel of many GBM candidates. These characteristics strongly
led us to further investigate its anticancer activity. In the case of cancer cells, it is mandatory
to investigate whether a cell line may (or may not) be able to restart its proliferative activity
upon drug treatment. It is crucial to demonstrate the presence of the so-called “point of no
return”, a limit line between cell injury and cell death, whereby surpassing this point drives
irreversible damage. Thus, to better elucidate the biological effect and the mechanism of
compound 5-mediated cell death, further investigations were performed on the LN229 cell
line. To check whether the growth inhibitory effect was reversible or irreversible, LN229
cells were initially treated with compound 5 for 24 h; after that, cells were carefully washed
to remove the treatment and were cultured for a further 48 h in a complete drug-free
medium. At the timepoint of 72 h, as described above, the MTT assay was used to assess
cell viability. As reported in Figure 1, compound 5 caused an irreversible cytotoxic effect.
This trend was emphasized at the concentrations of 10 and 100 µM with a further decrease
in cell viability (~−30% for both concentrations) after 24 h of treatment, followed by 48 h of
incubation without compound 5.
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Figure 1. Irreversible cytotoxic effect of compound 5 (Cpd 5) on LN229 GBM cell line. These were
treated with the compound for 24 h (24 h, light-blue column) and then incubated for 48 h with fresh,
drug-free medium (24 h + 48 h medium, dark-blue column). Afterward, cell viability was assessed
using the MTT assay. Values are the means ± SD of n = 3 independent experiments run in triplicate.
* p < 0.05, **** p < 0.001 vs. 24 h at the same concentration (ANOVA followed by Tukey’s multiple
comparison test).

Interestingly, it is important to note that, after 24 h of treatment, cytotoxic effects
occurring at both 1 and 10 µM, although moderate (~−10% and −20%, respectively), were
immediately irreversible, as cell viability was not restored after withdrawal of the drug.
This might prove to be very useful to support a full cytotoxic effect achieved in the low µM
range after 72 h of treatment.

3.4. Cell-Cycle Analysis

To further investigate whether compound 5-mediated cell death involved some char-
acteristics of apoptosis such as loss of DNA due to DNA fragmentation, as well as effects
on cell-cycle progression, flow cytometry-mediated cell-cycle analyses were conducted
by treating LN229 and DBTRG cells for 72 h with compound 5 at its IC50 concentrations.
As reported in Figure 2a, a relevant accumulation of LN229 hypodiploid cells in the sub
G0/G1 phase was observed (+32.1%, p < 0.0001 vs. control), which was accompanied by a
proportional reduction in those in the G0/G1 phase (−32.4%, p < 0.0001 vs. control), sug-
gesting that compound 5 induced apoptotic-mediated cell death. No significant differences
were detected in the percentage of cells in the S and G2/M phases. As reported in Figure 2b,
a significant accumulation of hypodiploid cells was also found in the sub G0/G1 area in
DBTRG cells (+15.6%, p < 0.0001 vs. control) (see exemplificative histograms of cell-cycle
analysis reported in Figure S4, Supplementary Materials), thus suggesting that, in the
presence of compound 5, both LN299 and DBTRG cells respond by initiating programmed
cell death. This hypothesis was also supported by the analysis at phase-contrast microscopy,
which highlighted significant morphological alterations, including a tendency to round up
and detach from the culture plate, shrinkage, loss of contact with adjacent cells, membrane
blebbing, and formation of apoptotic bodies (see Figures S2 and S3, Supplementary Ma-
terials). The increased number of cells with DNA fragmentation was accompanied by an
arrest of DBTRG cells in the G2/M phase (+38.1%, p < 0.0001 vs. control).
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Figure 2. Compound 5-mediated effects on the glioblastoma LN229 (a) and DBTRG (b) cell cycle.
Cells were treated for 72 h at the compound 5 IC50 concentrations, i.e., 6.9 µM for LN229 and 8.5 µM
for DBTRG. Percentages of cells in sub G0/G1 (Blue), G0/G1 (Purple), S (Pink), and G2/M (Green)
phases are reported as the means ± SD of at least three independent experiments run in triplicate.
**** p < 0.0001 vs. ctrl, same cell-cycle phase (unpaired Student t-test).

A cell-cycle completion is essential for proliferation, and cell apoptosis often results
from cell-cycle arrest [29]. To complete the cell cycle, a successful G2/M phase is crucial,
and uncontrolled cell proliferation might result from imbalanced cell-cycle regulation,
which is a hallmark of cancer cells, including GBM [30,31]. Several anticancer drugs
have been found to induce G2/M cell-cycle arrest and apoptosis in different GBM cell
lines, effectively suppressing proliferation [32,33]. Moreover, the observation that, upon
compound 5 treatment, G2/M phase arrest was observed in DBTRG, but not in LN299
cells can be explained by considering that these GBM cell lines possess a diverse genetic
background and, in turn, possibly different mechanisms leading to tumor development [34],
which might impact the cells’ capacity to respond to drugs. Taken together, results from
cell-cycle analysis, showing an increased population in cells with a reduced DNA content
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(LN299 and DBTRG) and G2/M arrest (DBTRG), suggest the possibility of an apoptotic-
mediated cell death caused by compound 5. As types of cell death other than apoptosis
might result in loss of DNA appearing in the sub G0/G1 region, the possibility that other
mechanisms may drive compound 5 effects cannot be ruled out.

3.5. T-Scratch Assay

Glioblastoma is a malignant primary brain tumor strongly characterized by aggressive
invasion of the surrounding cerebral tissues that obstacles surgery and target therapies.
Although gliomas rarely metastasize out of the brain tissue, the massive infiltration of
tumor cells along blood vessels, with matter tracts and the subarachnoid space is a common
hallmark of this type of cancer [35,36]. Therefore, studying the effect of drugs on cell
migration is of primary importance; to fulfill this task, we decided to use an easy, low-cost,
and reproducible T-scratch assay. The overall ability of compound 5 to influence GBM cell
migration was assessed in LN229 cells (Figure 3).
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Figure 3. Effect of compound 5 on cancer cell migration. After scratching, LN229 cells were treated
with increasing concentrations of compound 5 for 24–48–72 h. Results were obtained from n = 3
independent experiments run in triplicate; values are reported as the means ± SD. Two-way ANOVA
followed by Tukey’s multiple comparison test was performed to determine statistical significance.
2.5 µM and 5 µM: *** p < 0.001, **** p < 0.0001 vs. free at the same timepoints; 5 µM at 72 h: §§ p < 0.01
vs. the same concentration at 24 h.

While, in free samples and in the presence of the lowest concentrations of the inhibitor
(0.25 and 0.5 µM), the closure of the monolayer significantly increased after 72 h (getting
close to 60% of wound closure), at 2.5 and 5 µM, compound 5 suppressed healing, leaving
more than 80% of the wound opened at all the timepoints analyzed, suggesting that
compound 5 can inhibit the horizontal migration ability of LN229 cells already at the early
stage (24 h) of drug stimulation and is sustained over time (72 h), albeit with decreased
inhibition rates.

4. Conclusions

GBM continues to be a highly aggressive tumor with low expectations of recovery.
Today, the standard treatment for GBM is surgical ablation, combined with and/or fol-
lowed by radiotherapy and chemotherapy. However, such methods are not curative, and
patients affected by GBM still have poor prognoses, primarily due to the onset of resistance,
often caused by the presence of cancer stem cells [6]. Progressive and increasing interest
in developing small-molecule kinase inhibitors has been recorded since the 1980s, with
more than 30 new drugs approved by the FDA for the treatment of tumors [37]. In recent
years, our research team has created a large library of pyrazolo[3,4-d]pyrimidines, capable
of inhibiting tyrosine kinases, identified as potent antitumor agents, demonstrating a pow-
erful action both in vitro and in vivo. Thus, moving from our in-house library, a panel of
compounds characterized by the pyrazolo[3,4-d]pyrimidine scaffold and heterogeneously
decorated at N1, C4, and C6 was selected for this study. Compounds were tested against
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c-Src and Abl, showing promising Ki values in the micromolar and low-micromolar range.
Then, the antiproliferative activity of the compounds was assessed on four GBM cell lines
(U-87, LN229, LN18, and DBTRG); for the most active derivatives, a safety profile was
established with the healthy fibroblasts FIBRO 2-93 and keratinocytes HaCaT. The ability
of the compounds to cross both GI and BBB membranes was assessed in vitro. The optimal
passive permeability values suggest that several compounds could efficiently cross the BBB.
Moreover, a complete ADME profile was studied for all compounds, revealing comparable
solubility but higher metabolic stability with respect to parent compound 1. Lastly, consid-
ering the in vitro biological and pharmacokinetic data, compound 5 was chosen to further
characterize its biological effect on LN229 and DBTRG GBM cells. Compound 5 induced
irreversible cytotoxicity, significantly reduced cell migration, and increased the number
of cells with DNA fragmentation, possibly because of an apoptotic-mediated cell death.
Overall, this study led to the identification of a new promising pyrazolo[3,4-d]pyrimidine
derivative for GBM treatment. Although further investigations are needed to characterize
its mechanism of action, as well as to evaluate the in vivo pharmacokinetic profile and
efficacy, our present findings demonstrate that compound 5 could represent a new excellent
approach to GBM treatment.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/pharmaceutics15020453/s1, Chemistry; Scheme S1: Chemical
Structures of tested compound; Figure S1: Effects of compound 5 on viability of four different GBM
cell lines (U-87, LN18, LN229, DBTRG), as well as on two non-tumoral, healthy cells (the fibroblast
FIBRO 2-93 cells and the keratinocytes HaCaT cells). Cell viability was expressed as percentage of that
of DMSO-treated cells (controls), taken as 100%. IC50 and CC50 values were calculated by fitting data
according to a non-linear regression analysis (sigmoidal log concentration vs. normalized response
curve) and reported in Table 2. Each point represents mean ± SD (if not visible, SD was covered
by the point); Figure S2: Morphological comparison performed at contrast phase microscopy (scale
bar 180 µm) between controls, untreated LN229 cells (panel (a)) and those treated with compound
5 (6.9 µM, 72 h, panel (b)) in which significant morphological alterations, including tendency to round-
up, shrinkage, loss of contact with adjacent cells, membrane blebbing and formation of apoptotic
bodies are evident. Each photograph was representative of three independent observations; Figure
S3: Morphological comparison performed at contrast phase microscopy (scale bar 180 µm) between
controls, untreated DBTRG cells (panel (a)) and those treated with compound 5 (8.5 µM, 72h, panel (b))
in which significant morphological changes caused by the drug are evident. Compound 5 caused the
cells to lose contact with adjacent cells, cell membrane blebbing and a general tendency to round-up.
Each photograph was representative of three independent observations; Figure S4: Exemplificative
cell cycle distribution histograms of the LN299 and DBTRG cell lines in control condition (CTRL) and
after 72 h of treatment with compound 5 (6.9 µM and 8.5 µM, respectively). Following incubation, the
DNA of the cells was stained with propidium iodide and its content was analysed by flow cytometry.
The cells were normally distributed in the population of sub G0/G1, G0/G1, S, and G2/M of cell
cycle phases in CTRL samples. After 72 h of treatment with compound 5, an increase in sub G0/G1
cells in both cells lines was observed, while the same compound also caused an arrest the cell cycle
in G2/M phase in DBTRG cells; Figure S5: Time-lapse images of a representative T-scratch assay
to investigate the effect of compound 5 on GBM cancer cell migration. LN229 cells were seeded,
scratched, and finally incubated with increasing concentrations of compound 5 (0.25–0.5–2.5–5 µM)
for 24–48–72 h. Scale bar 100 µm.
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Abstract: Lenvatinib is a multitarget tyrosine kinase inhibitor (TKI) approved for the treatment of
several types of cancers, including metastatic differentiated thyroid cancer (DTC). The intended tar-
gets include VEGFR 1–3, FGFR 1–4, PDGFRα, RET, and KIT signaling pathways, but drug resistance
inevitably develops and a complete cure is very rare. Recent data has revealed that most of the TKIs
have additional ‘off-target’ immunological effects, which might contribute to a protective antitu-
mor immune response; however, human cellular data are lacking regarding Lenvatinib-mediated
immunomodulation in DTC. Here, we investigated in ex vivo models the impact of Lenvatinib on
the function of immune cells in healthy volunteers. We found that monocytes and macrophages
were particularly susceptible to Lenvatinib, while neutrophiles and lymphocytes were less affected.
In tumor-immune cell co-culture experiments, Lenvatinib exerted a broad inhibitory effect on the
proinflammatory response in TC-induced macrophages. Interestingly, Lenvatinib-treated cells had
decreased cellular M2 membrane markers, whereas they secreted a significantly higher level of the
anti-inflammatory cytokine IL-10 upon LPS stimulation. In addition, prolonged exposure to Lenva-
tinib impaired macrophages survival and phenotypical differentiation, which was accompanied by
remarkable morphological changes and suppressed cellular metabolic activity. These effects were
mediated by myeloid cell-intrinsic mechanisms which are independent of Lenvatinib’s on-target
activity. Finally, using specific inhibitors, we argue that dual effects on p38 MAPK and Syk pathways
are likely the underlying mechanism of the off-target immunological effects we observed in this study.
Collectively, our data show the immunomodulatory properties of Lenvatinib on human monocytes.
These insights could be harnessed for the future design of novel treatment strategies involving a
combination of Lenvatinib with other immunotherapeutic agents.

Keywords: tyrosine kinase inhibitors; innate immunity; thyroid cancer; tumor-associated
macrophages; cytokines

1. Introduction

Differentiated thyroid cancer (DTC) constitutes the majority of thyroid carcinomas
(TC) worldwide. Generally, treatment with surgery and radioactive iodine are effective
for most cases. However, up to 15% of patients develop radioiodine-refractory metastatic
disease (RAI-refractory-DTC) and have poor long-term prognosis [1]. Currently, the only
therapeutic option available for these patients is systemic molecular targeted therapy,
which is represented by tyrosine kinase inhibitors (TKIs). Lenvatinib, a multitargeted
TKI against VEGFR 1–3, FGFR 1–4, PDGFRα, RET, and KIT signaling networks, has been
approved for the treatment of metastatic DTC since 2015. Despite positive results from a
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SELECT trial, in a real-world setting, response to treatment differs among patients [2,3].
Oncological drug development is a time- and cost-consuming task, yet a high frequency
of secondary mutations and paradoxical activation of alternative pathways often leads to
drug resistance [3–5]. Therefore, innovative strategies to fully assess the antitumor activity
of Lenvatinib are urgently needed.

Beyond targeting oncogenesis and angiogenesis processes, tumor immunotherapy
remains a highly attractive yet not fully operational approach to treatment. Recent ad-
vances in immune checkpoint inhibitors (ICIs) offer a promising approach to achieve
durable improvement by remobilizing the immune system against tumor proliferation
and metastasis. However, the efficacy of ICIs is largely dependent on an immunogenic
tumor microenvironment (TME), and, to date, ICI monotherapy has been proved effec-
tive only in a minority of solid cancers, as it largely blunted by the immunosuppressive
factors with TME [6–8]. Myeloid cells constitute a highly plastic and heterogenous cell
population in the tumor milieu and are often hijacked and reprogrammed by malignant
cells to facilitate disease progression [9]. Notably, tumor-associated macrophages (TAMs)
identified in advanced DTC display an immunosuppressive and tumor-promoting pheno-
type, and increased TAMs infiltration is correlated with poor prognosis [10–12]. This, in
turn, makes them suitable targets for therapeutic intervention [13]. Interestingly, there has
been emerging evidence indicating that most TKI therapies exert additional immunological
effects via tumor intrinsic or extrinsic mechanisms [14–18]. Part of the immunomodulatory
properties could be explained by their anti-angiogenesis effects via direct binding to the
primary targets VEGFRs, which is also known as on-target activity. It should be noted
that many FDA-approved TKIs interact with undesignated kinases/proteins expressed by
healthy cells, termed as off-target effects. Interestingly, these off-target effects could lead to
beneficial drug repurposing if the underlying mechanism could be characterized [19].

Recent results from different murine models revealed that an intact immune system
was an essential prerequisite for the Lenvatinib-mediated tumor killing activity, and the
combination with anti-PD-1 therapy significantly improved animal survival [20–22]. This
is indicative of possible Lenvatinib-mediated immunomodulation, mainly involving the
adaptive immune system. However, thus far, little has been known about the role of
myeloid cells in these effects and how such a mechanism can be leveraged to improve clini-
cal outcomes. Therefore, in this study, we set out to study whether Lenvatinib modulates
the immune system in the context of TC and the potential mechanisms mediating these
effects. This knowledge could contribute to the development of combination treatment
strategies to enhance its effectivity and reduce toxicity. Our data show that ex vivo Lenva-
tinib treatment induced functional and metabolic reprogramming in circulating monocytes
obtained from healthy volunteers, and this was mediated via dual inhibition of the p38
MAPK and Syk pathways.

2. Materials and Methods
2.1. Monocyte Isolation

Peripheral blood mononuclear cells (PBMCs) were isolated by density gradient cen-
trifugation with Ficoll-Paque (GE healthcare, Diegem, Belgium) from buffy coats obtained
from the Sanquin bloodbank, Nijmegen, The Netherlands. Percoll-monocyte enrichment
was performed as previously described [23]. Briefly, PBMCs were layered on top of a
hyper-osmotic Percoll solution, and the interphase layer was collected after centrifugation.
Cells were resuspended in RPMI culture medium (Life Technologies, Carlsbad, CA, USA)
supplemented with pyruvate (1 mM), glutamine (2 mM), gentamicin (50 µg/mL), HEPES
(10 mM), glucose (5 mM), and 10% human pooled serum (HPS). In selected experiments,
highly purified monocytes were obtained from PBMCs through negative selection using
a human pan monocyte isolation kit, following the manufacturer’s instruction (Miltenyi
Biotec, Bergisch Gladbach, Germany).
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2.2. Neutrophil Isolation and ROS Production Analysis

Neutrophil isolation and functional analysis were performed as previously described [24].
EDTA-anticoagulated peripheral blood was collected from healthy donors with informed
consent. After density-gradient centrifugation, red blood cells were lysed with hypotonic
buffer, and the purity of the remaining neutrophils was measured on a Sysmex XN-450
Hematology Analyzer (Sysmex Corporation, Kobe, Japan). Reactive oxygen species (ROS)
assays were performed with freshly isolated neutrophils using a luminescence assay in
quadruplicates. A total of 200,000 neutrophils per well were added into a 96-well white
assay plate (Corning, Corning, NY, USA). Due to the relatively brief lifespan of neutrophils,
ROS production was measured after 1 h preincubation of Lenvatinib. Cells were stimulated
with 0.5 µg/mL of phorbol myristate acetate (PMA) or plasma-opsonized Zymosan A
(Sigma-Aldrich, St. Louis, MO, USA) at a concentration of 1 mg/mL. Luminol (Sigma-
Aldrich) was added with a final concentration of 0.1 mM, and chemiluminescence was
measured at a wavelength of 425 nm every 142 s for 1 h.

2.3. Cell Culture, Viability Test, and Stimulation

Several Lenvatinib concentrations within the clinically achievable dose range (100 nM
to 1 µM) were tested in our experimental setup with both PBMCs and monocytes. Cell
viability was determined by flowcytometry using fixable viability dye (FVD) eFlour 780
(Invitrogen, Carlsbad, CA, USA). After 24 h of incubation with Lenvatinib, the cells were
labelled with FVD for 30 min and stained with surface marker. CD14+ viable cells were
gated for analysis.

Cells stimulation was performed with 5 × 105 PBMCs/well in 96-well round-bottom
plates or 1 × 105 Percoll-enriched monocytes/well in 96-well flat-bottom plates. After 24 h
of preincubation with Lenvatinib/DMSO, the cells were stimulated with 1 × 106/mL of
heat-killed Candida albicans for 7 days or 10 ng/mL of LPS for 24 h. Supernatant was
collected and stored at −20 ◦C until measurement.

Three TC cell lines were used for co-culture assay; these were characterized by dif-
ferent pathological types and mutation status, namely, TPC-1 (RET/PTC rearrangement),
BCPAP (BRAF V600E mutation), and FTC-133 (PTEN deficient). All cancer cell lines were
grown in RPMI 1640 Dutch modification culture medium supplemented with 10% Fetal
Bovine Serum. ThinCertTM cell culture inserts were placed in the 24-well plate to create
the co-culture setting (Greiner Bio-One GmbH, Kremsmünster, Austria). Cell counts were
determined with a Coulter particle counter (Beckman Coulter Inc., Brea, CA, USA). A total
of 50,000 TPC-1 cells (or the other TC cell lines, as indicated) were added to the trans-well
inserts (the upper chamber). The same number of monocytes were added into trans-well
inserts as the control. After overnight attachment, TC cell lines were co-incubated with
5 × 105 monocytes in the lower chamber in 500 µL of medium containing 1 µM of Lenva-
tinib or DMSO vehicle control. In some experiments, tumor cells were pre-treated with
Lenvatinib in serum-free medium for 6 h. Prior to co-culture, medium containing Lenva-
tinib was removed, cells were washed with PBS, and fresh medium without Lenvatinib
was added into the upper and lower chambers; this was termed as the pre-treatment
group. After 24 h of co-culture, the trans-well inserts were discarded, and monocytes were
stimulated as previously described.

GM-CSF/M-CSF differentiated macrophages were generated by culturing Percoll-
enriched monocytes in 10% HPS RPMI medium containing GM-CSF (10 ng/mL, Miltenyi)
or M-CSF (50 ng/mL, Miltenyi) for 6 days. Cells were seeded with 2.5 × 106 per well in a
6-well plate for RNA, Western blot, and seahorse experiments; 5 × 105 cells per well in a
24-well plate for flowcytometry analysis. The cells were detached by gentle scraping and the
concentration was adjusted based on the results of flowcytometry (Beckman Coulter Inc.).

2.4. Flow Cytometry Analysis

Adherent monocytes/macrophages were harvested by gentle scraping, followed by
viability staining. The cells were preincubated at 4 ◦C for 10 min with staining buffer
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containing 2% HPS prior to mAb labelling to CD14, CD163, CD206, CD64, CD86, HLA-DR.
Intracellular TNF-α was measured in macrophages stimulated for 6 h with LPS (10 ng/mL)
in the presence of Golgi plug (BD Bioscience, Franklin Lakes, CA, USA). The cells were
fixed and permeabilized (Invitrogen, Carlsbad, CA, USA) followed by incubation with
mAb to TNF-α. For the T cell proliferation assay, PBMCs were loaded with CellTrace
violet (Invitrogen, Carlsbad, CA, USA) per the manufacturer’s instructions and cultured for
7 days. The CellTrace dilution signal was analyzed on gated CD3+ cells. Data were acquired
using Cytoflex (Beckman Coulter Inc.) and analyzed with FlowJo V10 software (Tree Star,
Inc., Ashland, OR, USA). The results were presented as geometric mean fluorescence
intensity (gMFI) or as the percentage of positive cell populations.

2.5. Cytokine Measurements

Cytokine (TNF-α, IL-6, IL-10, IL-17, IFN-γ, IL-22) concentrations in supernatant were
determined using a commercial ELISA kit (R&D System, Minneapolis, MN, USA), following
the instructions of the manufacturer.

2.6. Metabolic Measurements

GM-CSF differentiated macrophages were cultured as described above and detached
on Day 6. A total of 50,000 cells/well were seeded onto overnight-calibrated cartridges
in assay medium (DMEM supplemented with 1 mM of pyruvate, 2 mM of
L-Glutamine, and 1 mM of glucose for the Mito Stress Test; DMEM supplemented with
1 mM of L-Glutamine for the Glyco Stress Test, pH = 7.4) and incubated for 1 h in a non-
CO2 corrected incubator at 37 ◦C. The oxygen consumption rate (OCR) and extracellular
acidification rate (ECAR) were analyzed using the Mito Stress and Glyco Stress Test kit
in an XFp analyzer (Seahorse bioscience, Copenhagen, Denmark). The Mito Stress Test
was performed with sequential injections of mitochondrial respiration inhibitors at final
concentrations of 1 µM of oligomycin, 1 µM of FCCP, 0.5 µM of Rotenone/Antimycin
A. The Glyco Stress Test was performed with 2-DG (50 mM) in the presence of glucose
(10 mM). Each condition was tested in 5 replicates. Lactate concentration was measured in
serum-free medium using Amplex Red Lactate oxidase assay (Sigma-Aldrich).

2.7. RT-qPCR

Total RNA was extracted with the RNeasy Mini kit (Qiagen, Hilden, Germany) and
reverse-transcribed into cDNA with the iScript™ kit (Bio-Rad, Hercules, CA, USA). A
real-time PCR was performed with the SYBR Green assay (Applied Biosystems, Foster City,
CA, USA). Relative quantification was performed using the 2−∆∆Ct method, and RPL37A
was used as the housekeeping gene.

2.8. Western Blotting

Monocytes or GM-CSF differentiated macrophages were cultured in 6-well plates
and lysed with RIPA buffer for Western blot. Protein concentration was determined
by a BCA assay. An amount of 20 µg of proteins was loaded onto 10-well pre-casted
gradient gels (4–15%) (Bio-Rad). Protein was transferred using the Trans-Blot Turbo Transfer
system (Bio-Rad), after which PVDF membrane was incubated overnight at 4 ◦C with
monoclonal antibodies against VEGFR1 and FGFR1. β-actin were used to normalize the
protein expression.

2.9. Kinase Inhibition Experiments

Kinase inhibitors SB 202190(p38 MAPK inhibitor), U0126 (ERK1/2 inhibitor), SP
600125 (JNK inhibitor), and R406 (Syk inhibitor) (Sigma-Aldrich) were dissolved in sterile
DMSO and stored at −20 ◦C. Monocytes were treated with kinase inhibitors (0, 1 µM,
10 µM) with or without Lenvatinib (1 µM) for 4 h or 24 h before LPS stimulation. Cytokine
production was determined as previously described.
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2.10. Statistical Analysis

The statistical analysis was performed with Prism 9 (GraphPad Software Inc., La Jolla,
CA, USA). Nonparametric Wilcoxon matched-pair tests were used to compare means. Data
are shown as means ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001.

3. Results
3.1. Lenvatinib Modulates the Function of Monocytes

As a first step to evaluate whether Lenvatinib interferes with immune cell function,
we performed a dose–response test on human circulating immune cells in vitro. The
physiologically relevant dose range was determined based on pharmacokinetic data from
Phase I/II clinical trials. Plasma maximum and trough concentrations were reported as
598.0 ng/mL (1401 nM) and 33.9ng/mL (79.4 nM), respectively [25,26]; hence, 100 nM to
1 µM was deemed as a clinically meaningful dose range in our study The immune response
was determined by measuring the ROS production from neutrophils, and the secretion of
monocyte-derived (TNF-α, IL-6) and lymphocyte-derived (IL-17, INF-γ, IL-22) cytokines
upon stimulation (Figure 1A).

No significant changes in neutrophil ROS production were observed, either by pathogen-
specific (zymosan) or non-specific (PMA) stimulation (Figure 1B). Moreover, no sponta-
neous cytokine secretion was detected in monocytes or PBMCs incubated with Lenvatinib
for 24 h or 7 days. Interestingly, the production of TNF-a and IL-6 elicited by LPS was
largely attenuated by Lenvatinib in a dose-dependent manner (Figure 1C). In contrast, no
detectable effect on Lenvatinib on either T cell proliferation (Supplementary Figure S1)
or IL-17 and IFN-γ production was observed after a 7-day Candida stimulation, except a
slight increase in IL-22 at the highest Lenvatinib concentration (Figure 1D). Taken together,
these data suggest that monocytes are particularly susceptible to Lenvatinib treatment,
whereas lymphocytes and neutrophils are less affected.

3.2. Lenvatinib Partially Reverses the TC-Induced Monocyte Phenotype

Noting that Lenvatinib affects monocytes stimulated with exogenous ligands, we
further investigated whether the functional rewiring of monocytes in the context of TC is
also affected by Lenvatinib treatment. Therapeutic perturbation of the TC secretome by
Lenvatinib might interfere with the functional and phenotypic differentiation of TAMs [27].
To test this hypothesis, Lenvatinib was added into the trans-well co-culture system, which
aims to mimic the cell-to-cell communication within TME.

In these sets of experiments, we observed the spontaneous production of IL-6 and IL-8
from the TPC-1 cell line, whereas TNF-α and IL-10 were below the detection limit (data
not shown). To exclude the possibility of any influence of tumor-derived cytokines on the
interpretation of monocytes’ immune response, TNF-a and IL-10 were used as the major
readout of cytokine response. In agreement with previously published data [28], after 24 h of
co-culture with TPC-1 cells, monocytes showed a higher expression of immunosuppressive
surface markers, CD163 and CD206. Concomitantly, a pro-inflammatory cytokine response
was observed, which was demonstrated as an elevated TNF-α and downregulated IL-
10 level (Figure 2B). This points towards a mixed M1/M2 phenotype which resembles
TAMs [29]. Having validated the efficacy of the co-culture model, we applied this method
to evaluate the role of Lenvatinib in regulating TAMs induction. Interestingly, Lenvatinib
significantly attenuated TNF-a production, while it increased IL-10 release. Furthermore,
the expression of the M2 surface marker, CD206, was diminished by Lenvatinib, which was
shown as a lowered percentage of CD206+ CD14+ cells. CD163 is generally expressed on
almost all the CD14+ monocytes at baseline; however, the signal intensity was attenuated
by Lenvatinib (Figure 2D). In the meantime, the M1 markers (CD64, CD86, and HLA-
DR) remained unchanged (Figure 2E). Flowcytometric cell discrimination and viability
measurements revealed that cell viability was not affected after 24 h exposure to Lenvatinib
within the clinically relevant dose range (100 nM to 1 µM) (Figure 2C).
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ulated with opsonized zymosan or PMA for the measurement of ROS production, after brief expo-

sure to Lenvatinib (1µM) for 1h. PBMCs from healthy donors were incubated with Lenvatinib with 
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experiments. (A) Schematic diagram of the dose–response test. Freshly isolated neutrophils were
stimulated with opsonized zymosan or PMA for the measurement of ROS production, after brief
exposure to Lenvatinib (1µM) for 1 h. PBMCs from healthy donors were incubated with Lenvatinib
with indicated concentrations for 24 h, after which cells were stimulated with LPS or Candida albicans.
Cytokines levels in supernatants were determined by ELISA. (B) ROS production from neutrophils;
data represent mean ± SME at each time point, n = 6. (C) Lymphocyte-derived cytokines (IFN-γ,
IL-17, and IL-22) after 7-day Candida albicans stimulation, n = 15. (D) Monocyte-derived cytokines
(IL-6, TNF-α, IL-10) after 24 h of LPS stimulation, n = 8. The bar graphs indicate mean ± SME; each
dot represents one healthy donor. * p < 0.05, ** p < 0.01 by nonparametric Wilcoxon matched-pair
tests; ns, not significant; PMA, phorbol myristate acetate; ROS, reactive oxygen species.
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Figure 2. Lenvatinib interferes with monocytes’ functional rewiring in co-culture experiments.
(A) Schematic diagram of the co-culture experiments. (B) Cytokine secretion from TPC-1 induced
monocytes treated with indicated concentrations of Lenvatinib; monocytes cultured in RPMI were
included as the baseline control, n = 6. (C) Viability of monocytes after 24 h exposure to Lenva-
tinib; percentage of viable CD14+ cells were gated for statistical analysis, n = 6. (D) Expression
of M2 markers in TPC-1-induced monocytes. The upper panel shows the gating strategy to iden-
tify the viable CD14+ monocytes. Identification of CD206+ and CD163+ subsets within viable
CD14+ monocytes was based on FMO controls. The lower panel shows the representative dot plot
and histogram from one donor. (E) Quantification of the percentage of CD206+ subsets within
CD14+ monocytes and fluorescence intensity of CD163 signal on CD14+CD163+ monocytes, n = 6.
(F) Expression of M1 markers (CD86, CD64, and HLA-DR), n = 3. The bar graphs indicate
mean ± SME; each dot represents one healthy donor. * p < 0.05, ** p < 0.01 by nonparametric Wilcoxon
matched-pair tests. FMO, fluorescence minus one control; gMFI, geometric mean fluorescence intensity.
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The fact that Lenvatinib concomitantly affected monocyte function raised the question
regarding to what extent the alteration in TPC-1 secretome could explain the immunological
effects we observed. To address this, we tested two additional TC cell lines, FTC-133 and
BCPAP, in the co-culture setting. Previous reports have shown that the growth rate of
TPC-1, which bears a Lenvatinib-targeted RTK mutation-RET rearrangement, is strongly
inhibited by Lenvatinib, whereas FTC-133 and BCPAP, negative for Lenvatinib-targeted mu-
tations, are not sensitive to the drug treatment [30]. Strikingly, similar changes in cytokine
production caused by Lenvatinib were observed across all three co-cultures (Figure 3A).
On the other hand, a TC-pre-treatment group was included as the control, where only
TPC-1 cells had been pre-exposed to Lenvatinib for 6 h before starting the co-culture. In-
terestingly, incubation with Lenvatinib-pre-treated TC cells resulted in a similar (albeit
less strong) effect on cytokine production, suggesting that Lenvatinib partially abolished
the pro-inflammatory and tumor-promoting phenotype induced by TPC-1 (Figure 3B).
These data demonstrated that the tumor cell-mediated mechanism alone was insufficient
to explain the immunomodulatory nature of Lenvatinib in the co-culture experiments,
arguing for the direct immunological effects of Lenvatinib on immune cells. These results
were further supported by the similar results from GM-CSF- or M-CSF-primed monocytes
in the absence of tumor cells (Figure 3C), which is suggestive of a more critical role of the
monocyte-intrinsic mechanism underlying this effect.
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Figure 3. Similar patterns of cytokine production caused by Lenvatinib in different experimental
settings. (A) In vitro generation of tumor-associated macrophages with 3 TC cell lines. (B) Co-culture
experiments with TPC-1 cell line pretreated by Lenvatinib for 6 h. (C) Monocytes primed by GM-CSF
and M-CSF for 24 h, n = 6. The bar graphs indicate mean ± SME; each dot represents one healthy
donor. * p < 0.05, ** p < 0.01, *** p < 0.001 by nonparametric Wilcoxon matched-pair tests.

3.3. Prolonged Exposure to Lenvatinib Affects Macrophage Survival and Differentiation

We next investigated whether Lenvatinib could affect the survival and phenotypic
differentiation of macrophages. To address this, monocytes were cultured with either
GM-CSF (M1 differentiation) or M-CSF (M2 differentiation) for 6 days in the presence
of Lenvatinib or a DMSO control. We found that long-term exposure to Lenvatinib im-
paired macrophage survival, with M-CSF-induced macrophages being more vulnerable to
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Lenvatinib, resulting in approximately half of the cells being lost during the differentiation
process (Figure 4A). More importantly, we observed drastic morphological changes in
Lenvatinib-treated macrophages. As indicated in the flowcytometry FSC channel, the cells
were significantly smaller (Figure 4B), suggesting the potential impairment of macrophage
differentiation.
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Figure 4. Morphological, functional, and metabolic changes in Lenvatinib-treated macrophages.
(A) Overall macrophage survival determined by flowcytometry; the cell counts of macrophages
were gated on FCS-A and SSC-A (n = 11). (B) Left panel indicates representative histogram of the
parameters, including intracellular TNF, CD14 expression, cell size (FSC), and granularity (SSC),
analyzed by flowcytometry from one donor. The right panel shows the corresponding quantifica-
tion of gMFI, n = 6. (C) Cytokine production from GM-CSF/M-CSF primed macrophages, n = 9.
(D) Lactate production from GM-CSF-induced macrophages after 24 h of stimulation with LPS,
n = 6. (E) Analysis of ECAR and OCR from GM-CSF-polarized macrophages was performed
with a seahorse XF analyzer. The left figure shows the OCR and ECAR profiles for macrophages
exposed to Lenvatinib or DMSO vehicle control. The right figure shows mitochondrial bioener-
getic and glycolytic parameters calculated from OCR and ECAR (n = 6). The bar graphs indicate
mean ± SME; each dot represents one healthy donor. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 by
nonparametric Wilcoxon matched-pair tests. FSC, forward scatter; ECAR, extracellular acidification
rate; OCR, oxygen consumption rate; SSC, side scatter.

231



Pharmaceutics 2023, 15, 412

Cytokine production was determined after the adjustment of cell concentration, de-
spite a prototypical anti- and pro-inflammatory cytokine production pattern upon LPS
stimulation from GM-CSF/M-CSF primed macrophages. The modulation of TNF-a and
IL-10 production induced by Lenvatinib was similar in both groups (Figure 4C). This was
further supported by intracellular TNF-α level measurement (Figure 4B), recapitulating
our observations from monocytes.

Metabolic reprogramming shapes a distinct immune response to stimulus [31]. To
explore the cellular metabolic mechanisms that might contribute to the cytokine production
pattern, we quantified the indicators of mitochondrial respiration and glycolytic capacity by
oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) using seahorse.
Lenvatinib-treated macrophages displayed a trend towards suppressed metabolic activities,
which is shown as lower basal and maximal respiration, lower glycolysis activity and
glycolytic capacity, while the glycolytic reserve remains unchanged (Figure 4E). Consistent
with these findings, the Lenvatinib-treated group produced lower amounts of lactate upon
24 h of LPS challenge (Figure 4D), which was indicative of general defects in both oxidative
phosphorylation and glycolytic activities [32].

Taken together, these data demonstrate that Lenvatinib exerts multifaceted inhibitory
effects on macrophage survival and maturation.

3.4. The Immunological Effects on Monocytes Are Independent of the Lenvatinib-Targeted Receptor
Tyrosine Kinase (RTK) Pathways

To explore the underlying mechanism of Lenvatinib-mediated immunological effects,
we evaluated the expression of Lenvatinib-targeted RTKs on myeloid cells. Mining into the
publicly available transcriptomic database Human Protein Atlas [33], we found that most
of the Lenvatinib targets were not detected in circulating myeloid cells, except VEGFR1 and
FGFR1, with a relatively low level of mRNA expression in classical monocytes, shown as
normalized transcript per million (nTPM) (Figure 5A). To further validate the expression of
VEGFR1 and FGFR1, we performed RT-qPCR and Western blotting using samples harvested
from buffy coat monocytes and 6-day differentiated macrophages. Despite comparatively
consistent mRNA expression in both monocytes and macrophages (Figure 5B), the Western
blots did not show any detectable VEGFR1 and FGFR1 expression on monocytes (Figure 5C).
Therefore, it is hard to explain the Lenvatinib-mediated mediated immunomodulation by
its on-target activity, pointing instead to potential off-target mechanisms.

To elucidate the potential alternative mechanisms of the action of Lenvatinib, we
explored the ProteomeXchange database (dataset PXD005336), a public resource containing
the target landscape of 243 clinically tested kinase drugs. The data were obtained via sys-
temic kinase assays using four cancer cell lines [34]. Surprisingly, we found that Lenvatinib
interacts with multiple unanticipated kinases (Supplementary Figure S2). Among all the
additional targets, several mitogen-activated protein kinases (MAPKs) were of particular
interest. The sequential induction of pro- and anti-inflammatory cytokine by LPS requires
fine-tuned control via MAPKs, consisting of extracellular signal-regulated kinases1/2
(ERK1/2), JUN N-terminal kinase (JNK), and p38 MAPKs [35–37]. In addition to the MAPK
family, the tyrosine kinase Syk regulates LPS-mediated TLR4 endocytosis [38]. If the TLR4
downstream kinases are responsible for Lenvatinib-induced immunomodulation, then the
blockage of a certain kinase pathway with highly selective inhibitors could potentially abol-
ish Lenvatinib’s influence on monocytes. To test this hypothesis, we combined Lenvatinib
with different inhibitors against p38 MAPK, ERK1/2, JNK, and Syk, respectively [39]. As
expected, the inhibition of p38 MAPK, ERK1/2, and Syk alone was able to attenuate TNF-α
release. More interestingly, the reduction in TNF-α production caused by Lenvatinib was
completely abrogated by concomitant p38 MAPK inhibition, whereas Lenvatinib’s effect
persisted in the presence of the ERK1/2, JNK, and Syk inhibitors (Figure 6A–D). Despite
this, p38 MAPK blockage alone was not able to recapitulate the IL-10 response induced
by Lenvatinib. Strikingly, the Syk inhibitor, R406, resulted in enhanced IL-10 production
by itself, and the dual treatment of R406 plus Lenvatinib did not further increase the IL-10
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level [40]. Furthermore, we observed similar effects in GM-CSF/M-CSF primed mono-
cytes ( Supplementary Figure S3). Therefore, Lenvatinib’s ability to block p38 MAPK and
Syk appears to be the possible mechanism underlying its opposing effect on TNF-α and
IL-10 production.
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Figure 5. The expression of Lenvatinib-targeted RTKs on monocytes. (A) Normalized transcript
expression levels of 4 detectable Lenvatinib-targeted RTKs (VEGFR1, FGFR1, PDGFR, RET) from
the transcriptome signatures are visualized for different peripheral myeloid cell types from Monaco
et al. The panels are screenshots from the Human Protein Atlas resource. (B) Quantified Lenvatinib-
targeted RTKs mRNA expression by RT-qPCR. Transcript copy number was normalized to cellular
control (RPL37A). n = 6. (C) Levels of VEGFR1 and FGFR1 in the cell lysate from buffy coat monocytes
and GM-CSF polarized macrophages were analyzed by Western blot, and β-actin was used as the
loading control. Three isoforms of FGFR1 were detected with molecular weights of 92, 120, and
145 kDa. n = 3. ND, not determined; nTPM, normalized transcripts per million.
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Figure 6. Effects of TLR4 downstream kinase inhibitors on Lenvatinib-mediated immunomodulation.
(A–D) Monocytes were treated with selective inhibitors against kinases within the TLR4 signaling
networks: SB 201019 as p38 MAPK inhibitor, R406 as Syk inhibitor, U0126 as ERK1/2 inhibitor,
SP 600125 as JNK inhibitor. All the inhibitors were tested at two concentrations (1 µM and 10 µM),
either used alone or in combination with Lenvatinib. Cytokine response was determined by ELISA
after 24 h LPS stimulation. Kinase inhibitor single agent versus DMSO control was compared,
and kinase inhibitor plus Lenvatinib versus kinase inhibitor alone was compared, n = 10 to 14.
(E) Schematic diagram of the possible mechanism behind Lenvatinib’s off-target effect on monocytes
via dual inhibition of p38 and Syk pathways. The bar graphs indicate mean ± SME; each dot
represents one healthy donor. * p < 0.05, ** p < 0.01, *** p < 0.001 by nonparametric Wilcoxon
matched-pair tests. ERK, extracellular signal-regulated kinases; JNK, c-Jun N-terminal kinases; ns,
not significant; p38 MAPK, p38 mitogen-activated protein kinases; Syk, spleen tyrosine kinase; TLR4,
toll-like receptor 4.

4. Discussion

In the present study, we show that circulating monocytes are particularly vulnerable
to ex vivo Lenvatinib treatment at the concentrations equivalent to pharmacological con-
centrations achievable during treatment, with the function of neutrophils and lymphocytes
being less affected. Specifically, the induction of pro-inflammatory monocytic cytokine
response was largely attenuated in the presence of Lenvatinib. Furthermore, the drug also
interferes with the proinflammatory potential of TC-induced TAMs. Critically, these effects
could not be explained by the drug impact on the TPC-1 tumor cells, but rather through
direct effects on immune cells. The direct drug impact on monocytes is further supported
by in vitro experiments of macrophage differentiation, showing effects of Lenvatinib on
cell survival, morphology, cytokine response, and metabolism. Strikingly, we observed
no detectable expression in the monocytes of Lenvatinib’s classical targets. On the other
hand, blockage of the p38 MAPK and Syk pathways partially diminished Lenvatinib’s
immunological effects. Thus, we propose that Lenvatinib directly impacts the functional
status of human monocytes via non-canonical mechanisms.
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Due to the importance of tumor–immune cell interaction, we initially hypothesized
that Lenvatinib might interfere with TAMs-induction by an indirect tumor-instructed mech-
anism. Previous reports using murine models have shown that TKIs prompt tumor cells
to release chemotactic factors (CXCL12 and HMGB-1) or induce immunogenic cell death,
resulting in robust immune cell infiltration and tumor clearance [16,41]. Contrary to this, in
our co-culture experiments, we did not observe significant differences between the settings
with or without the presence of tumor cells. One of the possible explanations is that the
tumor-killing capacity of Lenvatinib in vivo relies more on its anti-angiogenetic effects,
which require the presence of TME. Supporting this, clinical trials revealed that tumor
response to Lenvatinib was not correlated with targeted RTK mutation status [7,42]. There-
fore, we were unable to fully recapitulate the tumor response to Lenvatinib with simple
two-factor co-culture experiments. Future in vivo studies will be required to elucidate the
possible tumor-mediated mechanism.

The direct influence of Lenvatinib on monocytes was interesting and unexpected.
Recent advances in drug–target interaction led to the realization that the majority of
previously established TKIs bind to additional kinases, including serine-threonine kinases
that are not closely related to the function and sequence of the intended targets [34,43].
However, their immunological implications remain largely unexplored, and preclinical
results reflect that the immunologic effects of individual TKIs are largely drug-specific and
context-dependent [19,44,45].

Lenvatinib is a multitargeted kinase inhibitor with a particularly potent activity against
the VEGFR2 via type V binding model [46]. The side effects of Lenvatinib, such as hy-
pertension, are predominantly caused by its anti-angiogenetic activity [4], while no major
immune-related side effects have been reported. It might be reasonable to postulate that
Lenvatinib-mediated immunological effects are well tolerated by patients, yet they have
been largely overlooked since the early stage of drug development [2]. No data on intratu-
moral Lenvatinib concentrations have been reported; thus, the working concentration in
this study was based on plasma pharmacokinetic data. We selected 1 µM as the highest
non-cytotoxic concentration and observed that monocyte activation status was signifi-
cantly influenced at this concentration. In line with this, a recent study also demonstrated
that, compared to other immune cells, monocytes were less resistant to in vitro TKIs
treatment [47]. Similarly, a clinical observational study also reported decreased levels of
circulating TNF-α and IL-6 in hepatocellular carcinoma (HCC) patients after Lenvatinib
treatment [48].

As for the mode of action, it appears plausible that Lenvatinib might exert inhibitory
activity through p38 MPAK and Syk kinase in monocytes. We found that the inhibition of
p38 by SB202190 completely abolished the effect of Lenvatinib on TNF-α production. In line
with our findings, it has been previously described that, in tumor cells, Lenvatinib directly
binds with several components within the MAPK signaling pathway, including MAP4K2,
MAP4K5, MAPK14, and MAPKAPK2 [49,50]. p38 MAPK plays a pivotal role in governing
macrophage alternative activation and preventing apoptosis [51,52]. Indeed, we observed
the selective downregulation of M2 cell surface markers on TC-induced monocytes and
significant cell loss caused by Lenvatinib during macrophage differentiation. Additionally,
a recent study investigating the immunological effects of Regorafenib, another TKI used
for HCC, revealed that its synergizing efficacy with anti-PD1 therapy was associated with
the suppression of p38 kinase phosphorylation, which reversed the M2-like polarization of
murine bone marrow-derived macrophages (BMDMs) [45], thus supporting the off-target
effects via p38MAPK blockage seen in our study.

A striking aspect of the Lenvatinib-treated monocyte is the persistent elevation of
IL-10 production across all the experimental settings. The high production of IL-10 and
TGF-β is a hallmark of TAMs [53]. However, seemingly counterintuitively, we did not
observe the concomitant upregulation of other immunosuppressive markers in Lenvatinib-
treated TC-induced monocytes, such as CD163 and CD206. The elevation of IL-10 seemed
to be independent of the general immunosuppressive traits. As part of the host defense
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mechanism, the induction of IL-10 occurs simultaneously with proinflammatory cytokines
via shared p38 MAPK and ERK pathways [54]. The opposing effects on IL-10 and TNF-a
production indicate additional pathways influenced by Lenvatinib treatment.

Syk is a non-receptor tyrosine kinase transmitting signals of immunoreceptors, regu-
lating the activation of innate immunity [55,56]. We found that Syk inhibitor, R406, was the
only agent that could enhance IL-10 production upon LPS stimulation, and no synergizing
effect with Lenvatinib was observed. It is tempting to speculate that the Syk pathway is
also involved in Lenvatinib’s off-target effects. Consistent with our findings, others have
shown that R406 selectively blocks the induction of IL-6 and TNF-a, while restoring the
IL-10 production in human monocytes [40]. However, this is at odds with previous reports
showing that Syk functions as a negative-feedback mechanism to limit inflammation by
promoting IL-10 production [56]. Nevertheless, the Syk inhibitor we used, R406, was
proposed to be potent and selective against Syk, but it also binds to several other kinases,
including Salt-inducible kinase 2 (SIK2) [34]. SIK2 is one of the most common additional
targets of TKIs, as revealed by large-scale drug screening [34]. Due to its restriction on the
formation of regulatory macrophages, the inhibition of SIK2 stimulates the production of
IL-10 [57]. Importantly, drugs with an SIK2 affinity of greater than 500nM are capable of
suppressing TNF-a and upregulating IL-10 in BMDM, recapitulating the cytokine response
to Lenvatinib [34]. However, due to the complex crosstalk among signaling pathways and
the model we used, it is not possible to make a definitive statement about the off-target
effect of Lenvatinib on the p38 MAPK, Syk, or SIK2 pathways. Future work will be required
to define the comprehensive drug-kinase activity in immune cells using high-throughput
profiling techniques [58].

Clinical evidence highlights the beneficial role of Lenvatinib in combination with
immunotherapy in metastatic renal cell carcinoma and endometrial cancer, mirrored by an
increased objective response rate and prolonged progression-free survival [59,60]. Recently,
clinical trials investigating the safety and efficacy of Lenvatinib plus Pembrolizumab (anti-
PD-1 antibody) in advanced DTC (NCT02973997) and HCC (NCT03713593) have also been
initiated. However, combination regimens generally lead to more severe side-effects than
monotherapies. Therefore, attempts to incorporate TKIs into immunotherapy have been
largely limited by an increased incidence of high-grade toxicities [61,62]. Thus, a deeper
understanding of the neglected immune-cell intrinsic off-target effect is of great clinical
significance. Our study provided preclinical evidence that Lenvatinib has a direct impact
on the myeloid compartment of the immune system. Recent studies have demonstrated
the deleterious role of inflammation in cancer survival, with proinflammatory mediators
playing an important role in angiogenesis, as well as acting as survival factors for cancer
cells [63]. Our data, demonstrating the anti-inflammatory effects of Lenvatinib, argue that
this effect is likely to contribute to the therapeutic effect of this class of drugs, extending their
potential therapeutic applicability in tumors characterized by a prominent inflammatory
profile. Future work should characterize the immune landscape in patients receiving
Lenvatinib and identify predictive biomarkers for sensitivity to immunotherapies.
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Abstract: Three-dimensional cell culture methods are able to confer new predictive relevance to
in vitro tumor models. In particular, the 3D multicellular tumor spheroids model is considered to
better resemble tumor complexity associated with drug resistance compared to the 2D monolayer
model. Recent advances in 3D printing techniques and suitable biomaterials have offered new
promises in developing 3D tissue cultures at increased reproducibility and with high-throughput
characteristics. In our study, we compared the sensitivity to dasatinib treatment in two different
cancer cell lines, prostate cancer cells DU145 and glioblastoma cells U87, cultured in the 3D spheroids
model and in the 3D bioprinting model. DU145 and U87 cells were able to proliferate in 3D algi-
nate/gelatin bioprinted structures for two weeks, forming spheroid aggregates. The treatment with
dasatinib demonstrated that bioprinted cells were considerably more resistant to drug toxicity than
corresponding cells cultured in monolayer, in a way that was comparable to behavior observed
in the 3D spheroids model. Recovery and analysis of cells from 3D bioprinted structures led us
to hypothesize that dasatinib resistance was dependent on a scarce penetrance of the drug, a phe-
nomenon commonly reported also in spheroids. In conclusion, the 3D bioprinted model utilizing
alginate/gelatin hydrogel was demonstrated to be a suitable model in drug screening when spheroid
growth is required, offering advantages in feasibility, reproducibility, and scalability compared to the
classical 3D spheroids model.

Keywords: 3D tissue culture; 3D tumor model; tumor spheroids; drug resistance; drug screening;
preclinical study

1. Introduction

Inhibition of key molecules in signaling pathways that regulate cancer cell proliferation
and dissemination is one of the most promising strategies in modern cancer therapy.
Specifically, tyrosine kinases represent a particularly important target because they mediate
several biological processes, including cell growth and differentiation, metabolism, and
apoptosis. Constitutive activation gives these enzymes an oncogene status, which directs
the cell toward neoplastic transformation [1].

Src, a 60-kDa protein, is the most widely studied member of the Src family tyrosine
kinases (SFKs), being frequently overexpressed in many tumors. SFKs are a large class of
non-receptor kinases that control multiple signaling pathways in animal cells, the activation
of which is necessary for mitogenic signaling of many growth factors, but also for the
acquisition of the migratory and invasive phenotype. Indeed, oncogenic activation of SFKs
has been shown to play an important role in solid tumors, promoting tumor growth and
distant metastasis formation, and that is why they represent the most representative class
of targeted proteins in cancer therapy [2]. This family consists of 11 highly homologous
members: c-Src, Blk, Fgr, Fyn, Frk, Hck, Lck, Lyn, Yes, Yrk, and Srms [3,4]. Of the
11 members of SFKs, Src, Fyn, and Yes are implicated in tumorigenesis and metastasis
formation [5]. In fact, Src, Fyn, and Yes, but also Frk, are widely expressed in a variety of

Pharmaceutics 2023, 15, 372. https://doi.org/10.3390/pharmaceutics15020372 https://www.mdpi.com/journal/pharmaceutics



Pharmaceutics 2023, 15, 372

tissues, while for the other members, protein expression is more restricted in tissues, with a
prevalence in cells of hematopoietic origin [6].

Src activity is regulated, at the cellular level, by the phosphorylation state of two key
tyrosine residues and by interactions with ligands mediated by its regulatory domains,
which stabilize the kinase in active or inactive configuration. In the inactive configuration,
the SH2 domain binds phosphorylated Tyr527 in the C-terminal domain, while the SH3
domain interacts with the linker domain on the backside of the catalytic domain, thus
promoting a closed conformation that prevents interaction with substrates. In the active
configuration, Tyr527 is dephosphorylated, and the SH2 and SH3 domains are released
by intramolecular interactions and thus available for binding of heterologous molecular
partners; this open conformation also allows Tyr416 to be self-phosphorylated.

In cancer cells, Src transmits signals that promote cell survival and mitogenesis; in
addition, Src exerts a profound effect on cytoskeleton reorganization and adhesion systems
that underlie cell migration and invasion. Src, therefore, not only promotes cancer cell
growth but is also involved in the control of adhesiveness and migration, functioning as
a key molecule that regulates signal transduction pathways triggered by various surface
molecules, such as growth factor receptors and integrins [2,7]. Indeed, most evidence
suggests that Src has a predominant role in the maintenance of the neoplastic phenotype and
tumor progression, rather than tumor initiation or growth [8]. During tumor progression,
Src activity becomes abnormally elevated, and because mutation activation or amplification
of Src is very rare in human tumors, altered extrinsic control of Src phosphorylation by
kinase or phosphatase may represent an important mechanism of Src upregulation.

Dasatinib (BMS-354825, Sprycel) is an orally available small molecule that in 2006 re-
ceived FDA approval for the treatment of chronic myelogenous leukemia and Philadelphia-
positive acute lymphoblastic leukemia. Dasatinib has a low inhibition specificity and
its potential targets comprise Src in addition to BCR-Abl, c-kit, PDGFR, and other SFKs,
including Lck, Fyn, and Yes, with IC50 < 1.0 nmol/L [9]. Preclinical data suggest that
dasatinib could be effective also in solid cancer, and numerous results from phase I/II
trials conducted in different cancer types have been published since 2009 [10]. Despite
the encouraging preclinical results, the clinical validation of these data has been largely
unproductive. In fact, although in vitro studies have demonstrated several gene signatures
predictive of dasatinib response, these signatures have not yet permitted the definition of
cohorts clinically sensitive to dasatinib [11]. In addition, available preclinical models have
been shown to be largely inadequate in their predictive capacity, and new experimental
strategies implementing microenvironment condition are needed. In fact, SFK activity is
tightly dependent on ECM composition, and a changeable microenvironment could heavily
impact SFK functions and thus treatment efficacy.

The tumor microenvironment is known to be complex, both in its content and dynamic
nature, which is difficult to study using two-dimensional (2D) cell culture models. In
contrast, three-dimensional (3D) cell models, such as spheroids, show peculiar molecular
features that differ from monolayer cultures but are closer to the structural architecture of
the tumor in vivo. Such models, in fact, can more accurately mimic both the structure of the
malignant tissue and its microenvironment (physiological responses, secretion of soluble
mediators, gene expression, patterns and mechanisms of drug resistance). Tumor cells
within the spheroid reproduce the same concentric arrangement as tumors; in fact, they
have a proliferative outer layer, a quiescent middle layer, and a hypoxic and necrotic core
and have a growth pattern like solid tumors in the early non-vascularized stage. The use of
3D cell assays adds value to research and screening studies to identify potential anticancer
compounds, bridging existing limitations between 2D cell cultures and animal models.

The theoretic superiority of 3D vs. 2D cultures has prompted the development of
several protocols with the purpose to overcome the main weaknesses of 3D tissue cul-
tures: technical complexity in performing and analyzing, high costs, reproducibility, and
scalability. In particular, different approaches have been described to realize 3D sphere
culture. Hanging drop protocol is a suspension culture method and it is one of the most
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popular approaches used for culture of 3D spheres, because it does not need particular or
expensive instruments [12]. There are other suspension culture approaches for large-scale
formation of spheres, each with their distinct advantages and disadvantages [13]. They
include device-assisted culture, in order to force cell aggregation by movement or magnetic
levitation, and gel embedding culture, able to mimic ECM microenvironment. In particular,
the use of gels or scaffolds may guarantee a higher predictivity of the tissue models because
cells organize a complex dynamic 3D architecture making contact also with ECM [14].

Three-dimensional bioprinting is an emerging technology that, using dedicated soft-
ware and hardware to design 3D patterns and structures, aims to precisely produce an
engineered structure or tissue that can be used for biological and pharmacological studies
or directly in humans for regenerative medicine. It represents a relatively new approach
that provides high reproducibility and precise control over automated fabricated constructs,
potentially enabling high-throughput production of the desired 3D model. Bioprinting
modalities include extrusion-based bioprinting [15], inkjet-based bioprinting [16], and
laser-based bioprinting. Extrusion-based bioprinting is the most common and reliable
system for 3D printing of biological tissues and is characterized by robotic delivery of a
continuous stream of bioink, under pneumatic or motorized forces.

During the bioprinting process, a solution of a biomaterial or a mixture of several
biomaterials in the form of a hydrogel, which usually encapsulates the desired cell types,
called a bioink, is used to create tissue scaffolds with the final shape resembling the designed
construct. Bioinks can be made alone from natural or synthetic biomaterials or from a
combination of the two as hybrid materials. Hydrogel is the most widely used bioink, as it
has properties like those of extracellular matrices and also allows the encapsulation of cells
in a 3D environment that is both highly hydrated and mechanically stable. Sodium alginate
is frequently used as hydrogel in 3D tissue culture thanks to its favorable physio-chemical
characteristics, including gelling, viscous, and stabilizing properties, and the ability to
retain water. Although sodium alginate is biocompatible and biodegradable, it is frequently
mixed with other polymers of animal origin in order to enhance its gelling properties
and the viability of encapsulated cells. The combination of sodium alginate and gelatin
provides an excellent hydrogel for use as a substrate in 3D printing technology due to its
biological properties, such as its biocompatibility, biodegradability, and non-toxicity. The
easily modified mechanical properties of these materials can be adapted to living tissue,
making them ideal environments for cell culture development. However, the chemical
and mechanical cues provided by the specific hydrogel formulation as well as protocol
used when performing 3D culture can affect the behavior of spheres and their resistance to
drugs, requesting more confirmatory data [17,18].

In our study, we aimed to investigate the preclinical potentiality of 3D bioprinting
technology in the field of experimental oncology. In particular, we verified the effect of
dasatinib in 3D bioprinting models based on alginate/gelatin matrix utilizing two different
tumor cell models, prostate cancer and glioblastoma, in comparison with the corresponding
3D spheroids models and 2D monolayer cultures.

2. Material and Methods
2.1. Cell Lines and 2D Monolayer Culture

Experiments were performed using U87 MG cell line (U87) human glioblastoma astro-
cytoma derived from a malignant glioma from a female patient by the explant technique,
able to produce a malignant tumor consistent with glioblastoma in nude mice, and DU145
cell line human prostate adenocarcinoma isolated from the brain of a 69-year-old male. The
U87 cells were cultured in DMEM high-glucose growth medium and DU145 cells in RPMI
1640 medium. For all cell lines, the growth medium was supplemented with 10% fetal
bovine serum, 2 mM glutamine 100 IU/mL penicillin, and 100 µg/mL streptomycin. Cell
lines were supplied by ECACC and underwent regular testing for mycoplasma by Hoechst
DNA staining and PCR. Authentication procedures included species verification by DNA
barcoding and identity verification by DNA profiling. U87 and DU145 cells when passed
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were initially plated at a density of 104 cells/cm2, and incubated in 5% CO2 at 37 ◦C. For
protein extraction, we initially recovered the cells with the scraper and then centrifuged at
300× g for 10 min and then at 100× g for 5 min. Cells were processed for protein extraction
with cell lysis buffer containing 0.1% Triton X-100, 10 mM Tris-HCl (pH 7.5), 150 mM NaCl,
5 mM EDTA, and supplemented with 1 mM Na3VO4 and 75 U of aprotinin (Sigma-Aldrich,
St. Louis, MI, USA), and incubated for 20 min at 4 ◦C. Protein extracts were stored at
−80 ◦C until use.

2.2. Preparation of Hydrogel and Bioprinting

The hydrogel used for bioprinting is composed of 2% alginate and 8% gelatin (bioink).
The powders were initially exposed to UV light for 15 min and then dissolved in sterile
DPBS on a magnetic stirrer at 50 ◦C under laminar flow. Once prepared, bioink was placed
in sterile syringes and stored at 4 ◦C until use. Prior to the bioprinting procedure, bioink
was equilibrated at 37 ◦C. Next, 20 × 106 cells were suspended in 400 µL of culture medium
and then mixed with 3.7 mL of bioink to reach a final concentration of 5 × 106 cell/mL.
Finally, a disposable cartridge was filled with cell-laden hydrogel and equilibrated at 29 ◦C
for 30 min in a temperature-controlled printhead. Printing was carried out using BIO XTM

bioprinter (Cellink, Gothenburg, Sweden) in a 12-well plate with a dispensing pressure
of 50 kPa at a speed of 5 mm/s and setting the printbed temperature at 18 ◦C. The 3D
structures were finally cross-linked with CaCl2 for 10 min and for an additional 3 min with
BaCl2 before adding culture medium. For protein extraction, the 3D structures were quickly
dissolved in a solution of EDTA 250 mM in PBS and cells were collected by centrifugation
at 400× g for 10 min. The pellet was resuspended in PBS and centrifugated at 400× g for
5 min. The resulting pellet was dissolved in RIPA buffer for protein extraction.

2.3. Cell Viability and IC50 Analysis

DU145 and U87 cell lines were seeded at a density of 5 × 104 cells/mL in a 24 multiwell.
After 24 h, the cells were treated with dasatinib by the serial dilution method for 72 h. At
the end of 72 h, the growth medium was removed and substituted with fresh medium.
Cell viability in both 2D and 3D cultures was assessed using PrestoBlue® (Thermo Fisher,
Waltham, MA, USA) colorimetric viability assay, based on a ready-to-use, non-toxic, cell-
permeable resazurin-based solution. It functions as a cell viability indicator by using the
reducing power of living cells and quantitatively measuring the proliferation of cells. Cells
were incubated with reagent in a 1:10 ratio for 2 h, in the dark. Then, a spectrophotometer
reading was taken at wavelengths of 570 and 600 nm. For IC50 analysis, data collected
in triplicate were elaborated with DRFit software (http://www.structuralchemistry.org/
pcsb/drfit.php, accessed on 2 November 2022).

2.4. Western Blot

Protein extracts were centrifuged for 10 min at 300× g to eliminate nuclei and large
debris. After protein dosage by Bradford Dye Reagent assay (Bio-Rad, Hercules, CA,
USA), the same protein quantity for each sample was subjected to 10% sodium-dodecyl
sulphate polyacrilamide gel electrophoresis (SDS-PAGE). Prestained protein molecular
markers sharpmass VII (Euroclone, Milan, Italy) were loaded on a separate well for each
gel. Then, at the end of the run, proteins were electrophoretically transferred from gel onto
nitrocellulose membranes Amersham protran 0.2 µm (Cytiva Europe, Freiburg, Germany)
for 90 min at 350 mA. Membranes were incubated for 1 h at RT with 10% nonfat dry milk
in Tris-buffered saline (Bio-Rad) at pH 7.4 containing 20 mM Tris, 500 mM NaCl, and
supplemented with 0.05% Tween 20 (Bio-Rad), and then probed for 1 h at RT with primary
antibodies according to dilution suggested by the manufacturer: anti-Src (36D10), anti-
Phospho-Src (Thr416) (E6G4R), and anti-GAPDH (0411) (all from Cell Signaling Technology,
Danvers, MA, USA). Protein bands were visualized after 1 h of incubation with horseradish
peroxidase (HRP)-conjugated anti-rabbit IgG or anti-mouse IgG (Cell Signaling Technology)
at RT, and then with chemiluminescence reagents (Amersham, Buckinghamshire, UK).
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Chemiluminescent signals were acquired by the Chemidoc XRS system and digitally
analyzed for the determination of band molecular weight and density by Imagelab software
(Bio-Rad).

2.5. 3D Multicellular Spheroid Model

For the formation of U87 and DU145 spheroids, we used the “hanging drops” method.
The density chosen was 500,000 cells/mL, which were resuspended in 10 µL of growth
medium with 25% FBS and 25 µL of collagen (10 µg/mL). This method involves the
deposition of 1 µL of cells on the bottom of the lid of a Petri dish; inverting the dish forms a
“hanging” drop, and the cells, by gravity, accumulate in the bottom of the drop, promoting
cell aggregation into spheroids. The spheroids were kept in an incubator at 37 ◦C and 5%
CO2. After 30 min, on each drop, growth medium was added to prevent evaporation of
the drop. Then, 6 mL of PBS was added to the bottom of the plate, with the purpose of
keeping the moisture level high. After 24 h, the formed spheroids were transferred to a
96 round-bottom multiwell with 200 µL of DMEM growth medium for U87 and RPMI for
DU145.

2.6. Spheroid Dissemination Assay

The dissemination assay was performed plating spheroids on collagen matrix. Briefly,
a 24 multiwell was coated with 30 µL of collagen (4 mg/mL) for 24 h before transferring
the spheroids. Once transferred, the spheroids were treated with dasatinib at selected
concentrations and monitored by phase contrast microscopy up to 24 h. Digital images
were taken at T0 (newly transferred spheroid), T8, and T24, and were analyzed by the
public domain software ImageJ (https://imagej.nih.gov/ij/ accessed on 15 September
2022) for the semiquantitative evaluation of the invaded area.

2.7. Cell Migration Assay

For the migration assay, cells were first seeded at a density of 5 × 104 cells/mL in a
6-well multiwell and the next day were treated with dasatinib at selected concentrations for
24 h. Then, cells were detached from the culture plate by trypsin–EDTA and centrifuged at
300× g for 10 min. Alternatively, cells were recovered from 3D bioprinted structures with a
solution of EDTA 250 mM in PBS. Cells were first counted and then seeded in serum-free
medium at a density of 3 × 104 cells/mL on top of the filter membrane of inserts that
were placed in the 24-well multiwell. In each well was added 800 µL of complete growth
medium (DMEM for U87 and RPMI for DU145), which serves as a chemoattractant. The
planned incubation time was 2 h. The insert was removed from the multiwell plate, and
was cleaned of the remaining cells that did not migrate from the top of the membrane.
Then, 200 µL of filtered formalin was added to each insert for 10 min at room temperature,
and then 200 µL of crystal violet (12 mM in a 20% solution of methanol in water) was
added to each insert for 10 min at room temperature. Crystal violet was then removed,
and washing with tap water was performed to remove excess dye. The cells were counted
by phase contrast microscopy at 400× magnification, in at least 5 fields per membrane, to
obtain the mean number of migrated cells per field.

2.8. Statistical Analysis

All the statistical procedures were performed by GraphPad Prism Software Inc. (San
Diego, CA, USA). Data are expressed as mean ± standard deviations (SD) of at least
three independent experiments. The statistical significance between measure series was
calculated with parametric Student t test and p values of less than 0.01.

3. Results

Tumor cell growth in bioprinted scaffold. Prostate cancer (DU145) and glioblastoma (U87)
cells were resuspended in alginate/gelatin hydrogel at a density of 2 × 106 cells/mL. Cell
suspension was bioprinted in a controlled environment onto each well of a 12-well plate
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following the digital model of a cuboid shape with four internal empty spaces (structure
size: L 12 mm × W 12 mm × H 1.2 mm) (Figure 1a). Tumor cell growth was monitored
by PrestoBlue® cell viability reagent and revealed a progressive increase in the number of
viable cells that was similar in the two cell lines, with a doubling time of about 14 days
(Figure 1b). When bioprinted structures were observed by phase contrast microscopy, it
was evident that tumor cells tended to form spheroid aggregates with increasing diameter
over time (Figure 1c).
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Figure 1. Tumor cell growth in bioprinted scaffold. (a) Exemplificative image of bioprinted 
algine/gelatin constructs printed in 12-well multiwell plate. (b) Mean percentage of viable DU145 
and U87 cells grown in bioprinted scaffold and evaluated 1, 7, and 14 days (T1, T7, T14) after 
bioprinting. The mean values measured at T1 were adjusted at 100%. Each value represents the 

Figure 1. Tumor cell growth in bioprinted scaffold. (a) Exemplificative image of bioprinted al-
gine/gelatin constructs printed in 12-well multiwell plate. (b) Mean percentage of viable DU145 and
U87 cells grown in bioprinted scaffold and evaluated 1, 7, and 14 days (T1, T7, T14) after bioprinting.
The mean values measured at T1 were adjusted at 100%. Each value represents the mean of five
different bioprints (±standard deviation). (c) Representative images acquired by phase contrast
microscopy (100× magnification) of bioprints containing DU145 (upper images) and U87 cells at
days 1, 7, and 14 after printing.

Antiproliferative effect of dasatinib in 3D cell models. Bioprinted tumor cells and tumor
spheroids, utilizing both DU145 and U87 cells, were subjected to increasing concentrations
of dasatinib (1 µM, 10 µM, and 100 µM) for 72 h and tumor growth was monitored by
PrestoBlue® cell viability reagent. Dasatinib determined a significant reduction in cell
viability that was evident starting from 1 µM with similar trends in the two different cell
models (Figure 2a,b). Dasatinib cytotoxicity was more marked in U87 cells compared to
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DU145 cells. In addition, according to IC50 value, bioprinted cells demonstrated a higher
sensitivity to dasatinib compared to spheroids, but both spheroids and bioprints were
far less susceptible to dasatinib action compared to 2D cell culture treated in the same
experimental conditions (Figure 2c).
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Figure 2. Antiproliferative effect of dasatinib in 3D cell models. (a) Percentage of viable DU145 cells
in bioprints (left) and in spheroids (right) 72 h after treatment with increasing concentrations of
dasatinib (1, 10, and 100 µM). The mean values measured in untreated cells were adjusted at 100%.
Each value represents the mean of five different measurements (±standard deviation). (b) Percentage
of viable U87 cells in bioprints (left) and in spheroids (right) 72 h after treatment with increasing
concentrations of dasatinib (1, 10, and 100 µM). The mean values measured in untreated cells
were adjusted at 100%. Each value represents the mean of five different measurements (±standard
deviation). (c) Mean IC50 values calculated for U87 and DU145 cells treated with dasatinib for 72 h.
The IC50s were calculated in standard culture conditions (2D), in 3D bioprint model (bioprint), and
in spheroids and were the result of three different experiments (±standard deviation).

Evaluation of Src activation. The expression of Src and of its active form, pSrc (Tyr416),
was evaluated in 2D culture and in bioprints realized with DU145 and U87 cells. Expression
levels of total Src, pSrc (Tyr416), and GAPDH were evaluated in total cell lysates by Western
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blot analysis in 2D cell cultures treated with increasing concentrations of dasatinib (0.1,
1, and 10 µM) for 24 h. In DU145 cells, a reduction in the active form of Src, but not
in the total Src, was evident already from 0.1 µM dasatinib, while in U87 cells, the first
effective concentration was 1 µM (Figure 3a). Expression levels of total Src, pSrc (Tyr416),
and GAPDH were also evaluated in total cell lysates by Western blot analysis in bioprint
models treated with 10 and 25 µM of dasatinib for 24 h. The results did not show an
appreciable reduction in the active form of Src in the DU145 model, while the first effective
concentration of dasatinib in U87 cells was 25 µM (Figure 2b).
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Figure 3. Evaluation of Src activation. (a) Western blot analysis of total cell lysates from DU145
(left) and U87 (right) cells cultured in standard conditions (2D). Cell lysates were recovered 24 h
after dasatinib treatment with increasing concentrations (0.1, 1, and 10 µM) and analyzed for the
expression of pSrc (Tyr416), total Src, and GAPDH (loading reference). (b) Western blot analysis of
total cell lysates from DU145 (left) and U87 (right) cells cultured alginate/gelatin bioprinted scaffold
(bioprint). Bioprints were treated for 24 h with 10 or 25 µM dasatinib and analyzed for the expression
of pSrc (Tyr416), total Src, and GAPDH (loading reference).

Inhibition of cell migration by dasatinib. Two-dimensional cell culture and bioprint
models were treated for 24 h with increasing concentrations of dasatinib (0.1, 1, and 10 µM),
and then cells were recovered to evaluate their migration ability. The analysis of the number
of cells able to cross the membrane of the transwell system demonstrated that in DU145
and U87 cells treated in standard culture conditions, dasatinib was effective in reducing cell
migration at a concentration of 0.1 µM and 1 µM, respectively (Figure 4a,b). On the contrary,
cells recovered from bioprints did not show a significant reduction in cell migration with
respect to control cells for DU145 cells, and only at the concentration of 10 µM for U87 cells
(Figure 4b).
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Figure 4. Inhibition of cell migration by dasatinib. (a) Percentage of migrated DU145 cells evaluated
in transwell system utilizing cells from standard cell culture (2D, left) or from bioprint model (right)
and treated for 24 h with increasing concentrations of dasatinib (0.1, 1, and 10 µM). The mean values
measured in untreated cells were adjusted at 100%. Each value represents the mean of five different
measurements (±standard deviation). * p < 0.01 vs. ctr, according to Student’s t test. (b) Percentage
of migrated U87 cells evaluated in transwell system utilizing cells from standard cell culture (2D,
left) or from bioprint model (right) and treated for 24 h with increasing concentrations of dasatinib
(0.1, 1, and 10 µM). The mean values measured in untreated cells were adjusted at 100%. Each value
represents the mean of five different measurements (±standard deviation). * p < 0.01 vs. ctr, according
to Student’s t test.

Inhibition of cell dissemination in spheroids. In order to verify the effect of dasatinib on
migration of cells grown in spheroids, DU145 and U87 cells were used to form spheroids
for 48 h and then spheroids were transferred to collagen-coated plates, where half of them
were treated with 10 µM dasatinib. Then, spheroids were monitored by phase contrast
microscopy, and time-course digital images were taken. The evaluation of dissemination
was performed by measuring the area occupied by cells adhered to collagen, subtracting
the area of the spheroid. The analysis of the mean relative values of the covered area
revealed that cells in the control spheroids were able to disseminate progressively onto
collagen from the surface of the spheroid, and this phenomenon was significantly evident
starting from 8 h after cell plating (Figure 5a,b). On the other hand, dasatinib-treated
spheroid demonstrated a reduced capacity to disseminate, and a significant increase in
mean disseminated area was visible only after 24 h but to a smaller extent with respect to
the mean control area.
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4. Discussion

Cancer 3D tissue cultures represent an experimental model able to potentially mimic
in vivo growth more closely. In particular, they show distinct characteristics in terms of cel-
lular phenotype, mass transport, and cell–cell interactions as compared with conventional
2D cell cultures [19]. These specific characteristics can significantly affect the sensitivity to
antitumoral drugs, and for this reason, it is fundamental to acquire detailed knowledge
about their response in order to plan their effective utilization in preclinical drug testing.
Spheroids are considered an ideal model in order to mimic some important tumor features,
such as structural organization and the gradients of oxygen, pH, and nutrients [20]. Indeed,
cancer spheroids have been frequently considered in preclinical studies to evaluate tumor
response to chemotherapy. Although different techniques have been tested for spheroid
formation, several issues with applying this model at a preclinical level still remain, par-
ticularly reproducibility and high-throughput application [21]. Recently, 3D bioprinting
has been recognized as a promising technology for creating a tissue-based platform with
high reproducibility and scalability. A key feature in developing a 3D bioprint model
useful in pharmaceutical applications is the choice of an appropriate printable biomate-
rial, commonly referred to as bioink, essential for determining cancer cell phenotypes
and biophysical properties of the tissue. Among the natural polymers, sodium alginate
plays a significant role in tissue engineering applications owing to its biocompatibility,
bioavailability, low cost, and thixotropic property [22]. Gelatin is frequently added to
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alginate in order to enhance cytocompatibility and printability. In our study, we confirmed
that DU145 and U87 cells survive in alginate/gelatin scaffold, showing a proliferation
trend for at least 14 days. Cancer cells cultured in these conditions tended to grow as cell
aggregates, resembling spheroids, and this is because the bioink does not represent an
adhesive substrate for cells. When we compared 3D bioprinted tissue culture with 2D
culture and spheroids in their susceptibility to dasatinib treatment, we ascertained that 3D
bioprinted cells behaved more similarly to the spheroid model. In fact, both 3D bioprints
and spheroids demonstrated higher resistance to dasatinib toxicity than 2D cell culture.
The resistance was particularly evident in DU145 cells (about 20-fold higher IC50 than 2D)
and slightly higher in spheroids than in bioprinted tissue cultures (about 2-fold higher IC50
in U87).

Spheroids frequently showed in the literature high resistance to most therapies, in-
cluding chemotherapies and radiotherapies [23]. The acquisition of resistance in 3D models
could be explained by different mechanisms. Besides biological features, including different
interactions with surrounding cells or with the extracellular matrix and higher phenotypic
heterogeneity, an important element to consider is the penetration of the drug into the
spheroid. Large spheroids show higher drug resistance than small ones, and the penetration
of drug is restricted to the outer layer. In our experiments, we utilized spheroids of >500 µm
in diameter, in which drug resistance could be attributable just to their dimensions, as
mentioned before [20]. Cells in bioprinted structures formed spheroids that after 12 days are
heterogeneous in diameter and <500 µm; however, as indicated by the IC50, they express a
drug resistance similar to that of the spheroids. However, also in this case, the reason could
be attributable to a scarce penetrance of the drug. The analysis of the activation status
of Src, the main target of dasatinib, showed a reduced ability of the drug to inhibit the
formation of the phosphorylated Src. Thus, it is plausible that alginate/gelatin hydrogel
generates a hurdle to the diffusion of dasatinib within the bioprinted structures. Resistance
to dasatinib was also evident when cells were recovered from the bioprinted structure and
subjected to migration assay. In fact, with respect to the expected reduction in migration
demonstrated by cells treated in 2D culture, cells from bioprinted structures maintained a
higher migration ability. The drug resistance was not apparently associated with a change
in phenotype. In fact, the permanence of the susceptibility to dasatinib in 3D tissue culture
was confirmed by the dissemination test performed with spheroids. In this test, dasatinib
was effective in reducing the ability of cells to invade the surrounding microenvironment.
Because the cells involved in the dissemination are mainly those present on the surface of
the spheroid, this supports the hypothesis of the scarce penetrance of the drug within the
3D structure.

The application of bioprinting to drug screening in our experimental procedures offers
different advantages with respect to spheroid formation by the hanging drop method
that is performed manually. In fact, the hanging drop method requires a skilled operator,
and its technical complications compromise its reproducibility and make it unsuitable
for high-throughput screening. However, novel 3D tissue techniques emerge constantly.
These include new multi-microwell platforms able to assure higher sphere formation yield,
uniform sphere size, and scalability [24]. However, in these procedures, as in all suspension
cell culture methods, a reliable non-adherent coating is critical to assure reproducibility in
sphere formation and in their behavior during the prolonged culture. The use of hydrogel as
embedding material may guarantee that cells can organize in a stable, complex, dynamic 3D
architecture making contact also with extracellular matrices. Three-dimensional bioprinting
does not require particular expertise and permits obtaining several uniform structures in
a short time. Alginate/gelatin hydrogel supports 3D growth of cancer cells, and as we
observed also in our experimental models, cells spontaneously formed spheroids without
the need for a further repulsive procedure. In addition, the bioprinted structures, for their
chemical and physical stability permitting a regular change in medium without affecting
cell behavior, offer the possibility to perform frequent viability tests. At the same time,
alginate/gelatin hydrogel can be dissolved with ion-chelating solution, freeing spheroids
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that once in suspension could be utilized for further analyses. With this study, we have
verified that bioprinting offers an abundant cellular material that could be easily used to
analyze protein expression.
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Abstract: Cutaneous T-cell lymphoma (CTCL) is a rare form of cancer with local as well as sys-
temic manifestations. Concomitant bacterial infections increase morbidity and mortality rates due
to impaired skin barrier and immune deficiency. In the current study, we demonstrated that the
in vitro anti-lymphoma potential of erufosine is diminished by TWIST1 expression and micellar
curcumin substantially increases its antineoplastic activity. Pharmacokinetic analysis showed that the
micellar curcumin (MCRM) used in our study was characterized by low zeta potential, slow release of
curcumin, and fast cell membrane penetration. The combination ratio 1:4 [erufosine:MCRM] achieved
strong synergism by inhibiting cell proliferation and clonogenicity. The combined antiproliferative
effects were calculated using the symbolic mathematical software MAPLE 15. The synergistic combi-
nation strongly decreased the expression of TWIST1 and protein kinase B/Akt as proven by western
blotting. Significant reductions in NF-κB activation, induction of apoptosis, and altered glutathione
levels were demonstrated by corresponding assays. In addition, the synergistic combination en-
hanced the anti-staphylococcal activity and prevented biofilm formation, as shown by crystal violet
staining. Taken together, the above results show that the development of nanotechnological treatment
modalities for CTCL, based on rational drug combinations exhibiting parallel antineoplastic and
antibacterial effects, may prove efficacious.

Keywords: cutaneous T-cell lymphoma; TWIST1; erufosine; curcumin; synergy; nanotechnology

1. Introduction

Cutaneous T-cell lymphomas (CTCL) represent a heterogeneous group of rare extranodal
T-cell lymphoproliferative disorders (non-Hodgkin’s lymphomas, NHLs) which primarily
affect the skin by a clonal accumulation of skin-homing CD4+CD45RO+ helper/memory
neoplastic T-lymphocytes [1,2]. CTCL progresses by involving the lymph nodes, blood,
and visceral organs [3,4], and many patients develop relapsed/refractory disease with
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a potentially fatal prognosis [5]. Two of the most important subtypes of CTCL are the
cutaneous mycosis fungoides (MF) [6] and the leukemic Sézary syndrome (SS) [7]. Both
are characterized by a poor quality of life and may lead to seriously shortened overall
survival, especially if an extracutaneous involvement is present. An additional important
clinical problem associated with major morbidity and mortality rates is the high frequency
of concomitant bacterial infections due to impaired barrier function of the skin and pro-
gressive immune deficiency [8]. Axelrod et al. found out that 396 of 478 documented
microbial infections in CTCL patients were of bacterial origin, e.g., Staphylococcus aureus,
and were intimately associated with the disease stage [9]. Other published data indicate
that staphylococcal enterotoxins may promote the expansion of malignant T-cells [8].

The current therapy of CTCL is challenging, often empiric, and not typically based on
specific molecular alterations due to limited insight into the genetic basis of the disease [10].
Recent research based on next-generation sequencing revealed potentially targetable onco-
genic mutations in the nuclear factor κ B (NF-κB) and the Janus Kinase and Signal Trans-
ducer and Activator of Transcription (JAK-STAT) signaling pathways whose abnormal
activation causes apoptosis resistance [11–13]. These cancer-promoting somatic mutations
affect transcription factors such as TWIST1 (Twist-related protein 1), thereby altering the T-
cell effector function and driving lymphomagenesis into proliferation [14,15]. The TWIST1
transcription regulator plays an essential role in cancer metastasis and is activated by a
variety of signal transduction pathways, including protein kinase B (PKB/Akt), STAT3,
mitogen-activated protein kinase (MAPK), Ras, and Wnt signaling. TWIST1 is thought to
promote tumor progression in MF and SS via the p53 axes for cell G1/S cycle arrest with
subsequent inhibition of the c-myc-induced apoptosis [16,17], which makes it an attractive
molecular target in the personalized treatment approach.

The current therapeutic modalities of CTCL include skin-directed treatments (for
patients with limited skin disease and favorable overall survival), retinoids and histone
deacetylase inhibitors for advanced-stage disease, and classical cytoreductive chemothera-
peutics for relapsed/refractory CTCL forms [7,18,19]. Extracorporeal photopheresis, which
is characterized by an excellent side effect profile and moderate efficacy, is considered the
first-line therapy for erythrodermic MF and SS [20,21]. Patients with significant nodal,
visceral, or blood involvement are generally treated with biologic-response modifiers before
escalating to systemic, single-agent chemotherapy. In highly-selected patients, allogeneic
stem-cell transplantation may be considered, as this may be curative in some patients [22].
Systemic treatment for relapsed/refractory CTCL has historically relied on traditional
chemotherapeutics, retinoids interferons, interleukins, phosphorylase inhibitors, histone
deacetylase or proteasome inhibitors; however, responses are often short-lived [23]. Re-
sponse rates of the clinically approved histone deacetylase inhibitors romidepsin and
vorinostat are typically <35%. They can induce some durable responses in heavily pre-
treated patients and alleviate bothersome symptoms, such as pruritus. Failure to cure
advanced SS and MF with large cell transformation peripheral T-cell lymphoma has re-
sulted in a search for novel targeted agents, including antibodies and gene modulators [7],
such as anti-CD30 antibody-drug conjugate brentuximab vedotin, anti-CCR4 antibody
mogamulizumab, and the fusion protein immunotoxin A-dmDT390-bisFv(UCHT1) [5,18].
Nevertheless, none of these drugs were related to distinguished advances in CTCL therapy.

The drug erufosine (ERF) is a third-generation alkylphosphocholine (APC) with fa-
vorable pharmacokinetics and a broad spectrum of in vitro and in vivo antineoplastic
activities [24–28], as well as antibacterial activity against pathogenic Staphylococcus aureus
strains in clinically applicable concentrations [29]. In contrast to other APCs [30], ERF
exhibits less pronounced cholinomimetic side effects [31] and can be given intravenously
due to a lack of hemolytic properties [32]. The comprehensive mode of action of erufosine
includes apoptotic and/or autophagy-mediated cell death in a dose-dependent manner,
inhibition of the PKB/Akt-Rb and mTOR axes, and induction of G2/M cell cycle arrest
through modulation of the cyclin-dependent kinase inhibitor p27Kip1 [28,33–43]. One of
the most important advantages of ERF is the absence of bone marrow toxicity [38,44,45],
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which makes it an attractive candidate for combined chemotherapies. The progenitor
of ERF, miltefosine, was tested in phase I-II studies for topical treatment (6% ointment)
of cutaneous lymphomas and led to an overall response rate between 58 and 71% and
response duration of 12 months without causing myelotoxicity [46–50]. However, more
than 50% of the patients developed strong side effects such as erythema, scaling, skin
atrophy, local desquamation, and pruritus [46–48], and the clinical trials were discontinued.
These results raise the issue and give hope that erufosine could be a more suitable option
for CTCL treatment, especially in rational synergistic combinations with anti-inflammatory
compounds that could ameliorate possible adverse events without compromising the
antineoplastic effect.

Curcumin (CRM) is the major active component of the spice turmeric (Curcuma longa,
Zingiberaceae) [51] with pleiotropic pharmacological effects which has been used for
centuries in the Indian traditional medicine as an anti-inflammatory and antimicrobial
remedy [52]. The most important cellular target of curcumin is the pro-inflammatory
mediator NF-κB which explains the chemoprotective, antiproliferative, anti-apoptotic,
and anti-carcinogenic effects of the compound [53,54]. Curcumin is a potent inhibitor of
lymphoblasts’ proliferation in CTCL cell lines through modulation of the JAK/STAT and
NF-κB signaling and induction of oxidative stress [55,56]. It is also a suitable candidate
for combination therapies because of the low cytotoxicity on normal tissues. The cellular
uptake of curcumin is higher in malignant cells than in normal; therefore, it is well tolerated
in humans [57]. However, curcumin’s clinical application is limited by the low water
solubility and fast metabolism after absorption from the gastrointestinal tract leading to
low bioavailability. As a consequence, only small amounts of curcumin are detectable
in target tissues which can be overcome through incorporation into polymeric micellar
systems suitable for cutaneous application [58–61].

Having in mind the published scientific data on the therapeutic approaches for CTCL
and the gaps in this research area, we set ourselves the goal to evaluate in detail the
in vitro pharmacological potential of basically new therapeutic modalities for targeted
inhibition of signal transduction pathways involved in the carcinogenesis of CTCL such as
TWIST1, PKB/Akt and NF-κB. The focus of the investigations falls on the antineoplastic
activity and mode of action of rationally selected synergistic combinations between ERF
and micellar curcumin (MCRM) in a panel of CTCL cell lines and the potential of such
combinations to inhibit the growth and biofilm formation of pathogenic Staphylococcus
aureus strains. Our specific aim was to demonstrate that (1) ERF is a suitable drug candidate
for the treatment of CTCL, but the transcription factor TWIST 1 reduces the efficacy of
ERF in TWIST1 expressing CTCL cell lines, and (2) combining ERF with MCRM will
increase the antineoplastic effect of both substances, thus leading to a significant TWIST1
inhibition, deactivation of PKB/Akt and NF-κB, and suppression of Staphylococcus aureus
biofilm formation.

2. Materials and Methods
2.1. Drugs and Chemicals

Curcumin (#C1386, Mw = 368.385 g/mol), absolute ethanol (#46139), methanol (#322415),
methoxy poly(ethylene glycol)-block-poly(ε-caprolactone) (#900649), glacial acetic acid
(#1005706 USP), crystal Violet (#C0775), Tris-HCl (#T5941), Sodium Dodecyl Sulfate (#L3771),
glycerol (#G5516), DL-Dithiothreitol (#43815), skimmed milk powder (#70166), Tween 20®

(#P1379), 5,5′-Dithiobis(2-nitrobenzoic acid) (#D8130), Hoechst 33342 (#14533) and 3-(4,
5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide (#M2128, MTT dye) were pur-
chased from Sigma® Life Science (Roedermark, Germany). Working solution of Gentamycin
(40 mg/L) was prepared through dilution of commercially available stock (amp. 40 mg/mL,
1 mL, Sopharma®, Sofia, Bulgaria) in HPLC purified water. Erufosine (Mw = 503.74 g/mol)
was kindly provided by Prof. Hans-Jörg Eibl [62] in the form of 20 mM stock solution in
0.9% NaCl and was stored at 4 ◦C.
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2.2. Cell Lines and Cultivation Procedure

All three cell lines originated from the American Type Culture Collection (ATCC): HuT-
78 (lymphoblasts, Sezary Syndrome, ATCC®TIB-161™), MJ (lymphoblasts, Mycosis fun-
goides, ATCC®CRL-8294™), HH (lymphoblasts, cutaneous T cell lymphoma; ATCC®CRL-
2105™). Cell cultures were maintained at cell density 5 × 104–8 × 105 viable cells/mL
under standard conditions (37 ◦C, 5% CO2, humidified atmosphere, Panasonic CO2 in-
cubator, #MCO-18AC-PE, Osaka, Japan) according to the recommendations of ATCC for
growth media and subculturing rate. The following buffers and media were used in the cell
culturing procedures: (1) RPMI-1640 without Phenol Red (#RPMI-XRXA, Capricorn®, Düs-
seldorf, Germany), supplemented with 4 mM L-Glutamine (#G7513, Sigma® Life Science,
Germany), 20% fetal bovine serum (#FBS-HI-12A, Capricorn®, Germany), 25 mM HEPES
buffer solution (#HEP-B, Capricorn®, Germany) and 4.5 g/l D-(+)-glucose (#G8769, Sigma®

Life Science, Germany); (2) IMDM (#IMDM-A, Capricorn®, Germany), supplemented with
4 mM L-Glutamine and 20% fetal bovine serum and (3) Dulbecco’s Phosphate Buffered
Saline (PBS, #D8537, Sigma® Life Science, Germany). For all experiments, cells were plated
at cell density 3 × 105 viable cells/mL.

2.3. Bacterial Strains and Growth Conditions

The methicillin-resistant Staphylococcus aureus strain NBIMCC 8327 (MRSA, Bulgarian
National Bank for Industrial Microorganisms and Cell Cultures, Sofia, Bulgaria) was
used for the testing of combination effects and biofilm assay. The bacterial cultures were
maintained at 37 ◦C under aerobic conditions using Trypticase Soy Broth (TSB, #LQ508) and
Agar (TSA, #M1968) purchased from HiMedia®, Mumbai, India. For the biofilm inhibition
assay Brain Heart Infusion Broth (BHI, # GM210, HiMedia®, India), supplemented with 2%
D-Glucose (#G8769, Sigma® Life Science, Germany) was used.

2.4. Preparation and Characterization of Curcumin Loaded Micelles

The mPEG-PCL copolymer and CRM were dissolved in dioxane at a ratio 10:1 (wt/wt).
The organic solution was gently stirred for 30 min (700 rpm), and after that purified water
was added drop by drop. The resulting micellar dispersion was introduced into a dialysis
membrane (MW = 6000–8000), which was further immersed in purified water. The outer
aqueous medium was replaced 4 times. The size and zeta potential were determined by
photon correlation spectroscopy and electrophoretic laser doppler velocimetry (Zetamaster
analyzer, Malvern Instruments, Malvern, UK). Freshly prepared micellar dispersions were
measured at 25 ◦C with a scattering angle of 90◦. In vitro release of CRM from the micelles
was examined by dialysis. Briefly, the micellar dispersion was poured into a dialysis
membrane bag (MW = 6000–8000) that was further placed into 100 mL of phosphate buffer
(pH = 7) containing 10% ethanol. Samples were withdrawn from the medium outside
the dialysis bag, and the concentration of the released CRM was determined by UV-Vis
spectrophotometry at λ = 425 nm.

2.5. Cell Viability Test

The cell viability was evaluated according to ISO10993-5, Annex C [63] (MTT dye re-
duction assay). Briefly, prior treatment cells were seeded in 96-well plates (3 × 105 cells/mL)
under sterile conditions (Laminar Air Flow Telstar Bio II Advance, Terrassa, Spain), incu-
bated for 24 h until entering the log-phase of the growth curve, and treated with erufosine
(0–200 µM in serial twofold dilutions) for 24, 48 and 72 h. The schema for the combina-
tions between erufosine and micellar curcumin followed the recommendations of Chou
and Talalay for constant drug ratios [64]. All experiments were performed in triplicate,
wherein every sample was repeated 4 times. The formazan intensity was measured on an
Absorbance Microplate Reader EL-800 (Bio-Tek Instruments Inc., Winooski, VT, USA) at
λ = 550 nm (λref = 690 nm) against a blank solution (culture medium, MTT, and solvent).
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2.6. Mathematical Modeling of Cytotoxic Effects after Single Drug Treatment

The calculation of the median single drug effects (median inhibitory concentrations,
IC50) was performed as published before [65]. Briefly, we coded a nonlinear regression
procedure in MAPLE® software of symbolic mathematics based on weighted least squares
statistical criterion as an objective function of the search. A numerical optimization al-
gorithm was used to minimize the sum of weighted squares and to find the estimates of
best-fitting parameter values. The median-dose model was applied to obtain the “IC50”
and “m”, as presented in Equation (1):

Fa

Fu
=

(
Dose
Dm

)m
, (1)

where Fa represents the affected fraction; Fu—the unaffected fraction (1 − Fa) = Fu; Dose—
the applied drug concentration; Dm—the median-effect dose (in our case Dm = IC50), and
m—a slope of median-effect plot (for m = 1 the curve is hyperbolic; for m > 1—sigmoidal;
for m < 1—negative (flat) sigmoidal). In addition, we performed response surface analysis
(RSA) methodology in order to reveal the predictive power of the model as a function of
the parameters “IC50” and “m”. The range of the value changes in the RSA 3D plot was
determined based on the standard deviation of the “IC50” and “m” values obtained during
the statistical evaluation of the experimental data with the GraphPad Prism software.

2.7. Mathematical Modelling of Drug-Drug Interactions in Cell Lines

A computer program in the platform of the symbolic mathematical software MAPLE®

was applied for calculation of the combination effects, and the simulation results were
compared with calculations of CompuSyn (Paramus, NJ, USA) [64]. The simulations quanti-
tatively evaluated the effects of action of two applied drugs MCRM and ERF (Dose A:Dose
B). The combinations schema followed the recommendations of Chou and Martin [64].
Combination ratios 1:2 and 1:4 [ERF:MCRM] were applied. The mathematical equation of
CI (combination index) was written as follows for earlier determined IC50 values of drugs
A, B, and the combination AB:

CI(alpha = 0) = D1/Dx1 + D2/Dx2 (2)

CI(alpha = 1) = D1/Dx1 + D2/Dx2 + alpha × (D1/Dx1) × (D2/Dx2), (3)

where Dx1 = dose of drug 1 only to obtain 50% cell inhibition; D1 = dose of drug 1 to obtain
50% cell inhibition in combination with D2; Dx2 = dose of drug 2 only to obtain 50% cell
killing; (D) 2 = dose of drug 2 to obtain 50% cell killing in combination with D1; and the
values of alpha = 0 for mutually exclusive or alpha = 1 for non-mutually exclusive actions
of drugs. Only the results for mutually exclusive actions of drugs are presented in this
study. The step-by-step, fully automated simulation procedure resulted in isobolograms
for HuT-78 and MJ cell lines.

According to the theory included in the manuals of the software program Com-
puSyn [64], the meanings of CI can be classified in more detail as follows: CI > 1.3 shows
antagonism; CI = 1.1 to 1.3 moderate antagonism; CI = 0.9 to 1.1 additive effect; CI = 0.8 to
0.9 slight synergism; CI = 0.6 to 0.8 moderate synergism; CI = 0.4 to 0.6 synergism; CI = 0.2
to 0.4 strong synergism. It should be noted that in Equations (2) and (3) the value of Dx
(dose of a single drug) can be determined from the following equation:

Dx= Dm[Fa/(1 − Fa)]1/m, (4)

where Fa—stands for the affected fraction (has inhibition); Fu—means the unaffected
fraction “u”, Fu = (1 − Fa) (no inhibition, control); Dx is the single dose of the drug; Dm
means the dose giving the mean effect; hence, Dm = IC50 (in our case) 50% inhibition;
“m”—is the slope of the dose-effect curve.

257



Pharmaceutics 2022, 14, 2688

2.8. Determination of Extracellular Curcumin Levels

The extracellular levels of micellar curcumin were determined in comparison to pure
reference substance curcumin with a UV-spectrophotometric method using the following
system: UV/VIS Spectrometer HP; Diode array detector; Analytical wavelength 426 nm ±
2 nm and operating software. The analytical calculations are based on Multicomponent
analysis calculations. The following method options were used: multicomponent analysis
(MCA), Beer’s law calibration curve type, least squares fit (LSQ) algorithm, derivative
order 0, polynomial degree 0, 1 smoothing point, 2 nm data interval, 426 nm analytical
wavelength and temperature of 25 ◦C. The test was prepared in the following way: for
reference solutions (a): accurately weighed masses curcumin RS were dissolved in ethanol to
obtain a solution with the following concentrations: C1 = 1.00× 10−5 g/mL, C2 = 0.75× 10−5 g/mL,
C3 = 0.65× 10−5 g/mL, C4 = 0.55× 10−5 g/mL, C5 = 0.50× 10−5 g/mL, C6 = 0.45× 10−5 g/mL,
C7 = 0.30× 10−5 g/mL and C8 = 0.20× 10−5 g/mL; For the bioanalytical assay, test solution
(b) was prepared as follows: to each sample aliquot containing curcumin were added
4.5 mL solvent mixture from acetonitrile and methanol (1:1, v/v), the samples were soni-
cated at 20 ◦C for 5 min and centrifuged (<5000 rpm, 5 min) for separating of the precipitates,
the supernatant mixtures were filtered additionally and subjected to spectrophotometric
determination against blanks prepared respectively.

2.9. Colony Forming Units (CFU) Assay

The clonogenicity survival assay was performed as published before [40]. Briefly, cells
were treated as for MTT assay with selected combinations between ERF and MCRM and
the responding single drug concentrations and incubated for 48 h. After that period of
time, the cells in all treated groups were counted, and 3000 cells/mL from each group were
seeded in semisolid medium (0.8% RPMI-methylcellulose, 40% fetal bovine serum), plated
in 12-well plates (600 µL/well) in triplicate and cultured for 10 days. Colonies (≥20 cells in
clusters) were counted using an inverted microscope (Boeco BIB-100, Hamburg, Germany).

2.10. Determination of Reduced Glutathione (GSH) Content

The spectrophotometric assay of Sedlak and Lindsay based on Ellman’s reagent was
used to determine the GSH levels after single and combined treatment [66]. Briefly, HuT-
78 and MJ cells were seeded at a density of 0.3 × 106 cells/mL, incubated for 24 h, and
treated with 20 µM ERF, 80 µM MCRM or the combination of both. After 48 h incubation,
5 × 105 cells/sample were washed with PBR, centrifuged (6000 rpm, 5 min), and lysed
in 100 µL lysis buffer (0.5% triton-100 in 0.2 M EDTA) at 4◦C (5 min). The proteins were
precipitated with 20 µL 20% (v/w) trichloroacetic acid. The volume of each sample was
adjusted to 200 µL with distilled water, followed by centrifugation at 14 5000 rpm (10 min).
Supernatant aliquots were transferred in a 96-well plate (100 µL/well) and mixed with
160 µL Tris buffer (0.4 M, pH 8.9) and 4 µL Ellman’s reagent (3.4 mg/mL in methanol). The
resulting yellow product was measured at 405 nm on an Absorbance Microplate Reader
EL-800 (Bio-Tek Instruments Inc., USA). The GSH levels were presented as a percentage of
the untreated control.

2.11. Determination of Cytosolic Mono- and Oligonucleosomes

A photometric enzyme immunoassay (Cell Death ELISA kit, #11 544 675 001, Roche
Applied Science, Penzberg, Germany) was used for quantitative in vitro determination of
cytoplasmic histone-associated DNA fragments (mono- and oligonucleosomes). Briefly,
HuT-78 and MJ cell lines were seeded at density of 0.3 × 106 cells/mL, cultivated for 24 h
until entering the exponential growth phase, and exposed to 80 µM MCRM or 20 µM ERF
or the combination thereof. After 72 h incubation period, cells were counted, and the
immunoassay was performed according to the manufacturer’s manual. The absorbance
of the reaction product was measured at λ = 405 nm (490 reference wavelength) against a
substrate solution blank.
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2.12. Caspase-3 Activity Assay

HuT-78 and MJ cells were seeded in 6-well plates at a density of 0.3 × 106 cells/mL, in-
cubated for 24 h, and treated thereafter with 20 µM ERF, 80 µM MCRM, or the combination
of both for further 48 h. Cells were counted and 1 × 106 cells/sample were washed three
times with PBS and frozen at −80 ◦C. The measurement of caspase-3 activation was per-
formed with the Caspase-3 DEVD-R110 Fluorometric and Colorimetric Assay Kit (#30008,
Biotium, Fremont, CA, USA) following the experimental protocol of the manufacturer.
The absorbance was measured at λ = 490 nm on an Absorbance Microplate Reader EL-800
(Bio-Tek Instruments Inc., USA). As positive control, HL-60 cells (5 × 104) were used and
incubated in hypertonic buffer (10 mM Tris, pH 7.4, 400 mM NaCl, 5 mM CaCl2 and 10 mM
MgCl2) for 2 h at 37 ◦C.

2.13. Detection of Apoptosis with Hoechst Staining

HuT-78 and MJ cells were seeded and treated for the caspase-3 activity assay. Nuclear
fragmentation was imaged by staining the cells with Hoechst 33342 (0.1 mg/mL final con-
centration) for 30 min according to the protocol of Chazotte [67]. Samples were examined
under a Nikon TiU fluorescent microscope (UV filter, 200×magnification), and the images
were acquired and processed using EZC1 software.

2.14. Western Blot Analysis for Protein Expression

The modulation of TWIST1 and related signal molecules, except for NF-κB, after
treatment with erufosine or combinations between erufosine and micellar curcumin was
tested by immunoblot analysis as published before [36]. Briefly, all three cell lines were
seeded in 6-well plates at a density of 0.3 × 106 cells/mL and treated with 12.5, 25, or
50 µM of erufosine for 24 h or as for the caspase-3 assay. Thereafter, cells were washed
in PBS and centrifuged for 5 min at 2000 rpm (Eppendorf® microcentrifuge, Hamburg,
Germany). Cell pellets (2 × 106 cells) were lysed in a buffer containing 100 mM Tris-
HCl with pH 8.0, 4% SDS, 20% Glycerol, 200 mM DTT, and complete protease inhibitor
cocktail (#A7779 Applichem, Darmstadt, Germany). Lysates were boiled 10 min and
centrifuged at 13,000 rpm for 10 min at 4 ◦C. Aliquots of 10 µL were taken from the
lysates before adding DTT, diluted five-fold in distilled water and quantified for protein
concentration with the Pierce BCA Protein Assay Kit (#23225, ThermoFisher Scientific,
Waltham, MA, USA). The total protein lysates (50 mg) were subjected to electrophoresis
(8% polyacrylamide SDS gels), and proteins were transferred onto PVDF membranes
(#IPFL00005 Sigma–Aldrich). The specific antibody labeling was performed in Tris buffer
saline supplemented with 0.1% Tween and 1% skimmed milk. The TWIST1 (sc-81417) and
β-Actin antibodies (C-2, sc-8432) were purchased from Santa Cruz Biotechnology®, Inc.
(Dallas, TX, USA), whereas p-AktSer473 (#4060) and p-AktThr308 (#13038) originated from
Cell Signaling Technology® (Danvers, MA, USA). The antibodies were diluted according to
the manufacturer’s instructions. Immunoblots were developed using an HRP-conjugated
anti-mouse m-IgGκ BP-HRP (sc-516102, Santa Cruz Biotechnology) or anti-rabbit IgG
(#7074, Cell Signaling Technologies, USA) on a C-DiGit Blot Scanner (Li-Cor Biotechnology,
Lincoln, NE, USA). The protein expression was normalized based on β-Actin levels by
densitometric analysis of the digitized autographic images using the Quantity One 1-D
Analysis software 4.6.6. (Bio-Rad, Hercules, CA, USA).

2.15. NF-κB p65 ELISA

HuT-78 and MJ cells were plated and treated for the caspase-3 activity assay. The NF-
κB p65 activation after single and combined treatment was evaluated using the NF-κB p65
ELISA (#ADI-EKS-446, Enzo Life Sciences (ELS) AG, Lausen, Switzerland). The protocol
was performed following the manufacturer’s instructions.
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2.16. Biofilm Formation Assay

The biofilm formation assay was performed according to the protocol of
Stepanovic et al. [68]. Two-fold serial dilutions of the combinations between ERF and
MCRM in concentrations ranging from 1.25/5 to 20/80 µM ERF/MCRM were prepared
using BHI broth supplemented with 2% glucose (w/v). The samples were placed in 96-well
polystyrene tissue culture plates at a final volume of 100 µL/well. An equivalent volume of
MRSA bacterial inoculum (5× 105 CFU/mL) was added to each well. Cells were incubated
aerobically for 24 h at 37 ◦C under static conditions. The supernatant was discarded, and
planktonic cells were removed three times by washing with PBS (250 µL/well). Cells
attached in biofilm were fixed with methanol (200 µL/well, 15 min), air dried, and stained
with 0.1% crystal violet (200 µL/well, 5 min). Excess stain was rinsed off with tap water
and air dried. The biofilm formation was documented microscopically (40×magnification).
Thereafter, the stained biofilm was re-solubilized in 160 µL of 33% acetic acid, and the OD
was measured at λ = 550 nm. The biofilm inhibitory concentrations (BIC) were calculated
with the GraphPad Prism software and presented in graphs by using a nonlinear regression
model (dose-response inhibition, variable slope after normalization, and logarithmic trans-
formation of the applied concentrations). The minimum biofilm inhibition concentration
(MBIC50) was defined as the concentration of the tested drug that led to 50% inhibition of
the biofilm formation.

2.17. Statistical Evaluation

The experimental data were analyzed statistically with the GraphPad Prism software
(Version 5.00, for Windows, GraphPad Software, La Jolla California, San Diego, CA, USA).
Each experiment was performed in triplicate. Minimum of three samples for each concen-
tration, the positive, negative, and untreated controls, were prepared. Data were presented
as the mean ± SD. One-way and two-way analysis of variance and the two-independent
sample Student’s t-tests were applied to compare two or more groups. A value of p < 0.05
was considered statistically significant.

3. Results
3.1. Cytotoxic Effects of Erufosine on CTCL Cell Lines

The IC50 value of ERF for HH cells (8.6 µM) was nearly twofold lower than that
for MJ cells (16 µM) and twice and a half lower than that determined for HuT-78 cells
(approx. 19 µM). All coefficients of determination were higher than 0.95, which ensures the
best curve fit. The response surface analysis (RSA) confirmed the reliability of the model
(Figure 1). No cytotoxic effect (cell viability > 70%) was found for MCRM.
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Figure 1. Median inhibitory concentrations of erufosine on the cell lines HuT-78, HH and MJ. 
Legend: ERF—erufosine; m—hillslope; R2—coefficient of determination; IC50—inhibitory concen-
tration 50% (median inhibitory concentration); Fa—drug effect; (A)—Cell line HuT78 (Sézary 
Syndrome); (B)—Cell line HH (cutaneous T-cell lymphoma); (C)—Cell line MJ (Mycosis fun-
goides). 

3.2. Production and Internalization Rate of MCRM 
Due to the poor water solubility of curcumin, it was formulated in nano-sized mi-

celles based on methoxy poly(ethylene glycol)-block-poly(ε-caprolactone) (mPEG-PCL) 
copolymer (Figure 2A). The mean diameter of the micelles loaded with curcumin was 
approximately 125 nm, and the zeta-potential was negative (−27 mV), providing colloidal 
stability of the resulting nanosystem. The encapsulation efficiency reached 80 %, proba-

Figure 1. Median inhibitory concentrations of erufosine on the cell lines HuT-78, HH and MJ. Legend:
ERF—erufosine; m—hillslope; R2—coefficient of determination; IC50—inhibitory concentration
50% (median inhibitory concentration); Fa—drug effect; (A)—Cell line HuT78 (Sézary Syndrome);
(B)—Cell line HH (cutaneous T-cell lymphoma); (C)—Cell line MJ (Mycosis fungoides).

3.2. Production and Internalization Rate of MCRM

Due to the poor water solubility of curcumin, it was formulated in nano-sized mi-
celles based on methoxy poly(ethylene glycol)-block-poly(ε-caprolactone) (mPEG-PCL)
copolymer (Figure 2A). The mean diameter of the micelles loaded with curcumin was
approximately 125 nm, and the zeta-potential was negative (−27 mV), providing colloidal

261



Pharmaceutics 2022, 14, 2688

stability of the resulting nanosystem. The encapsulation efficiency reached 80%, probably
due to a high affinity between curcumin and the hydrophobic block of the selected copoly-
mer (Figure 2B). This fact was related to the achievement of sustained release of curcumin
(Figure 2C). In order to quantify the cell internalization of MCRM in comparison to CRM
dissolved in ethanol (ECRM), spectrophotometric estimation of the curcumin content was
performed in the cultivation medium up to 3 h after the start of treatment (Table 1). Rest
concentrations for MCRM were substantially lower than that for ECRM, thus confirming
the enhanced internalization of MCRM.
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burst release of curcumin. Legend: (A)—Copolymer carrier mPEG-PCL; (B)—curcumin loaded
mPEG-PCL micelles and their physicochemical properties; (C)—curcumin release from the loaded
mPEG-PCL micelles.

Table 1. Extracellular concentration of MCRM in comparison to pure curcumin after treatment of
HuT-78 cells.

Drug Incubation
Time [h]

Absorption
(AU) +/− SD

Asample −
Ablank (AU)

Quantity of the
Substance

(mmol)

Control
0

0.05748 +/− 0.01 - -
CRM 0.47531 +/− 0.01 0.41783 8.0290 × 10−5

MCRM 0.25410 +/− 0.01 0.19662 3.3212 × 10−5

Control
1

0.12833 +/− 0.02 - -
CRM 0.38940 +/− 0.02 0.26107 4.4100 × 10−5

MCRM 0.27864 +/− 0.02 0.15033 2.5394 × 10−5

Control
2

0.10574 +/− 0.02 - -
CRM 0.37878 +/− 0.02 0.27304 4.612 × 10−5

MCRM 0.23807 +/− 0.02 0.13233 2.2354 × 10−5

Control
3

0.15630 +/− 0.01 - -
CRM 0.43492 +/− 0.01 0.27862 4.7064 × 10−5

MCRM 0.23947 +/− 0.01 0.08317 1.4050 × 10−5

Legend: AU—absorption units; CRM—pure curcumin dissolved in ethanol; MCRM—micellar curcumin.
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3.3. Micellar Curcumin Potentiates the Antiproliferative and Anticlonogenic Effect of Erufosine in
TWIST1 Expressing CTCL Cell Lines

Based on the calculated median inhibitory concentrations of ERF, we planned the
combination treatment following the recommendations and the schema for constant combi-
nation ratio in the manual of Chou and Talalay [Manual of CompuSyn. Inc., Paramus, NJ,
USA]. The following two combination ratios were investigated: 1:2 and 1:4 [ERF:MCRM].
The highest concentration of ERF used was near the IC50 value, and only the concentrations
of MCRM were increased up to 80 µM as far as curcumin is less toxic than ERF to normal
cells. Only the combination ratio of 1:4 led to synergistic (HuT-78) or additive (MJ) inter-
actions. The results are presented in Figure 3A. The CI values of the combination 80 µM
MCRM and 20 µM ERF for HuT-78 cells were lower than 0.9 for all three Fa observed (50,
75, and 90% inhibition of the cell viability), which is indicative of synergism (CIFa(0.5) = 0.35,
CIFa(0.75) = 0.2, CIFa(0.9) = 0.17). For MJ cells, an additive effect was achieved by Fa0.9. The
data from the CFU test (Figure 3B) revealed 100% CFU inhibition in HuT-78 cells for the
combination [20 µM ERF/80 µM MCRM]. In MJ cells, treatment with 40 and 80 µM MCRM
and the respective combinations with ERF led to complete CFU inhibition.Pharmaceutics 2022, 14, x FOR PEER REVIEW 12 of 23 
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Figure 3. Synergistic and additive combinations between erufosine and micellar curcumin with
an inhibitory effect on cell proliferation and clonogenicity of the cell lines HuT-78 and MJ. Legend:
(A)–isobolograms for HuT-78 and MJ cells, calculated by MAPLE software from a MTT assay, where
CI stands for Combination Index, Fa 0.5 is the median cytotoxic effect (denoted with points), Fa
0.75 is the effect killing 75% of the cells (denoted with squares) and Fa 0.9 is equal to 90% dead cells
(denoted with rhombuses); (B)—clonogenic survival (CFU assay) of lymphoblasts from the TWIST1
expressing cell lines HuT-78 and MJ after treatment with combinations achieving Fa 0.9, including
the single drug effects of the respective concentrations. Drug A stands for ERF, Drug B stands for
MCRM and Drug AB stands for combination between ERF and MCRM.
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The combination indexes for the combination ratio 1:2 from the MTT assay are as
follows: (1) HuT-78—CIFa(0.5) = 1.34, CIFa(0.75) = 2.28, CIFa(0.9) = 3.87; (2) MJ—CIFa(0.5) = 1.57,
CIFa(0.75) = 1.25, CIFa(0.9) = 1.01. An additive effect was achieved in MJ cells at Fa(0.9). All
other variants led to an antagonistic effect.

3.4. MCRM Increases the Inhibitory Effect of ERF on TWIST1, PKB/Akt and NF-κB in TWIST1
Expressing CTCL Cell Lines

No expression of TWIST1 was detected in the cell line HH. HuT-78 and MJ cell lines
express TWIST1 and ERF inhibited it in a dose-dependent manner (Figure 4A). ERF alone
suppressed the expression of TWIST1 by 60% only at a concentration of 50 µM. In the
presence of curcumin, a full TWIST1 inhibition was achieved by using more than a twofold
lower concentration of ERF. The same effect was observed in the MJ cell line for single
administration of ERF and the additive combination. A single administration of ERF
(20 µM) on the MJ cell line inhibited both active forms of the protein kinase B. In the
HuT-78 cell line, the dephosphorylation of PKB/Akt at Ser473 was not significant against
the untreated control, while its dephosphorylation at Thr308 was more strongly expressed
than the untreated control after treatment with 20 µM erufosine (value close to IC50). The
combination achieved complete inhibition of protein phosphorylation at both amino acid
residues in the MJ cell line, whereas, for HuT-78, this effect was poorly expressed and was
the same as after a single treatment with ERF. The NF-κB p65 activity was significantly
inhibited (up to 60%) in both cell lines 24 h after administrating the combination.
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Figure 4. Micellar curcumin potentiates the inhibition effect of erufosine on NF-κB and TWIST1
in the CTCL cell lines HuT-78 and MJ. Legend: MCRM—micellar curcumin; ERF—erufosine; (+)
Co—nuclear extract of TNFα-activated HeLa cells; Co—untreated control; Combo—combination
between erufosine and micellar curcumin with the same concentrations as by the single treat-
ment; (A)—expression of TWIST1 by western blot after exposure of the cell lines to erufo-
sine; (B)—expression ot TWIST1, p-AktSer472 and p-AktThr308 by western blot after exposure
of the cell lines to the combinations; (C)—NF-κB p65 activity assay of ERF, MCRM and the
combinations combination.

264



Pharmaceutics 2022, 14, 2688

3.5. MCRM Potentiates the Anti-Apoptotic Effect of ERF in TWIST1 Expressing CTCL Cell Lines

In both cell lines, the combinations between MCRM and ERF induced apoptosis and
resulted in significant nuclear fragmentation in the treated cells to a greater degree than
after single administration of the corresponding concentrations. The caspase-3 activity
induced in MJ cells by the combinations was twice as strong as compared to that induced by
MCRM or ERF separately (Figure 5A). The effect of the combination in HuT-78 resulted in
a fourfold higher accumulation of mono- and oligonucleotides in the cytosol of the treated
cells as compared to the untreated control (Figure 5C). The Hoechst microscope images
(Figure 5D) revealed nuclear fragmentation at preserved nuclear membrane in HuT-78. In
MJ cells, a breakdown of cellular structures and extracellular condensed nuclear fragments
were observed.
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Figure 5. Synergistic interactions between micellar curcumin and erufosine in ratio 4:1 lead to
apoptotic cell dead in HuT-78 and MJ cells. Legend: (+) Co—cells incubated with hypertonic
buffer; (+) Co/Inh—cells incubated with hypertonic buffer in the presence of caspase 3 inhibitor;
(A)—caspase 3 activity of samples treated with ERF, MCRM or combinations; (B)—GSH levels in the
same samples, presented in part A; (C)—accumulation of mono- and oligonucleotides in the cellular
cytosol in the same samples presented in parts A and B; (D)—nuclear fragmentation after Hoechst
staining of the cells in the same samples presented in parts A, B and C (depicted with white arrows).
Significant differences between groups in (A,B) are marked with asterisks: *—p ≤ 0.05; **—p ≤ 0.01;
***—p ≤ 0.001, ****—p ≤ 0.0001.
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3.6. Effects of the Combinations between ERF and MCRM on Total GSH Levels in TWIST1
Expressing CTCL Cell Lines

Glutathione levels did not change at the 48th hour of the treatment in any of the
HuT-78 samples, unlike the other cell line MJ, which showed a strong enhancement of total
GSH after treatment with MCRM and the combination (Figure 5B). The result correlates
with increased levels of caspase-3 in the same samples. Obviously, in MJ cells, glutathione
levels were significantly enhanced—up to 10-fold higher than in the untreated control. A
concentration-dependent manner of the effect was detected.

3.7. The Combination Ratio of 4:1 between MCRM and ERF Inhibits Biofilm Formation of MRSA

The synergistic concentration MCRM:ERF [4:1] significantly inhibited the biofilm
formation of MRSA. The effect of the combination of concentrations 80 µM MCRM and
20 µM ERF is equal to that of ERF after a single application, demonstrating full biofilm
eradication (Figure 6). In lower concentrations of both drugs, the effect on biofilm formation
was antagonistic.
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Figure 6. Effect of the synergistic combination [ratio 4:1] between micellar curcumin and erufosine on
the biofilm formation of MRSA. Legend: ERF—erufosine; MCRM—micellar curcumin; (A)—crystal
violet absorbance of MRSA biofilm; (B)—Morphological evaluation of MRSA biofilm (40×microscope
magnification).
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4. Discussion

In the present study, we compared and evaluated in detail for the first time, to our
knowledge, the in vitro efficacy of the alkylphosphocholine ERF in combination with cur-
cumin incorporated in micellar formulation with a prolonged release on T-cell lymphoma
cell lines with and without expression of the oncogene TWIST1. The transcription factor
TWIST1 is not detected in normal peripheral blood mononuclear cells. Any increase in its
expression levels is abnormal and has been identified as a marker of metastasis and poor
prognosis in patients with MF and SS [69]. Furthermore, it has been found that its expres-
sion increases in advanced MF/SS lesions and triggers chemotherapy resistance [16,70]. The
underlying mechanisms are related to the inhibition of both p53 and Rb tumor-suppressor
pathways and the up-regulation of protein kinase B (PKB/Akt) in malignant cells with
increased TWIST1 levels [70,71]. In cancer cells, TWIST1 targets several enzymes from the
DNA damage response pathway, thus neutralizing senescence and cell death [72]. Based
on the accumulated knowledge about the mode of action of the APCs [40,73] and our
previous studies on the effects of ERF on CTCL cell lines demonstrating clear inhibition of
PKB/Akt [41], increase in the Rb expression levels in T-cells, modulation of the Rb-protein
signaling pathway [40] and induction of apoptosis, we presumed that the expression levels
of TWIST1 might affect the activity of ERF or vice versa. In our study, ERF showed different
activity in the tested cell lines, with HuT-78 being the most resistant and HH being the
most sensitive (Figure 1), as evidenced by the estimated IC50 values. The behavior of
the RSA simulations, along with the dose-effect curves, confirmed the reliability of the
chosen mathematical model in the MAPLE software. The deviation of the model from the
experimental data (see points) for the selected 95% confidence interval was not very high,
meaning that the values of all constants in the selected ranges of m and the IC50 parameters
can be considered reliable and stable. Determination of the TWIST1 expression levels in all
three cell lines through western blot analysis revealed that the protein was expressed in
HuT-78 and MJ but not in the most sensitive cell line HH (Figure 4). Moreover, inhibition of
TWIST1 occurred in MJ at a lower ERF concentration (25 µM) than in HuT-78 (50 µM). This
finding could explain the differences in the sensitivity of the cell lines toward the drug.

According to published data, there is cross-talk between TWIST1 and PKB/Akt in the
promotion of metastasis via the TGF-β signaling axes [71]. On the one hand, TWIST1 medi-
ates the phosphorylation of PKB/Akt, thus contributing to uncontrolled cell proliferation
and invasion. On the other hand, TWIST1 associates directly with the subunit RELA of the
pro-inflammatory factor NF-κB to activate the transcriptional activity of the latter and to
promote cell invasion through IL8 production [74]. ERF is a potent inhibitor of the PKB/Akt
signaling pathway in leukemic and lymphoma cell lines [35–37,39,41], whereas the natural
product curcumin is a well-known proteasome inhibitor of NF-κB [75–78]. Based on these
facts, we built our hypothesis on the presumption that a combination between ERF and
MCRM will achieve simultaneous down-regulation of PKB/Akt and NF-κB with subse-
quent inhibition of cell proliferation and induction of apoptosis. In addition, ERF and CRM
possess in vitro antimicrobial activity against the pathogenic bacterial species Staphylococ-
cus aureus [29], which was shown to accelerate the pathogenesis of CTCL [79,80]. That is
why; we set the additional goal to study the MRSA anti-biofilm activity of the selected
combinations, as far as it is a highly important mechanism providing survival of the mi-
croorganisms in conditions of external stress and chemotherapy. Taking into account both
the poor curcumin solubility and its hydrolytic instability in a slightly alkaline medium,
we assumed that polymeric micelles would be appropriate nano-carriers for cutaneous
application. The hydrophobic nature of their micellar core enables the loading of active
substances with poor water solubility. Moreover, the loading of unstable drugs into micelles
would increase their stability against different degradation processes such as hydrolysis or
oxidation [58–61]. Despite the advantages of the micelles, the studies of polymeric micelles
intended for the cutaneous application of curcumin are limited to a few reports [81,82].
Therefore, in the present study, we developed curcumin-loaded nano-sized micelles based
on the methoxy poly (ethylene glycol)-block-poly (ε-caprolactone) (mPEG-PCL) copolymer
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carrier, selected for its biocompatibility, biodegradation and suitable properties for loading
of hydrophobic drugs (Figure 2). The nanoparticles were internalized into the treated cells
significantly faster than pure CRM (Table 1), which is a prerequisite for the successful
cytopenetration and the subsequent intracellular release of curcumin.

The tested interactions between ERF and MCRM in combination ratio 1:4 [ERF:MCRM]
were proven to be synergistic for HuT-78 cells and additive for MJ cells (Figure 3A) in
difference to the combination ratio 1:2, which led only to additive effects. As a final result,
all CI values regarding the cell line HuT-78 were lower than 0.4 for the combination ratio
1:4, which indicates a strong synergism. The results clearly demonstrated that the applied
strategy for experimental design and algorithms for calculation of isobolograms under
particularly chosen combination ratios was robust and very reliable. The synergistic and
additive effects were confirmed by the CFU assay (Figure 3B). The effect of the combination
1:4 [ERF:MCRM] in HuT-78 cells led to complete inhibition of cell clonogenicity, and
therefore, this combination was subjected to a series of tests to study its effect on the
expression of the transcription factor TWIST1, PKB/Akt phosphorylation, NF-κB activity,
apoptosis induction, and glutathione reduction.

Undoubtedly, an important outcome was the complete suppression of the TWIST1
expression after the application of the synergistic combination [20 µM ERF:80 µM MCRM]
on HuT-78 cells (Figure 4A) compared to the single application of erufosine that, although
at a concentration of 50 µM, suppressed the TWIST1 expression by only 60% (Figure 4B).
The achieved effect makes it feasible to reduce the effective dose of ERF and thus minimize
the occurrence of adverse effects. The same effect was observed with the MJ cell line, except
that ERF alone inhibited TWIST1 by 80% at a twofold lower concentration than in HuT-78
cells (25 µM vs. 50 µM), which may explain why the effect of the combination [20 µM
ERF:80 µM MCRM] is additive and not synergistic (as in HuT-78 cells). Regarding PKB/Akt
dephosphorylation, the combination inhibited almost fully the protein phosphorylation at
Ser473 in both cell lines, which correlates with the results from the MTT and CFU assay,
suggesting that proliferation inhibition occurs via inhibition of PKB/Akt. It also confirms
that the lower sensitivity of HuT-78 cells to ERF is due to the weaker inhibition of this
protein than in MJ cells. A single administration of ERF (20 µM) or MCRM (80 µM) achieved
this effect to a greater extent in MJ cells than in HuT-78. In MJ cells, dephosphorylation at
Thr308 was more pronounced than at Ser473, which is in line with previously published
data [36]. In HuT-78, there was no significant difference in the levels of p-AktThr308
between the treated samples, whereas the levels of p-AktSer473 decreased significantly
and to the same extent after exposure to MCRM or the combination. The activity of
NF-κB p65 was also inhibited by up to 60% in both cell lines after administration of the
combination (Figure 4C). The differences between the effects of the combination and the
self-administered drugs were significant. The lack of effect of MCRM on NF-κB expression
can be explained by the slow, gradual release of curcumin from the particular micelles
during the incubation period—35% (28 µM) of the whole loaded dose, which is 80 µM. The
released amount of CRM is obviously not sufficient to achieve the desired effect for this
incubation period (24 h). In contrast, according to published data, 80 µM of pure CRM
or CRM loaded in nanoparticles with rapid release significantly inhibits the activity of
NF-κB [41,76,82,83]. In this regard, we could assume that not the gradual administration
of low CRM doses over time but the fast release of higher doses in the first hours after
treatment is crucial for the NF-κB inhibition. However, in combination with ERF, the low
concentrations of CRM released from the micelles were sufficient to potentiate the effect
of the inhibitory effect of the alkylphosphocholine on NF-κB, suggesting the unlocking of
other mechanisms that deserve further investigation in a separate study. In the MJ cell line,
the effect of ERF was the same as in the combination, which correlates with the determined
additive effect.

The inhibition of NF-κB and PKB/Akt logically led to the induction of apoptosis in
the treated cell lines. As visible in Figure 5, the combination 1:4 [ERF:MCRM] activated
caspase-3, increased the fraction of mono- and oligonucleosomes in the cytosol of HuT-78
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and MJ and led to nuclear fragmentation in both cell lines, indicating apoptosis (Figure 5C).
Activation of caspase-3 and elevation of the reduced glutathione levels were more pro-
nounced in MJ cells after treatment with the combination (Figure 5A,B). One possible
explanation for this difference could be an earlier induction of apoptosis in HuT-78 cells,
which could be proven in detail in a further study. As far as excess GSH in malignant cells
correlates with increased metastasis and tumor progression [84,85], it could be speculated
that the elevated GSH levels in the MJ cell line in our study could be one of the reasons
why the best effect of the combination 1:4 [ERF:MCRM] on MJ cells is not synergistic but
additive only.

Last but not least, the synergistic combination fully inhibited the formation of MRSA
biofilm, which can bring additional benefits for patients with concomitant staphylococcal
infections as this will further help reduce inflammation and limit the appearance of infected
skin lesions. ERF alone is also a potent inhibitor of the MRSA biofilm, as published
before [29], and the combination with MCRM did not reduce this effect.

5. Conclusions

The anti-lymphoma effect of ERF in CTCL cell lines was dependent on the TWIST1
expression. The combination between ERF and MCRM in a ratio of 1:4 achieves a synergistic
or additive effect depending on the cell line, which was due to inhibition of TWIST1,
dephosphorylation of PKB/AKT at Ser473 and/or Thr308, and deactivation of the p65
subunit of NF-κB. Taken together, our experimental findings indicate that it is feasible to
develop and investigate new micellar CRM formulations in rational combinations with the
alkylphosphocholine ERF for future local and/or intravenous CTCL treatment perspectives.
The low toxic profile of the two substances allows their combination to be used in a
broader pharmacological regimen, with the combined antineoplastic, anti-inflammatory,
and antibacterial activity assisting in overcoming primary and secondary drug resistance
of CTCL-derived cells.
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Abstract: Acute myeloid leukemia (AML) is a heterogeneous hematopoietic malignancy whose
prognosis is globally poor. In more than 60% of AML patients, the PI3K/AKTs/mTOR signaling
pathway is aberrantly activated because of oncogenic driver alterations and further enhanced by
chemotherapy as a mechanism of drug resistance. Against this backdrop, very recently we have
started a multidisciplinary research project focused on AKT1 as a pharmacological target to identify
novel anti-AML agents. Indeed, the serendipitous finding of the in-house compound T187 as an AKT1
inhibitor has paved the way to the rational identification of new active small molecules, among which
T126 has emerged as the most interesting compound with IC50 = 1.99 ± 0.11 µM, ligand efficiency
of 0.35, and a clear effect at low micromolar concentrations on growth inhibition and induction of
apoptosis in AML cells. The collected results together with preliminary SAR data strongly indicate
that the 5,6,7,8-tetrahydrobenzo[4,5]thieno[2,3-d]pyrimidin-4(3H)-one derivative T126 is worthy of
future biological experiments and medicinal chemistry efforts aimed at developing a novel chemical
class of AKT1 inhibitors as anti-AML agents.

Keywords: AKT1; kinase inhibitors; cancer; acute myeloid leukemia; rare disease; molecular
modeling; molecular docking; similarity search; MD simulation; computer-aided drug discovery

1. Introduction

The AGC kinases AKT1-3 are key mediators of the PI3K/AKT/mTOR signaling path-
way, which plays a crucial role in major cellular functions such as proliferation, migration,
and antiapoptotic survival [1]. The main downstream targets of AKT include the mam-
malian target of rapamycin (mTOR) of the mTOR complex 1 (mTORC1), that through
phosphorylation activates the p70 ribosomal S6 kinase (p70S6K) and inactivates the 4E-BP1
(an inhibitor of the elongation initiating factor 4E, eIF4E) ultimately promoting protein
translation and cell growth [2]. Among the three AKT isoforms, AKT1 is expressed ubiqui-
tously and a high rate of AKT1 amplification occurs in a wide range of human cancers [3]
including acute myeloid leukemia (AML) [4,5], a rare but often fatal blood cancer. The
major activators of the PI3K/AKT/mTOR pathways are upstream kinases, such as tyrosine
kinase receptors (e.g., fms-like tyrosine kinase 3, FLT3) or K/NRAS frequently involved
in gain-of-function gene mutations in AML [6]. Indeed, a constitutive activation of the
AKT pathway and the phosphorylation of its targets such as mTOR, p70S6K, and 4E-BP1
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are detected in about 60% of AML patients [7–9], and are mostly described as connected
with a poorer prognosis [10–14]. The level of AKT1 expression and kinase activity is of-
ten associated with the degree of differentiation, hormone dependency, and aggressive
behavior of cancer cells and/or with a less favorable prognosis [12–14]. Additionally,
accumulating evidence indicates that the acquisition of resistance to chemotherapeutic
drugs involves the activation of the PI3K/AKT/mTOR pathway [15], suggesting that AKT1
inhibitors could be useful for overcoming drug resistance and improving response [16,17].
Recently, AKT activation in AML has also been implicated as a resistance mechanism to the
targeted therapy selinexor, a newly FDA-approved small molecule inhibitor of exportin
1 (XPO1) [18].

In the era of precision oncology, AKT1 thus represents an attractive target for the de-
velopment of targeted therapies selectively hitting cancer cells characterized by an aberrant
activation of the PI3K/AKT/mTOR signaling pathway. To date, no drugs against AKT1
are on the market, although some AKT1 inhibitors are currently in clinical trials for solid
cancers [19,20], but not for AML, which remains an urgent medical need. Against this
backdrop, we have very recently started a multidisciplinary research program aimed at
rationally identifying new AKT1 inhibitors as anti-AML agents.

2. Materials and Methods
2.1. Computational Studies
2.1.1. Ligand Preparation

All compounds explored in molecular modelling studies (i.e., T187, the clinical candi-
dates, and the selected UNIPG-lib compounds) were prepared using the LigPrep [21] to
produce low energy 3D structures taking into account the ionization states, stereochemistry,
the tautomerism, and ring conformations at the desired pH (7.5 ± 0.5).

2.1.2. Similarity Search

The BioSolveIT Feature Tree (FTrees) [22] software tool was used to perform fast
2D-similarity assessments. The similarity searches were performed using the following
command line:

ftrees -i T187.sdf -l $library –minSimilarityThreshold X -o output.csv
where the -i option defines the query molecule, the -l option states the screened library,

the –minSimilarityThreshold defines the similarity threshold below which molecules are
discarded, and the -o option states the output file.

To compute the similarity between T187 and the known AKT1 inhibitor clinical
candidates, the compounds reported in Table S2 were used as the $library file and the
-minSimilarityThreshold was set to 0.

To build the T187-like compounds’ library, the prepared UNIPG-lib was used as the
$library file and the –minSimilarityThreshold was set to 0.65.

2.1.3. Protein Preparation

The only two crystal structures of AKT1 co-crystallized with clinical candidates (i.e.,
capivasertib and ipatasertib) available from RCSB PDB [23] were PDB ID 4GV1 [24] and
4EKL [25], respectively. Considering the best resolution of the 4GV1 structure (1.49 Å vs.
2.00 Å for 4EKL), this protein conformation was used for further modeling studies. Firstly,
the complex was prepared using Schrödinger’s Protein Preparation Wizard (Schrödinger
Release 2019-2) [26] in order to obtain satisfactory starting structures for the docking studies.
The complex was pre-processed as follows: (i) hydrogen atoms were added and bond orders
were assigned to amino acid residues and ligands, (ii) the missing side chains were filled,
(iii) the protein was capped with acetyl (ACE) and N-methylamine (NMA) groups, (iv) all
water molecules beyond 3 Å from heteroatoms were deleted, and (v) Epik (Schrödinger
Release 2019-2) [27] was used to predict the ionization and tautomeric states for the ligands
(pH = 7.0 ± 2). In addition, the structure presented some missed residues (loop 451–457)
that were filled by using the homology modelling tool function implemented in the Prime
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package (Schrödinger Release 2019-2) [28]. Then, the H-bond network of the complex was
optimized using PROPKA for the assignment of the residue protonation states (pH = 7.0).
Finally, the complex was submitted to a restrained minimization (OPLS3 force field), which
was stopped when the RMSD of heavy atoms reached 0.30 Å.

2.1.4. Molecular Docking

Docking studies were performed using Schrödinger’s Glide software (Schrödinger
Release 2019-2) [29]. In our protocol, the crystallographic position of capivasertib (PDB
ID 4GV1) was used as reference to center the grid on the ATP-site. The docking space
was defined as a cubic box (28 Å outerbox), with an inner cubic box (14 Å) defining the
region where the centroid of the ligand had to be located. The centroid for the 4GV1
protein had coordinates of −20.00, 4.33, and 11.27 to the x-, y-, and z-axis, respectively.
After grid preparation with the “receptor grid generation” tool, docking experiments were
performed using the Glide XP (Extra Precision) protocol (Schrödinger Release 2019-2) [30],
by generating three poses for each ligand. The generated poses were submitted to the
MMGBSA minimization step using the “Refine Protein-Ligand Complex” tool in Prime
(default settings—esidues at 5 Å within the ligand considered as flexible) and only the pose
with the lower MM-GBSA ∆G of binding (MM-GBSA dG Bind) was retained.

The collected binding poses were then filtered for the presence of H-bond interaction(s)
with the hinge residues Ala230 and/or Glu 228.

By using the above-described protocol, the initial hit, T187, was predicted to bind
the catalytic site with a MM-GBSA dG Bind of −39.42 Kcal/mol. Based on this result, the
T187-like compounds were docked and later filtered using a threshold of −40 Kcal/mol on
the MM-GBSA dG Bind and then submitted to visual inspection.

The two co-crystallized advanced inhibitors were added to the ligand set for compari-
son. The best docking poses of ipatasertib (MM-GBSA dG Bind = −67.72 Kcal/mol) and
capivasertib (MM-GBSA dG Bind = −62.42 Kcal/mol) agreed well with their experimental
binding conformations (Figure S2).

2.1.5. Molecular Dynamics Simulations

Explicit solvent Molecular Dynamics (MD) simulations were performed by using the
Desmond package v5.8 (Schrödinger Release 2019-2) [31] to investigate the stability of
the MMGBGA binding modes generated for T126 and T125 in complex with the 4GV1
protein conformation. The OPLS3e forcefield was selected and the systems were solvated
in an orthorhombic box (size = 20.0 × 20.0 × 20.0) exploiting the TIP3P water molecule
mode. Na+ and Cl− counter ions at a concentration of 0.15 M were added to neutralize the
system charge by means of the System Builder tool. The system setup step enabled the
generation of the 4GV1-T126 and 4GV1-T125 complex systems consisting of 83,768 and
83,767 atoms, respectively. MD simulations were set up through the Molecular dynamics
tool. The systems were relaxed before the simulation by using the protocol implemented in
Desmond which comprises 5 equilibration steps. The system minimization was followed
by a production step of 200 ns that was simulated by the NTP ensemble at 310 K and
1 atm. For each system, three replicas with different random seeds were performed. MD
simulation results were analyzed through the Simulation interaction diagram (SID) tool
provided by Schrödinger.

2.2. Chemistry
2.2.1. Synthetic Procedures

All the compounds evaluated in the biological assays (Table S2) were synthesized as
previously reported by us, with the exception of compound T187 which has never been
reported so far and, therefore, is described in this paper, and compounds T124, T126, and
T128 that were synthesized as reported in the literature [32–35].

Compound T187 was synthesized as reported in Scheme 1, starting from a one-pot
Gewald reaction entailing the reaction of cycloheptanone with cyanoacetamide in the

276



Pharmaceutics 2022, 14, 2295

presence of sulphur and morpholine in EtOH at reflux, to give the intermediate 1 [36].
Successive amidation of compound 1 [36] with 2,4-difluorobenzoic acid was performed in
CH2Cl2 at 50 ◦C, in the presence of the Mukaiyama reagent (2-chloro-1-methylpyridinium
iodide, CMPI), 4-dimethylaminopyridine (DMAP), and triethylamine (TEA), furnishing
compound T187.
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Scheme 1. Reagents and conditions: (i) S8, morpholine, EtOH, reflux; (ii) 2,4-difluorobenzoic acid,
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2.2.2. Experimental Section

The commercially available starting materials, reagents, and solvents were used as
supplied. All reactions were routinely monitored by TLC on silica gel 60F254 (Merck)
and visualized by using UV or iodine. Flash column chromatography was performed on
Merck silica gel 60 (mesh 230–400). After extraction, the organic solutions were dried over
anhydrous Na2SO4, filtered, and concentrated with a Büchi rotary evaporator at reduced
pressure. Yields are of the purified product and were not optimized. The purities of
compounds T124, T126, and T128 (96.5%, 100%, and 100%, respectively) were determined
by HPLC analysis using a Jasco LC-4000 instrument equipped with a DAD Jasco MD-4015
detector from 200 to 600 nm. The purity was revealed at 344 nm using an XTerra MS C18
Column, 5 µm, 4.6 mm× 150 mm with a flow rate: 0.4 mL/min; an acquisition time: 10 min;
an isocratic: acetonitrile containing 0.1% of formic acid (85%) and water (15%); a column
temperature: 25 ◦C; and an injection volume: 20 µL. The peak retention time is given in
minutes and the Chromatograms were analyzed by Chromatography Data System software
ChromNAV version number 2.03.06 [Build 4] (2003 JASCO Corporation, Tokyo, Japan).
The purity of compound T187 (95.09%) was determined by LC/MS using an Agilent
1290 Infinity System machine equipped with a DAD detector from 190 to 640 nm. The
purity was revealed at 254 nm using a Phenomenex AERIS Widepore C4, 4.6 mm, 100 mm
(6.6 lm) with a flow rate: 0.6 mL/min; an acquisition time: 10 min; a gradient: acetonitrile
in water containing 0.1% of formic acid (0 100% in 10 min); a column temperature: 40 ◦C;
and an injection volume: 2 µL. The peak retention time is given in minutes. Accurate mass
measurements were performed with HRMS (Agilent Q-TOF 6540) and the monitored m/z
values ranged from 100 m/z to 3000 m/z in positive polarity. The Mass spectrometry was
equipped with an ESI source. The gas temperature, gas flow, nebulizer, sheath gas, and
sheath gas flow were set at 350 ◦C, 9 L/min, 35 psig, 400 ◦C, and 9 L/min, respectively.
The capillary voltage was set at 4000 V and the fragmentor at 120 V. The 1H NMR and 13C
NMR spectra were recorded on a Bruker Avance DRX-400 MHz using a residual solvent
such as dimethylsulfoxide (δ = 2.48) as an internal standard. The chemical shifts were
recorded in ppm (δ) and the spectral data are consistent with the assigned structures. The
spin multiplicities are indicated by the: d (doublet), t (triplet), and m (multiplet).

2-(2,4-Difluorobenzamido)-5,6,7,8-tetrahydro-4H-cyclohepta[b]thiophene-3-carboxamide
(T187). 2,4-Difluorobenzoic acid (0.09 g, 0.61 mmol), CMPI (0.14 g, 0.57 mmol), DMAP
(0.03 g, 0.24 mmol), and TEA (0.14 g, 1.4 mmol) were added to a solution of compound
1 [36] (0.10 g, 0.47 mmol) in dry CH2Cl2 (5 mL). The reaction mixture was maintained at
40 ◦C overnight and then, after colling, it was evaporated to dryness. The obtained residue
was suspended in a 1 M HCl solution, stirred for 10 min, and then filtered. The solid was
purified by flash chromatography eluting with CHCl3/MeOH (98:2), to give T187 (0.07 g,
42%). 1H-NMR (400 MHz, DMSO-d6) δ 1.55–1.65 (m, 4H, cycloeptane CH2), 1.76–1.80,
2.70–2.75, 2.78–2.80 (m, each 2H, cycloheptane CH2), 7.28–7.32 (m, 1H, aromatic CH),
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7.47–7.70 (m, 3H, aromatic CH and NH2), 8.00–8.10 (m, 1H, aromatic CH), 11.66–1168 (d,
J = 8.5 Hz, 1H, NH); 13C-NMR (101 MHz, DMSO-d6) δ 27.7, 28.1, 28.7, 28.8, 32.1, 105.6 (t,
JC–F = 27.3 Hz), 113.3 (d, JC–F = 20.2 Hz), 117.6 (d, JC–F = 9.1 Hz), 122.1, 131.6, 133.8 (d,
JC–F = 11.1 Hz), 135.6, 137.2, 158.7, 159.6, 160.8 (dd, JC–F = 14.1 and 253.5 Hz), 165.0 (dd,
JC–F = 13.1 and 266.6 Hz), 167.9. HRMS: m/z calcd for C17H16F2N2O2S 351.0089 (M + H)+,
found 351.0978 (M + H)+. HPLC, ret. time: 5.633 min, peak area: 95.09%.

2.3. Enzymatic Assays

The studied compounds, including the standard inhibitor Staurosporine (Thermo-
Fisher , Madrid, Spain, Invitrogen BP2541), were incubated with 3 nM AKT1 (#Aps 01-101;
Kinase Logistics, Meyn, Germany) and 1.5 µM Profiler Pro peptide 6 (#760350; Perkin
Elmer, Tres Cantos, Madrid, Spain) in the presence of different concentrations of Adenosine
5′triphosphate disodium salt, ATP (#A2383; Sigma Aldrich, Madrid, Spain) in a 384-well
Microplate (#781076; Greiner, San Sebastián de los Reyes, Madrid, Spain). The reaction rate
was calculated from kinetic measurements carried out measured in a Caliper EzReader
LabChip 3000 (Caliper, Hopkinton, MA, USA) reader with samples taken each 10 min for
a total time of 60 min. The percentage of substrate conversion rate was plotted versus the
ATP concentration. The data was analyzed by non-linear fitting with GraphPad Prism by
employing the Michaelis–Menten equation. The buffer assay used in the inhibition hAKT1
assay is: Hepes 100 mM, DMSO 4%, Brij 0.003%, Tween 20 0.004%, MgCl2 10 mM, with
a pH = 7.5.

The Ki values were calculated by employing the GraphPad Prism equations.

2.4. Cell-Based Assays
2.4.1. Cells and Compound Treatments

The human AML cell lines, OCI-AML3 (carrying the NPM1 gene mutation A and
the DNMT3AR882C mutation), IMS-M2 (carrying the NPM1 gene mutation A), OCI-AML2
(with the wild-type NPM1 and DNMT3AR635W mutation), and SKM-1 and MOLM-13 (with
the wild-type NPM1) were previously reported [37,38]. The cell lines were purchased from
the Deutsche Sammelung von Mikroorganismen und Zellkulturen (DSMZ) (Braunschweig,
Germany) cell bank and maintained according to the vendors’ instructions. Briefly, cultured
cells were split every 3 days and maintained in an exponential growth phase. The cell lines
were tested for mycoplasma using the Universal Mycoplasma Detection Kit (ATCC). The
OCI-AML3 were grown in α-MEM supplemented with 20% fetal bovine serum, 100 U/mL
penicillin, and 100 µg/mL streptomycin (P/S), and all other cell lines were cultured in
RPMI and supplemented with a 10–20% fetal bovine serum and 100 U/mL penicillin and
100 µg/mL streptomycin. The cells were kept at 37 ◦C in a 5% CO2 incubator. Prior to
screening, the appropriate cell concentration for all cell lines was determined. For the
cell lines’ treatments, cells were maintained as follows: OCI-AML3 at 0.25 × 106/mL,
OCI-AML2 and IMS-M2 at 0.35 × 106/mL, and SKM-1 and MOLM-13 at 0.5 × 106/mL.
The compounds were re-suspended at 10 mM stock in DMSO. Further dilutions were
performed in phosphate-buffer-saline (PBS) for pharmacological experiments. The cells
were exposed to compounds at different concentrations for the indicated time points and
sampled as described below. Briefly, the cells (4 × 105/mL) were seeded in 384-well plate
and treated for 48 h with various concentrations (0.001 µM to 100 µM) of either one of the
compounds, T101, T126, and T159, or NSC348884, as a positive control [39]. Each plate
included DMSO at 0.1% as a negative control. The metabolic cell activity was measured
by using the CellTiter Blue proliferation agent (Roche) as described in the manufacturer’s
procedure. Briefly, CellTiter Blue solution (Resazaurin) was added to each well and the
plates were incubated at 37 ◦C with 5% CO2 for 4 h. During the incubation time, the
resazurin is reduced to fluorescent resorufin in metabolically and proliferating living cells.
The fluorescence intensity was measured using the automated Tecan plate reader (Tecan
Group Ltd., Männedorf, Switzerland) at an excitation/emission wavelength of 531/572 nm.
The fluorescence readouts were reported as relative fluorescence units (RFU) and read on
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a luminescence plate reader (Infinite 200 Pro, Tecan, CA, USA). The dose response curves
(maximal inhibitory concentration (IC50)) were obtained by non-linear regression analysis
using the GraphPad Prism 5.0 program. The concentration is shown as a logarithmic
function. All the experiments were performed at least in triplicate, with technical repetition.
The results are expressed as mean ± standard error of the mean (SEM). For the Colony
Forming Unit (CFU) assay, 10× 106 CD34+ human hematopoietic progenitors were received
from unique healthy donors, upon signed informed consent, and were cultured in SFEM
II (Serum-free medium) and P/S at a density of 1 × 106/mL with cytokines that are
important for cell division and self-renewal: fms-like tyrosine kinase 3 (FLT3)-ligand,
FLT3L (100 ng/mL), Stem Cell Factor, SCF (100 ng/mL) and Trombopoietin, and TPO
(50 ng/mL) for 48 h before plating them on a Methocult medium.

2.4.2. Colony Forming Unit (CFU) Assay

For the CFU assay, 500 CD34+ human cells were plated in a MethoCult™ enriched
medium (see Table S4) on a 6-well plate (untreated cells versus T126 at 1, 2.5, and 5 µM,
each condition in triplicate). The plates were then incubated for 14 days at 37 ◦C (5% CO2),
and the images were captured and the colonies counted by STEMvision™. STEMvision™
is a bench-top instrument and computer system designed specifically for the automated
imaging and counting of hematopoietic colonies in the CFU assay. This system has been
optimized for use with MethoCult™ media and meniscus-free SmartDish™ culture ware.
The use of this standardized platform significantly improves the accuracy and reproducibil-
ity of the human CFU assay. Mobilized peripheral blood (MPB) analysis packages have
been used to accurately count colonies.

2.4.3. Cell Lysates Preparation and Western Blot Analysis

Immunoblotting was conducted as described previously [37]. Briefly, fresh cell pellets
(0.2–0.5 × 106/test for AML cell lines) were dissolved directly in 30–60 µL of Laemmli sam-
ple buffer 1× (1.5 M Tris-HCl pH 6.8, glycerol, β-mercaptoethanol, SDS, bromophenol blue)
and boiled at 95 ◦C for 5 min. The proteins were separated by SDS-polyacrylamide gel elec-
trophoresis (SDS-PAGE) on Precast 4–15% gradient gels (Biorad, Hercules, CA, USA) trans-
ferred onto nitrocellulose membranes (GE Healthcare, Piscataway, NJ, USA) and probed
with specific primary antibodies followed by horseradish peroxidase-conjugated secondary
antibodies (GE Healthcare Lifesciences). The polypeptides were visualized using en-
hanced chemiluminescence (Luminata Crescendo, Merck Millipore, Burlington, MA, USA)
according to the manufacturer’s instructions. The bands were visualized using the Bio-
rad Chemidoc and the images were processed using the image lab software (Biorad) and
Adobe Photoshop (Ps CC 2019). β-actin expression levels were used as a control for protein
loading, as indicated.

2.4.4. Cell Growth and Apoptosis Evaluation

The viable cell count was evaluated daily using the Invitrogen Countess automated
cell counter (Invitrogen, Carlsbad, CA, USA) by trypan blue exclusion, and individual
growth curves were generated from these data.

The cell apoptosis was assessed using Annexin V APC- or FITC-conjugated antibodies
and counterstained with Propidium Iodide (PI) or 7AAD for the detection of necrotic cells
(Becton Dickinson, Franklin Lakes, NJ, USA), according to the manufacturer’s protocol. The
data acquisition and analysis were done with a FACS Canto II flow cytometer and data were
acquired and analyzed using Diva software (Becton Dickinson, Franklin Lakes, NJ, USA).

2.4.5. Antibodies

The primary antibodies used for western blot analyses are the following: mouse
monoclonal anti-human β-actin (Clone AC-15; dilution 1:5000) from Sigma Aldrich
(St. Louis, MO, USA); rabbit monoclonal anti-human Cleaved poly (ADP-ribose) poly-
merase (c-PARP) (Clone Asp 214; dilution 1:1000); rabbit monoclonal phospho-Akt
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(Ser473) (clone D9E, dilution 1.500); rabbit polyclonal phospho-mTOR (Ser2448) (dilu-
tion 1:500); rabbit polyclonal phospho-4E-BP1 (Ser65) (dilution 1:500); rabbit monoclonal
Akt1 (clone D9R8K, dilution 1:500); rabbit polyclonal 4E-BP1 (dilution 1:500); and rabbit
polyclonal mTOR (dilution 1:500), all from Cell Signaling (Cell Signaling Technology,
Inc., Danvers, MA, USA).

2.4.6. Statistical Analysis

All the experiments were performed at least in triplicate, as indicated, with technical
repetition when possible. The results are expressed as mean ± standard error of the mean
(SEM). A one- or two-tailed paired Student t-test with a normal-based 95% CI was applied
for statistical analysis, as indicated. Statistical significance was defined as p < 0.05.

2.5. Validation Assays to Confirm T126 as a True Hit
2.5.1. Intrinsic Fluorescence Assay

Compound T126 was serially diluted in 384-well black plates with Hepes 100 mM,
DMSO 4%, Brij 0.003%, Tween 20 0.004%, MgCl2 10 mM, at a pH = 7.5 and incubated for
2 h at 37 ◦C. After the incubation time the intensity of fluorescence (λexc: 485 nm; λemm:
535 nm) was detected in a Tecan M1000 Pro.

2.5.2. Solubility Screen Assay to Determine Chemical Aggregation

The stock solutions (10–2 M) of the compound T126 were diluted to a decreased
molarity, from 100 µM to 0.0001 µM, in 384-well transparent plates (Greiner 781801) with
1% DMSO: 99% buffer Hepes 100 mM, DMSO 4%, Brij 0.003%, Tween 20 0.004%, MgCl2
10 mM, at a pH = 7.5. Incubation occurred at 37 ◦C and the results were read after 2 h in
a NEPHELOstar Plus (BMG LABTECH, Ortenberg, Germany). The results were adjusted
to a segmented regression to obtain the maximum concentration in which the compounds
were soluble.

2.5.3. UV-VIS Titration Assay with an Increasing Amount of MgCl2
The potential ability of T126 to chelate Mg2+ ions was evaluated by spectrophotometric

methods using a T70+ UV-Vis Spectrometer (PG Instruments, Leicestershire, UK) and
a quartz cuvette with a 1 cm optical path. MgCl2. 5H2O 1M solution was prepared from
powder (VWR International, Milan, Italy). The compound T126 was dissolved in DMSO to
a final concentration of 10 mM and diluted with a milliQ water/DMSO mixture to a final
concentration of 100 µM (4% DMSO). The obtained solution was placed in a cuvette and the
UV-Vis spectra was recorded between 200 and 500 nm using water milliQ (with 4% DMSO)
as reference. Thereafter, small volumes of MgCl2 aqueous solution were added both in the
sample and in the reference cuvettes to obtain a series of solutions containing increasing
concentrations of MgCl2 (1.25, 2.5, 5 and 10 mM), carefully pipetted for mixing, and the
UV-Vis spectra were repeated. Each experiment was performed in triplicate.

3. Results and Discussion
3.1. Computer-Aided Identification of Novel AKT1 Inhibitors

The idea of exploring AKT1 as a pharmacological target arose from serendipity during
our efforts to discover new bioactive compounds against other protein kinases that were
already the objects of our studies [40,41].

Among the investigated compounds, the in-house cyclohepta[b]thiophen-3-carboxyamide
derivative T187 (Figure 1) turned out to be inactive against the desired target (i.e., p38
MAPK), showing instead an unexpected inhibitory activity towards the catalytic domain
of the AKT1 protein, with a percentage of enzymatic inhibition at 10 µM equal to 56%.
This unforeseen result prompted us to better characterize the small molecule, which
showed an IC50 = 11.4 ± 2.8 µM and a Ki = 4.19 ± 1.36 µM. Interestingly, a data litera-
ture search using SciFinder [42] pointed out that neither compound T187 nor its chemical
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scaffold N-(5,6,7,8-tetrahydro-4H-cyclohepta[b]thiophen-2-yl)benzamide had ever been in-
vestigated in the context of AKT1 inhibition.
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structures 4EKL [25] and 4GV1 [24], showing the clinical trial inhibitors ipatasertib (GDC-
0068) and capivasertib (AZD5363), respectively [20]. These small molecules shared a dou-
ble interaction with the hinge region (residues Glu228 and Ala230) that anchored the lig-
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tion necessary to reduce by 50% the ADP formation in the ADP-Glo Assay; Ki is the AKT1 inhibition
constant; Ligand efficiency (LE) refers to the potency of a compound averaged by its non-hydrogen
atom count (LE = 1.4 pIC50/N, where N is the number of heavy atoms). LE is expressed as units of
kcal mol−1 N−1.

Intrigued by these results and stimulated by our interest and expertise in the field of
kinases [43–45] and AML [46–48], we decided to take advantage of the serendipitous discov-
ery of T187 to rationally search for other AKT1 inhibitors within our in-house compound
library (herein after called UNIPG-lib). Specifically, the UNIPG-lib is a chemical collection
of ~3000 small molecules, including both target compounds and intermediates, synthesized
and/or collected by the research team in the context of several drug discovery projects.

For our AKT1-targeted program, we carried out both ligand- and structure-based mod-
eling studies to aid the selection of T187-like compounds for biological testing. First, the
BioSolveIT Feature Trees (FTrees) [22] software tool was used to perform a fast 2D-similarity
screening of the UNIPG-lib using T187 as a query molecule. This ligand-based approach
allowed us to select 247 available neighbors to the initial compound with a similarity
threshold of at least 0.65. At this stage, to further rationalize the identification of potential
AKT1 inhibitors, the collected compounds were submitted to molecular docking simula-
tions to explore their binding potential to the investigated kinase. Within this aim, the
RCSB PDB [23] was consulted to retrieve structural information on AKT1 and its ATP-site
binders, highlighting that 28 crystal structures had been disclosed prior to December 2021.
In particular, the most interesting co-crystallized ligands were present in the PDB struc-
tures 4EKL [25] and 4GV1 [24], showing the clinical trial inhibitors ipatasertib (GDC-0068)
and capivasertib (AZD5363), respectively [20]. These small molecules shared a double
interaction with the hinge region (residues Glu228 and Ala230) that anchored the ligand
to the ATP-binding site (Figure S1). With such valuable structural information available,
we decided to explore the ATP-binding pocket in the rational search of new potential
AKT1 inhibitors. Among the two previously mentioned structures, 4GV1 showed the most
favorable resolution and was thus selected as a protein model for molecular docking exper-
iments of the previously cited 247 in-house compounds. Each molecule was docked using
Glide [30] in the extra precision (XP) mode and the generated poses were then rescored with
the MM-GBSA method within Prime [28]. The two co-crystallized advanced inhibitors were
added to the ligand set for comparison, and the obtained binding poses were evaluated
mainly based on the predicted intermolecular interactions, paying particular attention to
the contacts that involved the key residues Ala230 and Glu228. The best docking conforma-
tions of ipatasertib and capivasertib agreed well with their experimental poses and in both
cases the key interactions with the hinge residues were correctly reproduced (Figure S2).

Subsequently, the docking-based approach allowed the selection of 12 virtual hits as
the most promising in-house AKT1 small-molecule binders (Tables S1 and S2), which were
then evaluated for the anti-AKT1 activity.

In the employed biochemical assay, a compound was considered as a ‘primary active’
only when the inhibition of the AKT1 phosphorylation activity (hereinafter called %inh)
was reduced by at least of 60%, employing a 10 µM compound concentration. Among the
tested virtual hits, five compounds were thus selected as primary actives and evaluated in
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a dose–response assay to calculate the 50% inhibitory concentration (IC50) value (Figure 2
and Table S2).
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The [1,2,4]triazolo[1,5-a]pyrimidine derivative T101 [35] and the cyclohepta[b]thiophene-
3-carboxamide T159 [32] were previously reported as allosteric inhibitors of HIV-1 reverse
transcriptase-associated ribonuclease H. Analogously, compounds T124, T126, and T128,
showing a common [4,5]thieno[2,3-d]pyrimidin-4(3H)-one moiety, were described as HIV-
1 reverse transcriptase-associated ribonuclease H inhibitors by Masaoka et al. [34], and
re-synthesized by us to serve as internal reference compounds.

Among them, compounds T101, T126, and T159 exhibited an AKT1 inhibitory po-
tency higher than T187, displaying IC50 values of 1.62 ± 0.15 µM, 1.99 ± 0.11 µM, and
2.12 ± 0.26 µM, respectively.

Notably, these three molecules turned out to be efficient inhibitors, as highlighted
by the corresponding experimental values of LE. Particularly, T159 and T126 had an LE
value ≥ 0.3 (Figure 2), which is the generally accepted lower limit of efficiency in a typical
drug discovery program. It is worth noting that the 5,6,7,8-tetrahydrobenzo[4,5]thieno[2,3-
d]pyrimidin-4(3H)-one derivative T126 showed a LE value comparable to that of the clinical
trial inhibitors capivasertib and ipatasertib (Figure S1). In addition, preliminary structure-
activity relationships (SAR) analysis around this in-house compound can be deduced by
examining the collected biological results (Table S2). First, the replacement of the amide
nitrogen atom in the tricyclic core with an oxygen atom seemed to be detrimental for kinase
inhibition, as highlighted by comparing T126 (%inh = 87%, IC50 = 1.99 ± 0.11 µM) and
T128 (%inh = 78%, IC50 = 26.6 ± 4.8 µM) with T125 (%inh = 9%) and T127 (%inh = 43%),
respectively. This observation underlined that, although the in silico approach was success-
ful in identifying new AKT1 inhibitors, the different impact on the biological activity of the
pyrimidin-4(3H)-one moiety (T126 and T128) compared to that of the oxazin-4-one (T125
and T127) was not predicted correctly because similar docking poses and ligand-target
interactions were proposed for the two series of compounds (Figure S3).

Therefore, we carried out molecular dynamics (MD) simulations to elucidate the
molecular basis of the SAR data by overcoming the limitations of ordinary molecular dock-
ing studies, where the protein is typically treated as a rigid entity and no water molecules
are included in the target preparation. The docking-generated AKT1–T126 and AKT1-T125
complexes were thus used as starting structures for three 200 ns MD-simulation replicas us-
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ing Desmond software [31], and the analysis of the produced trajectories provided valuable
clues to explain the SAR observation.

Specifically, the T126 orientation generated from the docking study was well preserved
during the entire execution time, with the overall ligand stability having been reached in the
last 100 ns of the MD simulations (Figure S4). Interestingly, the nitrogen of the endocyclic
amide established well-conserved, water-mediated interactions with the residues Thr291
and Asp292 (Table S3 and Figure 3).
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Conversely, the three generated replicas for the inactive analog T125 (Figure S4) did
not detect common stable ligand-protein contacts, with the oxygen atom of the oxazin-4-one
moiety never having been involved in significantly conserved intermolecular interactions
(Table S3).

As a second SAR insight, the size of the aliphatic ring of the tricyclic core appeared
to be crucial to gain high inhibitory potency against AKT1. Indeed, the 6-membered ring
of T126 turned out to be the best substitution with respect to the 5-membered (T128) and
7-membered (T124, %inh = 60%, IC50 = 30.9 µM) systems.

In addition, it is well known that the level of interest in kinase targets has created
a crowded chemical space landscape, rendering the discovery of novel chemical entities
as kinase inhibitors challenging. Against this backdrop, compounds T126, T159, and T101
were used as inputs for a structure search in SciFinder. To the best of our knowledge
prior to December 2021, none of the three explored compounds had been reported in the
literature, including publications and patents, as inhibitor of AKT1 or other kinases, as
well as no information on the effect of these compounds on AML has emerged from our
bibliographic survey.

3.2. Evaluation of the Identified AKT1 Inhibitors on AML Cell Lines

Encouraged by the variety of information gathered so far, we evaluated these com-
pounds in cellular assays of AML models. Specifically, a cell viability assay was initially
performed to determine the cellular IC50 of T101, T126, and T159 on different human AML
cell lines, namely, OCI-AML3, IMS-M2, OCI-AML2, MOLM-13, and SKM-1, which carry
some of the most recurrent AML mutations [37,38]. We measured the ability of living
cells to convert a redox dye (resazurin) into a fluorescent end-product (resorufin). A dose
response curve was generated for each cell line using GraphPad Prism and the IC50 was
established. While no interesting (IC50 higher than 30 µM) inhibitory activity was detected
for T101 and T159 in all the explored cell lines, we obtained promising results for T126
(Figure 4).

283



Pharmaceutics 2022, 14, 2295

Pharmaceutics 2022, 14, 2295 11 of 16 
 

 

as no information on the effect of these compounds on AML has emerged from our bibli-
ographic survey. 

3.2. Evaluation of the Identified AKT1 Inhibitors on AML Cell Lines 
Encouraged by the variety of information gathered so far, we evaluated these com-

pounds in cellular assays of AML models. Specifically, a cell viability assay was initially 
performed to determine the cellular IC50 of T101, T126, and T159 on different human AML 
cell lines, namely, OCI-AML3, IMS-M2, OCI-AML2, MOLM-13, and SKM-1, which carry 
some of the most recurrent AML mutations [37,38]. We measured the ability of living cells 
to convert a redox dye (resazurin) into a fluorescent end-product (resorufin). A dose re-
sponse curve was generated for each cell line using GraphPad Prism and the IC50 was 
established. While no interesting (IC50 higher than 30 μM) inhibitory activity was detected 
for T101 and T159 in all the explored cell lines,  we obtained promising results for T126 
(Figure 4). 

 
Figure 4. T126 induces growth arrest and apoptosis in AML cells. (A) T126 dose-response curves as 
generated by CellTiter Blue assay for the human AML cell lines OCI-AML3, IMS-M2, OCI-AML2, 
MOLM-13, and SKM-1. (B) T126 induced a significant cell growth inhibition on OCI-AML3, IMS-
M2, and OCI-AML2, at 48 and 72 h from the start of the treatment at a 5 μM dose (student paired t-
test, 48 h p = 0.02 and 72 h 0.006, 48 h p = 0.04 and 72 h p = 0.01, and 48 h p = 0.006 and 72 h p = 0.004, 
respectively). (C) The effects of T126 at a 0.5 and 5 μM dose on phosphorylation of AKT1 and down-
stream signaling molecules, namely mTOR and 4E-BP1, at 24 and 48 h, in OCI-AML3, IMS-M2, and 
OCI-AML2 cells. Activation of the apoptotic signaling molecule cleaved-PARP (c-PARP) under the 
same experimental conditions. β-actin (b-act) expression levels were used as a control for protein 
loading. The representative results of at least three independent experiments are shown. All the 
original blots are reported in Figure S8. (D) T126 at a 5 μM dose induced a significant level of apop-
tosis (% of Annexin V negative/7aad negative cells) in OCI-AML3, IMS-M2, and OCI-AML2 cells at 
48 h (Student paired t-test, where * and ** stand for p = 0.01 and p = 0.005, respectively). 

Indeed, T126 IC50 values were 4.2, 4.3, 2.4, 9.2, and 6.9 μM for OCI-AML3, IMS-M2, 
OCI-AML2, MOLM-13, and SKM-1 cell lines, respectively (Figure 4A). 

It is noteworthy that the low-micromolar inhibitory activities observed in the cell-
based assays were similar to those obtained for the reference compound NSC348884 [39] 
used as positive control (Figure S5), and were in keeping with the low-micromolar IC50 of 
T126 on the isolated AKT1 protein (i.e., 1.99 μM). 

Figure 4. T126 induces growth arrest and apoptosis in AML cells. (A) T126 dose-response curves as
generated by CellTiter Blue assay for the human AML cell lines OCI-AML3, IMS-M2, OCI-AML2,
MOLM-13, and SKM-1. (B) T126 induced a significant cell growth inhibition on OCI-AML3, IMS-M2,
and OCI-AML2, at 48 and 72 h from the start of the treatment at a 5 µM dose (student paired t-test,
48 h p = 0.02 and 72 h 0.006, 48 h p = 0.04 and 72 h p = 0.01, and 48 h p = 0.006 and 72 h p = 0.004,
respectively). (C) The effects of T126 at a 0.5 and 5 µM dose on phosphorylation of AKT1 and
downstream signaling molecules, namely mTOR and 4E-BP1, at 24 and 48 h, in OCI-AML3, IMS-M2,
and OCI-AML2 cells. Activation of the apoptotic signaling molecule cleaved-PARP (c-PARP) under
the same experimental conditions. β-actin (b-act) expression levels were used as a control for protein
loading. The representative results of at least three independent experiments are shown. All the
original blots are reported in Figure S8. (D) T126 at a 5 µM dose induced a significant level of
apoptosis (% of Annexin V negative/7aad negative cells) in OCI-AML3, IMS-M2, and OCI-AML2
cells at 48 h (Student paired t-test, where * and ** stand for p = 0.01 and p = 0.005, respectively).

Indeed, T126 IC50 values were 4.2, 4.3, 2.4, 9.2, and 6.9 µM for OCI-AML3, IMS-M2,
OCI-AML2, MOLM-13, and SKM-1 cell lines, respectively (Figure 4A).

It is noteworthy that the low-micromolar inhibitory activities observed in the cell-
based assays were similar to those obtained for the reference compound NSC348884 [39]
used as positive control (Figure S5), and were in keeping with the low-micromolar IC50 of
T126 on the isolated AKT1 protein (i.e., 1.99 µM).

We then investigated the effect of T126 on OCI-AML3, IMS-M2, and OCI-AML2
cell growth (0–72 h), using a concentration of 5 µM, and found that T126 was able to
induce a significant growth inhibition at 48 and 72 h in all the three of the AML cell lines
(Figure 4B).

To determine the effect of T126 on the AKT1 intracellular mediated signaling pathway
and cell death, we exposed our cell lines to an increasing concentration of T126 and checked
whether this small molecule acted upon their functional proteomic profiles. The effect of
T126 on the AKT signaling pathway was assessed by western blot analysis, focusing on the
key targets. Upon increasing concentrations of T126, we observed at various levels in the
different AML cell lines a decreased phosphorylation of AKT1 (phospho-AKT, at site S473)
as an expression of the AKT1 activity inhibition [17], and of the downstream signaling
molecule mTOR (phospho-mTOR, at site S2448). As a representative target of mTOR activity,
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we also analyzed the E4-BP1 protein and we noticed a reduction of its phosphorylation
levels at site S65 (Figure 4C). As a marker of cell apoptosis, the apoptosis-related protein
cleaved-PARP was detected upon treatment with T126 5 µM at 48 h (Figure 4C). The effect
of T126 on cell apoptosis was also measured by flow cytometry using Annexin V/7AAD
probes for the identification of apoptotic cells. Notably, in accordance with western blot
analysis, at the concentration of 5 µM, T126 induced a significant level of apoptosis at
48 h in OCI-AML3, IMS-M2, and OCI-AML2 (Figure 4D), confirming in this setting, its
anti-leukemic effect.

Finally, we performed a colony forming unit assay (CFU) using normal donor CD34+
hematopoietic stem/progenitor cells (HSPC) which were exposed to escalating doses of
T126 (1, 2.5 and 5 µM) and plated in a Methocult medium for 14 days. Remarkably, at 1 and
2.5 µM, compound T126 did not inhibit the colony forming ability of human CD34+ HSPC,
suggesting that there was no toxicity at these lower doses. Importantly, whilst a slight
inhibition emerged at the maximum dose of 5 µM, the clonogenic efficiency was not blocked,
but only decreased by about 20% as compared to the untreated control (Figure S6A). The
obtained results were quite encouraging considering that the inhibition of p-AKT was
already observed at an early time point (4 h) at the concentrations of 1 and 2.5 µM in
the OCI-AML3 cell line (Figure S6B), suggesting that the compound could also be used
at lower doses in additional biological experiments. These results confirm the pivotal
role of the AKT pathway in the maintenance of cell growth and survival of AML cells, as
previously reported [4,5]. Moreover, AKT pathway activation has also been implicated as
a mechanism of resistance to therapy, including novel agents [18,49], pointing to AKT1 as
an attractive target for AML, more specifically by using AKT1 inhibitors in combination
with other drugs. Considering this, it is worth noting that the three AKT isoforms are highly
conserved and share about 80% of the amino acid sequence identity [50]. As a consequence,
the majority of currently developed AKT inhibitors are pan-AKT inhibitors, and this concept
is evident when considering the two AKT inhibitors mentioned earlier and undergoing
clinical trials (i.e., capivasertib IC50-AKT1 = 3 nM, IC50-AKT2 = 8 nM, IC50-AKT3 = 8 nM,
ipatasertib IC50-AKT1 = 5 nM, IC50-AKT2 = 18 nM, and IC50-AKT3 = 8 nM) [51]. Based
on this, we are aware that T126 may potentially also inhibit AKT2 and AKT3. However,
in the AML cell lines used in this study, AKT1 is the most expressed isoform among
the AKT family members. Indeed, the analyses of RNA seq data from these cell lines
(https://cellmodelpassports.sanger.ac.uk/passports, accessed on 14 October 2022) clearly
indicate that AKT1 shows a higher degree of expression compared to the other isoforms. In
the light of this information and considering that the work herein reported falls within the
early-stage drug discovery process, we have focused our efforts exclusively on AKT1 to
identify a hit compound. Nevertheless, during the next planned hit-to-lead steps, biological
characterization studies involving the other AKT family members will be also carried out.

3.3. Validation of T126 as a True Hit

To further validate T126 as a promising hit, focused studies were conducted to rule
out the possibility that the inhibitory potency detected in the AKT1 assays could be related
to an artifact. Indeed, this small molecule possessed a catechol moiety that seemed to be
important for AKT1 binding by establishing polar interactions (Figure 3). Although the
presence of the catechol by itself did not guarantee a satisfactory potency against AKT1
as the moderately active (T124 and T128) and inactive (T125, T127, and T129) derivatives
shared this feature as well, it is well-known that the mentioned chemical group has been
counted as one of the Pan-Assay Interference Compounds (PAINS) motifs [52,53].

Various mechanisms of assay interference or promiscuous behaviors have been re-
ported as responsible for PAINS activity, including compound fluorescence effect, metal
chelation, and chemical aggregation [52–54].

In the AKT1 inhibition assay, the enzymatic activity was evaluated by measuring the
phosphorylation of a fluorescently-labelled peptide induced by the kinase. Indeed, the
detection of the substrate peptide and the product phosphorylated peptide after a microflu-
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idic mobility shift was performed by measuring the fluorescence given to the substrate and
the product of the kinase reaction. Based on the methodology employed for quantifying the
AKT1 activity, it was not expected that the intrinsic fluorescence of the compounds could
interfere with the assay. Nevertheless, we determined the intrinsic fluorescence of T126,
which emerged as not fluorescent at the excitation/emission wavelength (485–535 nm)
used in the assay.

Second, since the AKT1 inhibition assay required MgCl2, the Mg-complexation ability
has been investigated for the T126 derivative to rule out any interference. Specifically,
UV-vis spectra were recorded for the compound alone and in the presence of increasing
concentrations of MgCl2. The results showed no shift in the maximum of absorbance
(hypsochromic effect), nor any presence of an isosbestic point (Figure S7) up to 10 mM
concentration of MgCl2 (as used in the biochemical assay), thus suggesting the inability of
T126 to chelate Mg2+ ions.

Finally, to discard the hypothesis of chemical aggregation, the presence of aggregates
was evaluated in the same buffer employed in the AKT1 activity assay by a NEPHELOstar
Plus (BMG LABTECH). Compound T126 did not aggregate at concentrations up to 100 µM,
thus rejecting that the AKT1 inhibition effect may be due to aggregation.

In conclusion, the 5,6,7,8-tetrahydrobenzo[4,5]thieno[2,3-d]pyrimidin-4(3H)-one deriva-
tive T126 showed a clear anti-AKT1 effect and the growth inhibition and induction of
apoptosis in AML cells at low micromolar concentrations, making it an appealing candi-
date for further testing in other biological assays. Furthermore, the low molecular weight
(MW = 314,37) and promising LE value of T126 render this small molecule an attractive
starting point for future medicinal chemistry efforts directed at hit-to-lead optimization.
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Abstract: The receptor tyrosine kinase orphan receptor 1 (ROR1) is absent in most normal adult tissues
but overexpressed in various malignancies and is of importance for tumor cell survival, proliferation,
and metastasis. In this study, we evaluated the apoptotic effects of a novel small molecule inhibitor
of ROR1 (KAN0441571C) as well as venetoclax (BCL-2 inhibitor), bendamustine, idelalisib (PI3Kδ

inhibitor), everolimus (mTOR inhibitor), and ibrutinib (BTK inhibitor) alone or in combination in
human MCL primary cells and cell lines. ROR1 expression was evaluated by flow cytometry and
Western blot (WB). Cytotoxicity was analyzed by MTT and apoptosis by Annexin V/PI staining as well
as signaling and apoptotic proteins (WB). ROR1 was expressed both in patient-derived MCL cells and
human MCL cell lines. KAN0441571C alone induced significant time- and dose-dependent apoptosis
of MCL cells. Apoptosis was accompanied by decreased expression of MCL-1 and BCL-2 and
cleavage of PARP and caspase 3. ROR1 was dephosphorylated as well as ROR1-associated signaling
pathway molecules, including the non-canonical WNT signaling pathway (PI3Kδ/AKT/mTOR). The
combination of KAN0441571C and ibrutinib, venetoclax, idelalisib, everolimus, or bendamustine
had a synergistic apoptotic effect and significantly prevented phosphorylation of ROR1-associated
signaling molecules as compared to KAN0441571C alone. Our results suggest that targeting ROR1 by
a small molecule inhibitor, KAN0441571C, should be further evaluated particularly in combination
with other targeting drugs as a new therapeutic approach for MCL.

Keywords: MCL; ROR1; small molecules; apoptosis; targeted therapy

1. Introduction

Receptor tyrosine kinases (RTKs) are therapeutic targets in cancer. The RTK ROR1
plays a crucial role in the development of different tissues and organs during embryo-
genesis [1]. ROR1 is essentially not expressed in normal adult postpartum tissues but
overexpressed in several malignancies [2]. Mutations, translocations, deletions, and over-
expression of RTKs have been identified. Overexpression of ROR1 in patients was first
described in chronic lymphocytic leukemia (CLL) by applying gene expression profiling [3].
ROR1 has also been shown to be overexpressed in several other hematological malignancies,
including mantle cell lymphoma (MCL), as well as in solid tumors [4–12]. Small molecules
and monoclonal antibodies have been used to target dysregulated RTKs in malignancies in
a therapeutic approach [13,14].

In neoplastic cells, ROR1 is of importance for survival, proliferation, migration, and
metastasis [15]. ROR1 mediates chemotactic and proliferative signals induced by the
binding of WNT5a to ROR1 [16], resulting in the activation of guanine exchange factors
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and the phosphoinositol-3 kinase (PI3K)/JNK signaling pathway [17]. Activation of the
canonical and non-canonical WNT signaling pathways correlated with activated ROR1 [18].
Moreover, high expression of ROR1 was associated with disease progression and short
survival in several malignancies [15,19,20].

Hematological malignancies account for around 6.5% of cancers around the world [21].
Various lymphomas, including MCL, mostly spread to the bone marrow, and different RTKs,
such as focal adhesion kinase (FAK), are involved in tumor–stromal cells interaction (in the
tumor microenvironment) to enhance tumor cell survival and drug resistance [22]. MCL
is a rare but aggressive B-cell lymphoma characterized by the chromosomal translocation
(11; 14) (q13; q32) and constitutive overexpression of cyclin D1 [23,24] contributing to
the uncontrolled growth of MCL cells [25]. Despite the introduction of novel drugs such
as BTK inhibitors and new therapeutic principles, including CAR-T, drug resistance and
relapses occur, and MCL remains incurable [26]. Thus, there is a need for novel therapeutic
approaches with other mechanisms of action (MOAs) than those in clinical use. ROR1 is an
important molecule for the malignant phenotype, e.g., tumor cell proliferation, survival,
epithelial–mesenchymal transition (EMT), migration, and metastasis [15,26,27], and been
suggested to be an interesting target molecule for precision cancer medicine (PCM).

In the present study, the expression of ROR1 in MCL cells was characterized and the
apoptotic effects of a novel ROR1 inhibitor, KAN0441571C, were evaluated in in vitro and
ex vivo preclinical models as well as in combination with therapeutics with other MOAs
of clinical relevance (ibrutinib, idelalisib, bendamustine, everolimus, and venetoclax) that
are currently used for the treatment of patients with MCL [28] or have shown promising
results in clinical trials. The results indicate that a small molecule ROR1 inhibitor might
be a promising new drug candidate that warrants further evaluation in preclinical models
and clinical trials in difficult-to-treat MCL patients.

2. Materials and Methods
2.1. Patients

Patients were diagnosed and treated according to the Swedish MCL guidelines at the
Department of Hematology, Karolinska University Hospital, Stockholm, Sweden. The study
was authorized by the National Ethics Authority (www.etikprovningsmyndigheten.se
(accessed on 20 December 2016)). A written consent form was collected from patients
before blood sampling. Eleven patients with MCL were included, consisting of two females
and nine males with a median age of 70 years (range 62–84). Five had early-stage untreated
MCL and six had active MCL, and all but two were treatment-naïve. The selection was
based on the availability of stored blood MCL cells (liquid nitrogen).

2.2. Cell Lines

Five human MCL cell lines, Granta-519 (ACC 342), Mino (ACC 687), JeKo1 (ACC 553),
JVM-2 (ACC 12), and Z-138 (CRL-3001), obtained from the American Type Culture Col-
lection (ATCC), were used. All cell lines were tested for mycoplasma contamination. The
cell lines were cultured in RPMI-1640 medium (Sigma, St. Louis, MO, USA) with 10%
fetal bovine serum (FBS) (Gibco, Life Technologies, Karlsruhe, Germany), 100 ug/mL
penicillin/streptomycin (Biochrom KG, Berlin, Germany), and 2% glutamine (Biochrom
KG) in humidified air at 37 ◦C with 5% CO2.

2.3. ROR1 Small Molecule Tyrosine Kinase Inhibitor (KAN0441571C)

The development of the first small molecule ROR1 tyrosine kinase inhibitor (KAN0439834)
was reported in 2018 [29]. The second generation of a ROR1 small molecule inhibitor,
KAN0441571C, with a higher cytotoxic potency against tumor cells in vitro, as well as
longer halftime (T1/2) in a mouse model (11 h) compared to KAN0439834 (2 h), was
recently described [30,31] and was applied in the present study.
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2.4. Cell Surface Marker Analysis (Flowcytometry)

Analysis of surface ROR1 expression was performed using an anti-ROR1 monoclonal
antibody (Miltenyi Biotec, Bergisch Gladbach, Germany) [27]. Cells were analyzed by a
FACS Canto II flow cytometer (BD Biosciences, San Jose, CA, USA). The FlowJo software
program (Tree Star Inc., Ashland, OR, USA) was applied for analysis of cells.

2.5. Annexin V/PI Apoptosis Assay

Human MCL cell lines were plated in 24-well plates at a concentration of 5 × 104 cells
per well in RPMI-1640 medium containing 10% FBS and incubated with KAN0441571C or
venetoclax (BCL-2 inhibitor), ibrutinib (BTK inhibitor), idelalisib (PI3k inhibitor), everolimus
(mTOR inhibitor), and bendamustine (an alkylating agent) as single drugs or in combination
with KAN0441571C. After 24 h of incubation, the cells were centrifuged and resuspended
in 100 µL of Annexin V binding buffer (BD Biosciences) containing 1 µL fluorescein isoth-
iocyanate (FITC)-conjugated Annexin V and 1 µL propidium iodide (PI) (BD Biosciences)
and incubated for 15 min at RT.

Frozen primary MCL cells were thawed at 37 ◦C for 1–2 min and resuspended in 10 mL
of RPMI-1640 medium with 10% FBS. Cell viability was analyzed by EVE™ Automatic
Cell Counter NanoEnTek (VWR, Atlanta, GA, USA) according to the manufacturer’s
description. Cells were cultured in RPMI-1640 medium supplemented with 10% FBS and
20% conditioned media (CM). CM was harvested from 70% confluent HS-5 cells (CRL-
11882, ATCC) grown in RPMI-1640 medium with 10% FBS for 72 h. The supernatant was
collected, filtered, and used fresh. Then, 2 × 105 MCL cells were seeded in 96-well plates
and incubated at 37 ◦C in 5% CO2 for 24 h with and without drugs. Cells were stained
with Annexin V/PI gated for CD45+/ROR1+/CD3− cells, as exemplified in Figure S1.
Cells were analyzed with NovoCyte Advanteon flow cytometry (Agilent, Santa Clara, CA,
USA), and data were collected with the NovoExpress® 1.4.1 software program (Agilent,
Santa Clara, CA, USA).

2.6. MTT Cytotoxicity (or % Inhibition of Cell Proliferation or Cell Growth) Assay

MCL cell lines (104 cells/well) were incubated in quadruplicates in 200 µL of RPMI-
1640 containing 10% FBS in 96-well plates for 24–72 h at 37 ◦C with 5% CO2. Then, 20 µL
MTT solution (5 mg/mL) was added to each well and incubated for another 4 h at 37 ◦C.
Stopping solution (solubilizing reagent) (10% sodium dodecyl sulphate (SDS) in 0.01M
HCL) was added to a final volume of 100 µL/well. After overnight incubation at 37 ◦C, the
plates were read in a microplate reader at 570 nm.

2.7. Drug Combination Analyses

Zero Interaction Potency (ZIP) is a reference model [32] for evaluating drug combi-
nations by comparing the deviation in potency of the dose–response curves between the
individual agents and the combinations. A ZIP delta score (∆) for each pair of drugs was
used to quantify the deviation by taking the average of all delta scores over their dose
combinations. Summary synergy scores are defined as the average excess response of drug
interactions, e.g., a score of 20 corresponds to 20% of response above the expectation, i.e.,
synergism. A score close to 0 gives low confidence for synergism or antagonism. A score
less than −10 indicates that the relationship between two drugs is possibly antagonistic;
from −10 to 10, the relationship between two drugs might be additive; and if the score
is >10, the interaction between two drugs is likely to be synergistic [32].

2.8. Western Blot (WB) Analysis

Western blot was carried out as previously described [26]. MCL cells were lysed on
ice for 30 min in lysis buffer containing 1% Triton X-100, 150 mM NaCl, 5 mM EDTA, and
50 mM Tris-HCl with 1% protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA)
and phosphatase inhibitors (Roche Ltd., Basel, Switzerland) and centrifuged at 14,000 rpm.
Protein concentration was measured by Pierce™ BCA Protein Assay Kit (Thermo Fisher
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Scientific, Waltham, MA, USA). Then, 10–20 µg protein was loaded into each well for
WB analysis. The following antibodies were used for the detection of total (t) and phos-
phorylated (p) proteins: ROR1 (R & D Systems, Minneapolis, MN, USA), own produced
polyclonal rabbit anti-p-ROR1 (Tyr 641 and 646, Ser 652) [26], AKT and p-AKT (Ser 473),
mammalian target of rapamycin (mTOR) and p-mTOR (Ser 2448), phosphoinositide 3-
kinase (PI3K) p110δ, cleaved poly ADP ribose polymerase (PARP), myeloid cell leukemia-1
B-cell lymphoma (BCL)-2, cleaved caspase 3 (Cell Signaling Technology, Danvers, MA,
USA), and p-PI3K p110δ (Tyr 585) (Santa Cruz Biotechnology, Santa Cruz, CA, USA). β-
actin (Sigma-Aldrich, St. Louis, MO, USA) was used as a loading control. Densitometry
measurements of proteins were calculated by Image J1.44p software (National Institute of
Health, Bethesda, MD, USA).

2.9. Statistical Analysis

Statistical analysis was performed using GraphPad Prism software (GraphPad Soft-
ware, Inc., La Jolla, CA, USA). EC50 values were calculated from the dose–response curve by
non-linear curve fitting (HillSlope). The Mann–Whitney U test was applied for comparison
of non-Gaussian distributed data. p-values < 0.05 were considered significant. Asterisks
represent p-values of * 0.01 to 0.05, ** 0.001 to < 0.01, *** < 0.001, and **** < 0.0001.

3. Results
3.1. Surface ROR1 Was Heterogeneously Expressed on MCL Cell Lines and Primary MCL Cells

The frequency of surface ROR1-positive cells of JeKo-1, Mino, Z138, and Granta-
519 cell lines was 100%, 99%, 71%, and 21%, respectively, while JVM-2 did not express
surface ROR1 (Figure S2A). However, in WB, JVM-2 showed intense expression of ROR1
(Figure S2B). This indicates that JVM-2 expressed ROR1 as a splice variant lacking the
extracellular part. Surface ROR1 was also analyzed in MCL cells from peripheral blood of
leukemia patients (n = 11). MCL cells were identified as CD19+/CD5+ cells. The frequency
of blood CD19+/CD5+ cells was 80 ± 4% (mean ± SEM), and 68 ± 10% of the blood MCL
cells exhibited surface ROR1.

3.2. KAN0441571C Induced Significant Cell Death of MCL Cell Lines

KAN0441571C induced a time- and dose-dependent cell death (MTT) of all MCL lines
but to varying degrees. Seventy-two hours of incubation were required to achieve the
optimal cytotoxic effect. JeKo1 seemed to be the most sensitive cell line and Z138 the least
sensitive (Figure 1A). Next, apoptosis analysis (Annexin V/PI staining) was performed
after incubation with KAN0441571C, venetoclax, or bendamustine (Figures 1B and S6D).
JeKo1 was again the most sensitive cell line to ROR1 inhibition, reaching almost 100%
killing at 250 nM, while venetoclax and bendamustine were less effective. A similar
pattern was seen for Mino, Z138, and JVM-2, while Granta-519 was the most sensitive to
venetoclax. The data support the notion that ROR1 inhibition by a small molecule inhibitor
seems to effectively induce death of MCL cells. We analyzed protein phosphorylation and
found, as expected, that KAN0441571C prevented phosphorylation of ROR1 in a dose-
dependent manner in all MCL cell lines (Figure S2B). Previous studies of ROR1 inhibitors
in tumor cells from other hematological malignancies have indicated the involvement of
both WNT non-canonical (PI3K/AKT/mTOR) and WNT canonical (beta-catenin) signaling
pathways, as well as downregulation of the intrinsic apoptotic pathway, including cleavage
of caspase 3 [12,27,28]. When primary MCL cells were analyzed, we also found that in
addition to the prevention of ROR1 phosphorylation, PI3K, AKT, and mTOR were also
subsequently dephosphorylated (Figure 2).
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Figure 1. Effects of KAN0441571C, venetoclax, and bendamustine on MCL cell lines. (a) Cyto-
toxicity (MTT) of 5 ROR1+ MCL cell lines incubated with the ROR1 inhibitor KAN0441571C for
various time periods. (b) Apoptosis (Annexin V/PI) of MCL cell lines incubated with KAN0441571C,
venetoclax, or bendamustine alone for 48 h. Data are shown as mean ± SEM of triplicate samples.
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intracellular signaling molecules. Relative change in primary MCL cells in the levels of phosphorylated
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ROR1, AKT, PI3K, BTK, and mTOR after single-drug incubation with KAN0441571C (571C) and
venetoclax (Ven), ibrutinib (Ibr), everolimus (Ever), and idelalisib (Idel), respectively, and in combina-
tion, as indicated at the bottom of the figure. The dotted lines indicate the level of the phosphorylated
protein in untreated cells. The figure shows mean ± SEM of 3 patients.

3.3. Effects of KAN0441571C in Combination with Other Drugs

First, we evaluated the apoptotic effect of single-drug KAN0441571C, venetoclax,
ibrutinib, idelalisib, everolimus, or bendamustine on patient-derived blood MCL cells
(n = 11). Dose–response curves for each individual drug, including EC50 values, are shown
in Figure 3. Venetoclax and KAN0441571C were the most effective single agents among
the tested drugs. Next, MCL cell lines were incubated with the EC50 concentration of
KAN0441571C and equimolar concentrations of venetoclax, ibrutinib, or bendamustine,
alone and in combination (Figures S3 and S6). In single-drug experiments, KAN0441571C,
venetoclax, and ibrutinib were similarly effective in inducing cell death of the four different
MCL cell lines, while bendamustine seemed to be inferior in two of five cell lines (Mino
and Granta-519). In drug combination experiments, KAN0441571C plus venetoclax or
KAN0441571C plus ibrutinib showed a statistically significant increased cytotoxic effect,
indicating synergism for three cell lines (not for Granta-519) compared to each drug alone,
while the combination of KAN0441571C with bendamustine showed synergism in all cell
lines except for Granta-519.
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Figure 3. Dose–response curves and EC50 values for each individual drug. Apoptosis (Annexin
V/PI) (mean ± SEM) of MCL cells from patients (n = 11) incubated in vitro with KAN0441571C,
venetoclax, bendamustine, idelalisib, everolimus, and ibrutinib for 24 h. EC50 values for each drug
are shown. R-square values are 0.119, 0.6161, 0.2826, 0.3542, 0.3077, and 0.5438 for KAN0441571C,
venetoclax, bendamustine, idelalisib, everolimus, and ibrutinib, respectively.

We then repeated the drug combination experiments using patient-derived MCL
cells. The results are shown in Figure 4. There was a significant increase in apoptosis
(Annexin V/PI) of MCL cells when KAN0441571C was incubated in combination with
either venetoclax, ibrutinib, idelalisib, everolimus, or bendamustine as compared to each
drug alone. Furthermore, when drugs were combined, low doses of each drug seemed to
be as effective as high doses.
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Figure 4. Induction of apoptosis by inhibitors alone or in combination on primary MCL cells.
Apoptosis (Annexin V/PI) (mean ± SEM) of primary MCL cells (n = 11) incubated in vitro with
equimolar concentrations of KAN0441571C (571C), ibrutinib (Ibr), venetoclax (Ven), idelalisib (Idl),
everolimus (Ever), or bendamustine (Ben) alone and in combination. Statistical significances are
shown at the top: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001; ns: not significant (Mann–Whitney
test was used for comparisons between different groups).

A summary of apoptosis ranking for all drug combinations in primary MCL cells
is displayed in Figure 5. The highest synergism was seen between a low dose (50 nM)
of KAN0441571C and a low dose (5000 nM) of idelalisib. Moreover, a low dose (50 nM)
of KAN0441571C and a low dose (5 nM) of venetoclax showed significant synergism. A
high dose (100 nM) of KAN0441571C and everolimus (20,000 nM) induced a significant
synergistic effect, as well. To confirm apoptosis, we analyzed the expression of BCL-
2 and MCL-1, which were markedly downregulated by the combination of drugs as
compared to each drug alone, while cleaved caspase 3 and cleaved PARP were upregulated
(Figures 6 and S4).

As shown above, KAN0441571C alone dephosphorylated ROR1, followed by the
inactivation of AKT, BTK, and mTOR, which are involved in the ROR1 signaling pathway
(Figures S2B and 2). When KAN0441571C was combined with venetoclax, ibrutinib,
everolimus, or idelalisib, phosphorylation of ROR1, AKT, BTK, and mTOR was decreased
as compared to single drugs (Figure 2). The most effective combination seemed to be
KAN0441571C with venetoclax or ibrutinib. Interestingly, phospho-PI3K was least affected
by all drugs and combinations including idelalisib (Figure 2). Overall, the pattern of
phosphorylation of target proteins was less clear as compared to that of apoptotic proteins,
probably reflecting the complex network of intracellular signaling.
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Figure 5. Ranking (ZIP synergy score) for apoptosis induced by drug combinations in primary
MCL cells. ZIP synergy score (mean) for apoptosis (Annexin V/PI) of drug combinations using
MCL cells derived from patients (n = 11) incubated for 24 h by indicated drugs and conc. The
ZIP score captures the effect of drug combinations by comparing the change in the potency of
the dose–response curves between individual drugs and their combination (https://synergyfinder.
org/ (accessed on 21 August 2021)). A score between 1 and 10 indicates an additive effect and
>10 synergism. KAN0441571C (571C), everolimus (Ever), ibrutinib (Ibr), idelalisib (Idl), bendamustine
(Bend), venetoclax (Ven).
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venetoclax, ibrutinib, everolimus, or idelalisib. Relative change in MCL cells from patients of BCL-2,
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MCL-1, cleaved caspase 3, and cleaved PARP after incubation with single-agent KAN0441571C (571C),
venetoclax (Ven), ibrutinib (Ibr), everolimus (Ever), or idelalisib (Idel) alone and in combination, as
indicated at the bottom of the figure. The dotted lines indicate the level of untreated cells. The figure
shows the results of one representative patient out of three.

4. Discussion

The introduction of new drugs has improved the prognosis for patients with MCL.
However, there is an urgent medical need for novel treatment options to increase the
response rate and depth of remission and a drug with other MOAs than those currently used
at clinical relapse and resistance. ROR1 has been proposed to be a druggable target [26,31]
and is reported to be heterogeneously expressed in MCL [33]. In this study, we confirmed
and extended the expression pattern of ROR1 in MCL cell lines and primary MCL cells.
There are also splice variants of ROR1. A truncated ROR1 lacking the extracellular domain
with an intact intracellular region has been described [2]. Forouzesh et al. [34] also reported
a splice variant which only had the extracellular region. These results might explain the
findings in JeKo1 and Mino cell lines comparing surface staining and Western blot. Different
isotypes of ROR1 have also been reported with molecular weights from 100 to 130 kDa,
which may represent different degrees of glycosylation [6,34].

KAN0441571C is the second generation of a small molecule ROR1 tyrosine kinase
inhibitor [30]. The drug induced apoptosis of ROR1+ MCL cell lines as well as primary
MCL cells. The ROR1 inhibitor prevented phosphorylation of ROR1. Molecules of the non-
canonical WNT signaling pathway were inactivated, which is in line with previous reports
showing that ROR1 signals through at least the β-catenin-independent (non-canonical)
WNT pathway [35–37]. Involvement of the PI3K/AKT/mTOR pathway in MCL is also
supported by a previous report showing that inhibition of mTOR in MCL cells induced cell
cycle arrest and apoptosis [38]. Furthermore, AKT activates mTOR through the interaction
of several signaling molecules [35], including the downstream target CREB. AKT inactiva-
tion is of importance for apoptosis induced by many targeting drugs [39]. The ERK pathway,
which is frequently mutated in malignancies [40], was also inactivated by ROR1 inhibition,
which is in agreement with a report showing that ERK was dephosphorylated followed by
treatment with KAN0441571C in small-cell lung cancer cells [41]. Moreover, ROR1 interacts
with SRC, a key regulator of cancer cells. KAN0441571C prevented phosphorylation of
SRC, which should also be of significance for induction of tumor cell death.

Intracellular signaling is a complex network of interactions between proteins. Ma-
lignant cells are masters to overcome signal suppression through upregulation of other
signaling proteins. In MCL, various signaling pathways seemed to be used, which may
vary between patients. A drug which can act on several key oncogenic signaling molecules
should be of interest in a therapeutic attempt. KAN0441571C not only prevented phospho-
rylation of ROR1 but also inactivation of the PI3K/AKT/mTOR molecules, an important
axis in tumorigenesis and a significant therapeutic target [42].

The combination of KAN0441571C with other agents had a synergistic apoptotic effect.
Increased tumor cell death induced by KAN0441571C in combination with other drugs
was supported by enhanced downregulation of, e.g., the anti-apoptotic MCL-1 and BCL-2
proteins, which are highly expressed in MCL cells [34]. The BCL-2 family proteins are
crucial regulators of the mitochondrial apoptotic pathway. Genetic aberrations of these
genes correlated with lymphomagenesis and chemotherapy resistance [33,43]. Altering the
balance between anti-apoptotic and pro-apoptotic BCL-2 proteins may lead to the evasion
of apoptosis and the extension of the survival of malignant cells. Targeting MCL-1 and
BCL-2 might be a rewarding therapeutic approach in MCL.

Drugs which are in clinical use for MCL such as ibrutinib, venetoclax, idelalisib,
everolimus, and bendamustine showed significant killing of MCL cells. The ROR1 inhibitor
KAN0441571C seemed to act synergistically with these drugs, enhancing tumor cell death.
Of specific interest was that low doses of KAN0441571C and low doses of venetoclax,
ibrutinib, and idelalisib had a significant synergistic apoptotic effect. The increased apop-
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totic effect of KAN0441571C in combination with other targeting drugs might be due to
enhanced inactivation of various signaling molecules associated with ROR1 signaling.

This is the first study on the effects of a small molecule ROR1 inhibitor alone on
MCL tumor cell survival and signaling. The data also indicated that combining the ROR1
inhibitor with drugs targeting other dysregulated pathways contributes to an increased anti-
tumor effect. Previous studies in diffuse large B-cell lymphoma (DLBCL) and small-cell lung
cancer (SCLC) have indicated that combining ROR1 inhibitors with venetoclax [30,41,44]
or with erlotinib and chemotherapeutics in pancreatic carcinoma [5] acted synergistically
to induce tumor cell death. This report also adds PI3K and BTK inhibitors to the group
of combinatorial partners for ROR1 inhibitors. Further pre-clinical and clinical studies
are warranted to evaluate this new treatment concept with respect to side effects and anti-
tumor activity. As the tumor microenvironment is of importance for tumor progression [45],
models where a tumor microenvironment is incorporated should be included. There is a
substantial amount of data indicating the importance of the microenvironment in MCL [26].
We have previously shown that when CLL cells were cultured in the presence of stromal
cells, low concentrations of the ROR1 inhibitor were not as effective in killing leukemic
cells as if cultured without stromal cells. When a high concentration of the inhibitor was
used, stromal cells had no preventive effect [29].

5. Conclusions

ROR1 is an oncogenic RTK involved in the survival of tumor cells of various origins.
Due to its unique expression in tumors, ROR1 has been recognized as an interesting
target for cancer treatment. ROR1 small molecule inhibitor in hematologic malignancies,
including MCL, induced significant apoptosis of tumor cells in vitro as well as the inhibition
of several important signaling pathways for tumor cell survival. In combination with other
small molecules targeting MCL tumor cells, a significantly increased tumor cell death
was seen.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pharmaceutics14102238/s1, Figure S1: Dose-dependent apopto-
sis effects of KAN0441571C. Analysis of apoptosis in primary MCL cells from a patient using Annexin
V/PI staining in CD45+/ROR1+/CD3− gated cells after incubation for 24 h with KAN0441571C
(25–2000 nM); Figure S2: Analysis of ROR1 expression in MCL cell lines. Analysis of ROR1 surface ex-
pression in 5 MCL cell lines (A). Western blot analysis of total (t) ROR1 and phosphorylated (p) ROR1
proteins in 5 MCL cell lines before and after incubation (4 h) with the ROR1 inhibitor, KAN044157C
(250 and 500 nM) (B). pROR1/ROR1 density has been shown under each blot; Figure S3: MTT assay
on 5 MCL cell lines. Cytotoxicity (MTT) in 5 MCL cell lines incubated for 72 h with EC50 concentration
of KAN0441571C and equimolar concentration of venetoclax, ibrutinib, and bendamustine. p-values
comparing cytotoxicity of KAN0441571C alone against the combination of KAN0441571C with other
drugs are shown at the top. ** p < 0.01, **** p < 0.0001; ns: not significant. The Mann–Whitney
test was used for comparisons; Figure S4: Western blots analysis of apoptotic proteins in patient-
derived MCL cells. Western blots for apoptotic proteins in patient-derived MCL cells after incubation
with KAN0441571C, venetoclax, ibrutinib, or everolimus alone and in combination, as indicated
at the top. The molecular weight of protein is shown for each blot (A). Relative density of each
protein band to beta actin (B); Figure S5: Effects of KAN0441571C, venetoclax, ibrutinib, idelalisib,
or everolimus alone and in combination on ROR1 and intracellular signaling molecules. Western
blots of total and phosphorylated proteins after incubation with KAN0441571C, venetoclax, ibrutinib,
idelalisib, or everolimus alone and in combination, as indicated at the top (A). Densitometry analysis
of pROR1/ROR1, pAKT/AKT, pPI3K/PI3K, and pBTK/BTK (B); Figure S6: Induction of apoptosis
(flowcytometry Annexin/PI) in primary MCL cells. Representative figures of patients are shown
in (A) (2013#020), (B) (2010#040), and (C) (2013#058) using a combination of KAN0441571C (25 nM)
and venetoclax (5 nM). Untreated or DMSO (10 µL/mL) were used as controls (24 h). Induction
of apoptosis (48 h) in the MCL cell line MINO (D) using various concentrations of KAN0441571C
(25–2000 nM) and DMSO (10 µL/mL) as a negative control is also shown.
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Abstract: The protein kinase R (PKR)-like endoplasmic reticulum kinase (PERK) is one of three endo-
plasmic reticulum (ER) transmembrane sensors of the unfolded protein response (UPR) responsible
for regulating protein synthesis and alleviating ER stress. PERK has been implicated in tumorige-
nesis, cancer cell survival as well metabolic diseases such as diabetes. The structure-based design
and optimization of a novel mandelamide-derived pyrrolopyrimidine series of PERK inhibitors
as described herein, resulted in the identification of compound 26, a potent, selective, and orally
bioavailable compound suitable for interrogating PERK pathway biology in vitro and in vivo, with
pharmacokinetics suitable for once-a-day oral dosing in mice.

Keywords: ER stress; PERK; UPR; kinase; inhibitor; cancer; diabetes; small molecule; structure–
activity-relationship (SAR)

1. Introduction

Cells must match the rates of protein synthesis with demand to avoid the onset of
proteotoxic endoplasmic reticulum (ER) stress. In conditions of excess protein production,
an accumulation of misfolded proteins in the ER lumen induces the unfolded protein
response (UPR), which arrests global translation while enabling specific processes that
restore protein homeostasis [1,2]. The UPR is mediated by three discrete signaling cascades,
IRE1, ATF6, and EIF2AK3 (PERK) [3]. Upon activating the UPR, PERK phosphorylates
eIF2a at Ser51, leading to widespread inhibition of protein translation with a few selected
regulatory proteins translated to restore homeostasis and alleviate ER stress [1,3]. In cancer,
acute activation of UPR enables tumors to overcome deleterious ER stress induced by rapid
cell proliferation, nutrient deprivation, hypoxia, and drug treatments [4–6]. Pharmacolog-
ical or genetic inhibition of PERK slows proliferation of tumor xenografts in mice [7,8],
and small molecule PERK inhibitors have recently entered clinical trials for several oncol-
ogy indications, including clear cell renal cell carcinoma (ccRCC) and multiple myeloma
(NCT04834778; NCT05027594).

Acute ER stress and activation of UPR restores protein homeostasis and supports
cell survival, whereas long-term ER stress shifts cells toward an apoptotic cell fate [9].
While intermittent ER stress occurs regularly in cell types that produce high abundance of
protein, metabolic dysfunction can result in chronic ER stress that coincides with a number
of metabolic and neurological diseases [9–12]. Type-1 Diabetes (T1D) is an example of
a metabolic disease and autoimmune disorder characterized by PERK hyperactivation in
insulin-producing β-cells of the pancreatic islets [11–13]. Immunohistochemistry (IHC)
staining of pancreas sections from T1D patients revealed PERK pathway activation in
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insulin-secreting beta cells, relative to healthy control patient samples [13], and PERK
activation precedes the destructive autoimmune attack of beta cells in animal models of
T1D [12,14]. Together, these findings highlight a potential role for PERK in diabetes and
possible therapeutic benefit of PERK inhibitors beyond oncology.

While some cancers and metabolic diseases are characterized by PERK hyperactivation,
genetic ablation of PERK results in glucose dysregulation and pancreatitis, suggesting that
some basal level of PERK activity is essential to pancreatic health [15,16]. It is possible
that the attenuation of PERK activity, rather than complete suppression, could provide
therapeutic benefit while supporting normal pancreatic function. To enable future testing
of this hypothesis, we sought to create a series of PERK inhibitors with stable PK profiles
that could be administered at low doses to attenuate PERK yet tuned through higher doses
to sufficiently inhibit PERK for tumor inhibition.

Previously described medicinal chemistry efforts around PERK inhibitors have made
use of a variety of core hinge-binding regions, including aminopyridines, pyrrolopy-
rimidines, quinazolines, and quinolines [7,8,17]. Pyrrolopyrimidine cores have been de-
veloped and approved as JAK kinase inhibitors [18,19], and modifications to the core
scaffold can have profound effects on stability and selectivity [17]. Here, we optimized
the pyrrolopyrimidine core and leveraged extensive SAR information from our recently
reported aminopyridine series of inhibitors to guide chemistry efforts aimed at optimizing
the in vivo properties of pyrrolopyrimidine PERK inhibitors [7].

Our efforts were focused on developing potent and selective PERK inhibitors with
suitable pharmacokinetic profiles to enable once or twice per day oral dosing in mouse
models with a flat steady state exposure profile. The goal was to avoid large differences be-
tween Cmax to C12h or C24h in order to achieve a constant and sustained pharmacodynamic
response. This paper focuses on the structure-based design, structure–activity relationship
(SAR), absorption, distribution, metabolism and excretion (ADME), and pharmacoki-
netic/pharmacodynamic (PK/PD) properties of a novel class of mandelamide-derived
pyrrolopyrimidine PERK inhibitors leading to the identification of Compound 26, with
the desired flat steady state exposure profile. Compound 26 was characterized in a mouse
pancreas assay and has been selected for further evaluation in animal models, which will
be reported in due course.

2. Materials and Methods
2.1. Biochemical Assays

The inhibitory potencies of 26 inhibition against PKR, HRI, PERK and GCN2 were
evaluated in cell-free biochemical assays following manufacturer’s instructions (Carna;
Table 1). In brief, 26 was dissolved in DMSO and serially diluted 3-fold to generate
concentrations ranging from 10 µM to 0.2 nM in a 384-well plate using a TECAN EVO200
automated liquid handler. 10 nL stock solution was transferred into each well of a 384well
assay plate by an Echo550 and an equivalent volume of DMSO was added to the control
wells. To each assay well, recombinant protein was suspended in 20 µL reaction buffer
(listed below) and incubated at 25 ◦C for 1.5 h while shaking at 1250 rpm. Following
incubation, 10 µL of a FRET dilution buffer including 20 mM EDTA and 4 nM Tb-anti-
peIF2a [pSer51] (Invitrogen, Cat# PV4815) was added to each well and incubated at 25 ◦C
for 2 h while shaking at 600 rpm in the dark. Analysis was performed using an Envision
Microplate Reader (PerkinElmer).

Table 1. Reagents and conditions used in biochemical characterization of ISR kinases.

Protein Carna Cat# Assay Buffer

GCN2 05-153 GCN2 (1 nM); DTT (2 mM); ATP (150 µM); GFP-eIF2a (100 nM; Invitrogen Cat# PV4809)
HRI 05-154 HRI (0.12 nM); DTT (2 mM); ATP (30 µM); GFP-eIF2a (100 nM; Invitrogen Cat# PV4809)

PERK 05-155 PERK (0.09 nM); DTT (2 mM); ATP (8 µM); GFP-eIF2a (100 nM; Invitrogen Cat# PV4809)
PKR 05-156 PKR (0.11 nM); DTT (2 mM); ATP (6 µM); GFP-eIF2a (100 nM; Invitrogen Cat# PV4809)
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2.2. PERK Crystallization and Structure Determination

Human PERK (575-1094 ∆670-874) was purified as described previously [7]. Purified
PERK protein at 11 mg/mL was mixed with 10 mM compound 11, 24, or 26 (in DMSO) to
a final protein-inhibitor molar ratio 1:2. The PERK-inhibitor mixture was incubated on ice
for 2 h before crystallization. The crystals with compound 11 or 26 were grown at 20 ◦C
in sitting drops by combining 2.0 µL PERK-inhibitor mixture, 2.0 µL reservoir solution
(12–14% PEG3350, 4% tacsimate pH7.0), and 0.4 µL seed stock which was equilibrated
over a 500 µL reservoir solution. The crystal with compound 24 was grown at 4 ◦C in
a hanging drop by combining 1.5 µL PERK-inhibitor mixture, 1.5 µL reservoir solution
(9% PEG3350, 180 mM Na/K tartrate, 100 mM HEPES pH 7.0) which was equilibrated
over a 500 µL reservoir solution. The crystals were grown to 0.2–0.5 mm over a three-week
period before harvesting for analysis. The crystal was transferred stepwise to a cryo-
solution with the crystallization cocktail plus 20% glycerol before being frozen in liquid
nitrogen. Diffraction data were collected at the IMCA-CAT beamline 17ID for compound
11 or GMCA-CAT beamline 23IDD for compound 24 or 26 at the Advanced Photon Source
at Argonne National Laboratory using a Pilatus 6M detector. The diffraction images were
processed with DIALS [20] and scaled with AIMLESS [21]. The structure was solved
by molecular replacement using PDB 4X7J [17] as starting model by Phaser [22]. The
structure was manually built using Coot [23] and subsequently refined using Refmac5 [24].
The crystallographic figures were generated by CCP4MG [25], and the statistics of data
collection and refinement are summarized in Supplemental Table S1.

2.3. Pharmacokinetic and Pharmacodynamic Analysis in Plasma and Pancreas

For PK analysis of pyrrolopyrimidine analogs in mouse, rat, and dog plasma, the oral
formulation was prepared as a solution containing 20% (w/v) Captisol in 25 mM NaH2PO4
buffer (pH 2). Compounds were administered orally by gavage at 10 mg/kg to female CD1
mice. After dosing, plasma samples were collected to characterize the PK profiles at 0.25, 0.5,
1, 2, 4, 8, 12 and 24 h post-dose. The plasma concentration of compound was determined by
protein precipitation with acetonitrile and liquid chromatography with mass spectrometric
detection (LC-MS/MS). Parameters were estimated using Phoenix (WinNonlin) pharma-
cokinetic software version 6.1.0 using a non-compartmental approach consistent with the
oral route of administration. PK analysis of 26 in plasma and pancreas followed a similar
analytical method as above, with minor modifications. Compound 26 was suspended
in a vehicle consisting of 0.5% methylcellulose (400 cP) and 0.1% Tween80 in water and
administered to BALB/c nude mice by oral gavage at 0.3, 1, 3, 10, 30 mg/kg. Plasma and
pancreas were sampled from 5 mice per group following a single oral administration at 1,
4, 8, 12, 24 h post-dose.

Total protein was extracted from pancreas tissues sampled during PK studies described
above. Frozen pancreas tissue was homogenized by polytron in lysis buffer consisting of 2x
Laemmli SDS sample buffer (Novex), supplemented with 10% BME (Gibco), 1X benzonase
(EMD Millipore Sigma), phosphatase inhibitors (Sigma) and Mini protease inhibitor tablet
(Roche). Homogenate was incubated at room temperature for 10′, then boiled for 10′,
followed by centrifugation for 10′ at max speed on a benchtop centrifuge. Protein analysis
performed using JESS high-throughput protein analysis instrument (Biotechne) using
antibodies for phosphoPERK developed internally and PERK (CST).

2.4. Biochemical and Cell-Based Characterization of Pyrrolopyrimidine Analogs

Methods used to evaluate biochemical PERK activity are described and published
elsewhere [7]. In brief, biochemical PERK activity is evaluated using a LanthaScreenTM
(PerkinElmer) TR-FRET assay to detect phosphorylation of a GFP-tagged eIF2a substrate
(ThermoFisher). Excitation at 340 nM of a terbium chelate donor fluorophore in an eIF2a
antibody results in energy transfer to GFP acceptor fluorophore upon eIF2a phosphorylation
by PERK. Reaction buffer was composed of 50 mM HEPES (pH 7.4), 10 mM MgCl2, 1 mM
EGTA and 0.01% (v/v) BrijTM-35. Reactions were initiated by the addition of substrate and
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ATP, followed by incubation for 1 h at RT prior to addition of EDTA and the anti-peIF2a
antibody. FRET was measured by an EnVision Plate Reader (PerkinElmer). Data were
plotted as percent inhibition along a 10-point 3-fold dilution series of inhibitors. IC50 values
were calculated using 4-parameter logistical fitting in XLFit.

Methods used to evaluate in vitro cellular PERK inhibition are described and pub-
lished elsewhere [7]. In brief, stableHEK293 cells were created using lentiviral particles
harboring a GFP-eIF2a expression vector. Transfectants were selected by puromycin and
enriched using fluorescent cell sorting based on GFP expression. HEK293-EGFP-eIF2a
cells were plated at 5000 cells/well in 384-well assay plates and incubated overnight. The
following day, pyrrolopyrimidine analogs were added to wells using an Echo acoustic
dispenser and incubated for 30 min. ER stress was induced by the addition of tunicamycin
to the wells at 1 mM for 2 h. Cells were lysed and peIF2a was evaluated using a TR-FRET
system, as described above.

2.5. In Vivo Tumor Xenograft Studies

In vivo studies of the effect of pyrrolopyrimidines on 786-O xenograft inhibition follow
a method published elsewhere [7]. Female BALB/c nude mice were inoculated subcuta-
neously with 786-O tumor cells (5× 106) in 0.1 mL of PBS. Animals were randomized when
tumors reached 100–200 mm3 into treatment groups. Pyrrolopyrimidine PERK inhibitors
24, 26 or 70 were dissolved in vehicle solution consisting of 20% (w/v) Captisol in 25 mM
NaPO4 buffer (pH2) and administered twice daily (BID) by oral gavage for 29 days. Tu-
mor volumes were measured by caliper and the volume was expressed in mm3 using the
formula: V = (L ×W ×W)/2, where V, L, and W represent tumor volume, length, and
width, respectively. All studies were conducted following an IACUC-approved protocol
(AN-1903-05-1798). Experimental data management and reporting were in accordance with
applicable Crown Bioscience’s Guidelines and Standard Operating Procedures.

3. Results and Discussion

Small molecule PERK inhibitors across a variety of chemotypes have been previously
described in the literature and captured in an earlier publication from our group around
an aminopyridine series of PERK inhibition [7]. Herein, we report the synthesis and
discovery of a series of novel mandelamide-derived pyrrolopyrimidines (I) that are highly
potent, selective, and orally bioavailable PERK inhibitors. These medicinal chemistry efforts
were iteratively supported by an X-ray crystallography structure-based approach to develop
and refine SAR information. Collectively this approach permitted us to optimize the
physiochemical and ADME/PK properties of this chemical series. Different R1, R2, R3, Ar
and L groups have been introduced into our PERK small molecule series to tune the potency,
selectivity and drug-like properties, such as aqueous solubility and cellular permeability.

The general synthesis for our pyrrolopyrimidine PERK inhibitors is shown in Scheme 1.
The terminal ring substitution with different R2 groups was introduced through the cor-
responding aldehyde 1. Cyanohydrin 2 formation with TMS-cyanide and zinc(II) iodide
followed by acid hydrolysis of the nitrile in methanol provided methyl mandelic ester 3.
Hydrolysis of the ester with lithium hydroxide and acylation of the benzylic alcohol gave
the protected mandelic acid 5.

The proximal ring substitution with different R3 groups was introduced through
bromo aniline 6. Palladium-mediated borylation of 6 to give the aniline boronate ester 7
was followed by T3P coupling with acid 5 to provide amide 8. Boronate ester 8 underwent
Suzuki coupling with pyrrolopyrimidine bromide 9 to give racemic acetyl-protected prod-
uct 10. Deacylation under basic conditions followed by chiral separation of the enantiomers
provided the final product I.
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Scheme 1. General synthesis of PERK inhibitors. Reaction conditions: (a) TMS-CN (1.2 equiv.), Znl2 
(0.1 equiv.), 0 °C; (b) 3M HCl in MeOH, 0 °C to rt, 60–80% over two steps; (c) LiOH•H2O (1.2 
equiv.), THF, H2O, MeOH, rt, 50–85%; (d) AcCl (2 vol.), 0 °C to rt, 70–85%; e B2pin2 (1.2 equiv.), 
KOAc (3 equiv.), PdCl2 (PPh3) 2 (5 mol. %), NEt3 (10 vol.), 90 °C, 50–70%; f) 5 (1.2 
equiv.), 50% propylphosphonic anhydride (T3P) in EtOAc (1.5 equiv.), DIPEA (3 equiv.), 
CH2Cl2, 0 °C to rt, 50–80%; g) XPhos-Pd-G2 (10 mol. %), K2CO3 (3 equiv.), THF, H2O, 80 °C, 25–
70%; h) K2CO3 (2 equiv.), MeOH, rt, 80–90%; i) Chiral SFC separation. 
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mers provided the final product I. 
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these assays, PERK phosphorylation of eIF2a was assessed using a FRET-based labelled 
protein assay [7]. Compounds were then evaluated for cellular activity by quantifying 
inhibition of eIF2a phosphorylation in HEK293 cells treated with the ER inducer tuni-
camycin [7]. Together, these data read out the potency of a given analog against PERK as 
well as the cellular permeability to enable bioactivity. 

Initial SAR studies in the pyrrolopyrimidine series focused on the linker (L) region 
between the central amide and terminal aryl ring (Table 2). Hydroxyl substitution on this 
group was found to increase potency by 2-3-fold (13 vs. 14) with preference for the (R)-
over the (S)-enantiomer (11 vs. 12). Expansion or contraction of the length of the linker L 
was not tolerated, resulting in at least 20-fold losses in PERK biochemical potency and 
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Scheme 1. General synthesis of PERK inhibitors. Reaction conditions: (a) TMS-CN (1.2 equiv.),
Znl2 (0.1 equiv.), 0 ◦C; (b) 3M HCl in MeOH, 0 ◦C to rt, 60–80% over two steps; (c) LiOH·H2O
(1.2 equiv.), THF, H2O, MeOH, rt, 50–85%; (d) AcCl (2 vol.), 0 ◦C to rt, 70–85%; (e) B2pin2 (1.2 equiv.),
KOAc (3 equiv.), PdCl2 (PPh3) 2 (5 mol. %), NEt3 (10 vol.), 90 ◦C, 50–70%; (f) 5 (1.2 equiv.),
50% propylphosphonic anhydride (T3P) in EtOAc (1.5 equiv.), DIPEA (3 equiv.), CH2Cl2, 0 ◦C to
rt, 50–80%; (g) XPhos-Pd-G2 (10 mol. %), K2CO3 (3 equiv.), THF, H2O, 80 ◦C, 25–70%; (h) K2CO3

(2 equiv.), MeOH, rt, 80–90%; (i) Chiral SFC separation.

The PERK activity of analog I was evaluated using cell-free biochemical assays. In
these assays, PERK phosphorylation of eIF2a was assessed using a FRET-based labelled
protein assay [7]. Compounds were then evaluated for cellular activity by quantifying
inhibition of eIF2a phosphorylation in HEK293 cells treated with the ER inducer tuni-
camycin [7]. Together, these data read out the potency of a given analog against PERK as
well as the cellular permeability to enable bioactivity.

Initial SAR studies in the pyrrolopyrimidine series focused on the linker (L) region
between the central amide and terminal aryl ring (Table 2). Hydroxyl substitution on this
group was found to increase potency by 2-3-fold (13 vs. 14) with preference for the (R)-over
the (S)-enantiomer (11 vs. 12). Expansion or contraction of the length of the linker L was
not tolerated, resulting in at least 20-fold losses in PERK biochemical potency and nearly
50- to 100-fold losses in cellular potency (14 vs. 15 and 16, respectively). Difluoro substitu-
tion of the linker also caused a substantial loss in potency, as did replacement of the CH(OH)
group with an O, NH, or NCH3 group (13 vs. 17, 18, 19, and 20, respectively). Seven-fold
losses in both biochemical and cellular potency were observed when the hydroxyl group
was converted to the methyl ether (13 vs. 21). Even more substantial losses were associated
with replacement of the hydroxyl with an amino group (13 vs. 23). Addition of a methyl
group to the linker to form a tertiary alcohol also caused a substantial loss in potency
(13 vs. 22). Based on these findings, it was concluded that (R)-CH(OH) is the preferred
L group.
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Table 2. In vitro data of PERK inhibitors.

PERK p-eIF2α

Cmpd R1 L Ar IC50 (µM) IC50 (µM)

11 H 0.0022 0.0084

12 H 0.0078 0.057

13 H 0.0018 0.023

14 H 0.0052 0.041

15 H 0.126 1.93

16 H - - - 0.168 3.96

17 H 0.3 0.532

18 H 3.98 >10.0

19 H 0.021 0.211

20 H 0.108 1.75

21 H 0.014 0.174

22 H 0.056 0.184

23 H 0.033 0.581

24 Me 0.02 0.051

25 Me 0.102 0.303

26 Me 0.0028 0.015

27 Me 0.343 2.05

28 Me 0.0018 0.016

29 Me 0.107 0.713
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Table 2. Cont.

PERK p-eIF2α

Cmpd R1 L Ar IC50 (µM) IC50 (µM)

30 Me 0.014 0.083

31 Me 0.026 0.122

32 Me 0.003 0.0078

33 Me 0.003 0.014

34 Me 0.0059 0.021

35 Me 0.0059 0.017

36 Me 0.008 0.325

37 Me >1 >10

38 Me 0.0019 0.014

39 Me 0.0026 0.011

40 Me 0.0029 0.0085

41 Me 0.0014 0.01

42 Me 0.0042 0.032

43 Me 0.052 0.562

44 Me 0.017 0.129

45 Me 0.019 0.165
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Previously reported SAR of PERK inhibitors have revealed modifications to the hinge
binding region that have profound effects on binding affinity to PERK as well as selectivity
versus the kinome [7,17]. Structure based design modelling was used to focus efforts
on optimizing the pyrrolopyrimidine hinge-binding region of the molecule. Inhibitor 11
was co-crystallized with PERK into a trigonal space groupP3221 with comparable cell
parameters as PDB 4X7O. Compound 11 formed three hydrogen bonds directly with the
carbonyl of Q889, the amide of C891, and the carbonyl of F956 from PERK, respectively
(Figure 1A). In addition, compound 11 forms two hydrogen bonds with a water molecule,
and this molecule hydrogen bonds to the amide of V652. In the ATP binding hinge region,
substitution at the C2-position (R1) of the pyrrolopyrimidine ring appeared feasible, filling
a small pocket near C891. A methyl group located at the R1 position of compound 11
afforded analog 24 whose co-crystal structure with PERK confirmed the occupation of
the small pocket near C891 along with the close contact of the C2-methyl group with the
carbonyl of C891 with a distance of 3.14 Å (Figure 1B). Although a weak CH···O hydrogen
bond is feasible, this contact appears to be more repulsive. As a result, a small rotation
of the main chain amino acid Q889 and L890 of PERK, along with a minor shift of the
pyrrolopyrimidine ring of inhibitor 24 are observed compared to those in the structure of
11 (Figure 1C). These shifts maintain the hydrogen bonds with similar distances. Due to
a lower resolution (2.92Å) of the compound 24 structure (Table S1), the aforementioned
water molecule in the compound 11 structure was not observed. This water molecule is
assumed to locate at the same position, as all hydrogen bond doner and acceptor atoms
are still presented at similar positions in the compound 24 structure. These observations
indicate that the reduction of potency of 24 is likely caused by repulsion from the methyl
group rather than the disruption of the hydrogen bonding pattern.

While having a minor effect on PERK potency, the methyl substituent on the pyrrolopy-
rimidine ring had a profound effect on the kinase selectivity. Compounds 11 and 24 were
screened in the DiscoverX scanMAXSM panel of 468 kinases [26]. The resulting TREEspotTM

interaction maps (Figure 2) revealed that the methyl substituent in 24 led to superior selec-
tivity versus 11. The S(35), S(10), and S(1) selectivity scores at a concentration of 1 µM were
0.005, 0, and 0 for 24 versus 0.072, 0.035, and 0 for 11. Given the superior selectivity of 24
but slight loss in potency versus 11, further optimization of the series was carried out with
the 2-methyl substitution on the pyrrolopyrimidine ring to further improve potency and
drug-like properties.

Exploration of the terminal aryl ring revealed several trends (Table 2): (1) Substitution
at the 3-position was preferred to substitution at the 2-position of the ring (compare
24 vs. 25, 26 vs. 27, 28 vs. 29, and 30 vs. 31). (2) Lipophilic substituents, such as CF3, Cl, Br,
CCH, CF2H, and c-Pr provided enhanced biochemical and cellular potency compared with F
substitution (24 vs. 26, 28, 33, 32, 34, and 35) leading to the recovery of the potency lost with
the incorporation of the selectivity-enhancing 2-methyl pyrrolopyrimidine ring (compare
11 vs. 24 and 11 vs. 26, 28, 33, and 32). (3) Polar substituents were not well tolerated
and resulted in substantially reduced cellular potency, as in the case of CN derivative
36, or in complete loss of activity (biochemical and cellular activity at the concentrations
tested), as in the case of sulfone analog 37. (4) 3,5-Di-substitution with lipophilic groups
provided further enhancements in potency (38, 39, 40, and 41). Interestingly, addition of
a fluorine substituent to CN on the terminal phenyl ring largely reversed the loss of cellular
potency due to the CN group (36 vs. 42). (5) Replacement of the terminal phenyl ring with
heterocycles, such as F-, Cl-, or CF3-substituted pyridines, resulted in 8- to 11-fold losses in
cellular potency (compare 24 vs. 43, 28 vs. 44, and 26 vs. 45).
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Figure 1. Crystal structures of PERK with selected inhibitors 11 (A) and 24 (B). Overlay of the crystal
structures of 11 and 24 (C). The same orientation is presented for all panels. The PERK backbone is
shown as a ribbon or solid strand in yellow for 11 and coral for 24. The side chains are depicted as
cylinders in the same color as the main chain for carbon, blue for nitrogen, and red for oxygen atoms.
Inhibitors are shown as cylinders with same color scheme except green for carbon in panels (A,B)
and grey for fluorine. Hydrogen bonds are shown as cyan dashed lines.
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Figure 2. The TREEspotTM interaction map of 11 and 24 assayed at 1000 nM in the 468-kinase
scanMAXSM panel. The panel includes 403 unique wild-type kinases and 59 mutant isoforms. Note
that PERK is not included in the TREEspot assay but was evaluated in separate biochemical assays.
Complete tabulated results presented in Supplemental Table S2.

Next, the SAR of the proximal aryl ring was examined with new analogs incorporating
the best substituted phenyl groups from the survey of the terminal aryl ring (3-F-Ph;
3-CF3-Ph; 3-Cl-Ph; 3-CH3-Ph; 3-Et-Ph; 3-F,5-CF3-Ph; and 3-F,5-CH3-Ph) was (Table 3).
Replacement of the proximal ring methyl substituent with a F, Cl, or Et group was found
to be well tolerated (24 vs. 46, 53, and 59). These changes to the proximal ring could
be combined with modifications to the terminal ring to provide analogs with <5 nM
biochemical and <15 nM cellular potency (47, 48, 52, 57). Modest losses in cellular potency
(2.5- to 4-fold) were observed for H and CF3 methyl replacements on the proximal ring
(24 vs. 62 and 58). More substantial reductions in potency (8- to 36-fold) occurred with
CF3O and CH3O replacements (24 vs. 61 and 60). Addition of a fluorine substituent to the
proximal ring of 24 resulted in the general maintenance of cellular potency with a 10-fold
range in biochemical potency, depending upon the F regioisomer (24 vs. 65, 66, and 67).
3,5-Dimethyl proximal ring substitution (68) provided comparable in vitro potency to the
3-fluoro, 5-methyl analog 67. Movement of the fluorine substituent from the 3-position
of the proximal ring (46) to the 2-position (69) had little impact on the biochemical or
cellular potency of the compounds. Addition of a second fluorine to the proximal ring of
46 similarly had little impact on the cellular potency of the compounds, although some
variation in the biochemical data was observed (46 vs. 70 and 71). Replacement of the
proximal phenyl ring of 24 with a pyridine ring resulted in modest (2- to 3-fold) losses in
cellular potency (24 vs. 72 and 74). Some of the lost potency could be restored by replacing
the terminal ring F with CF3 (73 vs. 72 and 75 vs. 74). Replacement of the proximal phenyl
ring of 24 with a pyrimidine ring was not tolerated, resulting in a 30-fold loss in biochemical
potency and complete loss in cellular activity (24 vs. 76).
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Table 3. In vitro data of PERK inhibitors with proximal and terminal ring modifications.

Cmpd
No.

PERK
IC50 (µM)

p-eIF2α
IC50 (µM)

Ar R2

24 3-F 0.020 0.051

46 3-F 0.0022 0.041

47 3-CF3 0.0051 0.011

48 3-Cl 0.0010 0.010

49 3-Me 0.0011 0.017

50 3-Et 0.0009 0.025

51 3-F, 5-CF3 0.0027 0.062

52 3-F, 5-Me 0.0011 0.011

53 3-F 0.017 0.056

54 3-CF3 0.0027 0.021

55 3-Cl 0.0016 0.017

56 3-Me 0.0041 0.018

57 3-Et 0.059 0.014

58 3-F 0.0085 0.204

59 3-F 0.0040 0.041
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Table 3. Cont.

Cmpd
No.

PERK
IC50 (µM)

p-eIF2α
IC50 (µM)

Ar R2

60 3-F 0.236 1.85

61 3-F 0.023 0.435

62 3-F 0.0020 0.126

63 3-CF3 0.0028 0.013

64 3-Br 0.0015 0.014

65 3-F 0.0019 0.030

66 3-F 0.011 0.042

67~ 3-F 0.022 0.078

68~ 3-F 0.013 0.082

69 3-F 0.0010 0.026

70 3-F 0.0015 0.024

71~ 3-F 0.0010 0.034

72 3-F 0.017 0.105

73 3-CF3 0.013 0.051

74 3-F 0.0083 0.146
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Table 3. Cont.

Cmpd
No.

PERK
IC50 (µM)

p-eIF2α
IC50 (µM)

Ar R2

75 3-CF3 0.0068 0.095

76 3-F 0.647 >10

~Racemic mixture of alcohols.

The SAR campaign successfully identified a number of PERK inhibitors that demon-
strated biochemical and cellular potency. These promising compounds were evaluated in
in vitro ADME assays (aqueous solubility, Caco-2 permeability, plasma protein binding,
and hepatocyte stability) to determine their drug-like properties (Table 4). In general,
the compounds showed moderate kinetic aqueous solubility in PBS at pH 7.4, rang-
ing from 10–66 µM. The Caco-2 permeability was found to be high for all compounds
(Papp ≥ 9 × 10−6 cm/s), predicting good oral absorption. Additionally, with the excep-
tion of 24 (efflux ratio of 5.2), the compounds showed little to no efflux. Plasma protein
binding was found to be high across all species tested, a characteristic common for many
kinase inhibitors.

Table 4. Solubility, permeability, plasma protein binding and hepatocyte clearance properties of
selected PERK inhibitors.

Cmpd
No.

Kinetic
Aqueous
Solubility
(µM)

Caco-2 Plasma Protein Binding Hepatocyte Clearance (t1/2 min)

Papp (A→B)
(10−6 cm/s)

Efflux
Ratio Human Rat Mouse Dog Human Rat Mouse Dog

26 19 21 2.2 99.8 ± 0.0 99.8 ± 0.0 99.9 ± 0.0 99.5 ± 0.0 194 166 118 130
28 35 23 1.9 99.8 ± 0.1 99.7 ± 0.0 >99.9 98.3 ± 0.3 778 27 62 355
65 58 26 1.6 99.6 ± 0.1 98.9 ± 0.0 99.3 ± 0.2 98.7 ± 0.1 390 22 64 567
24 76 9 5.2 99.2 ± 0.2 99.1 ± 0.2 99.4 ± 0.0 97.0 ± 0.4 733 23 31 >1000
41 24 20 2.5 99.6 ± 0.2 99.5 ± 0.2 99.9 ± 0.0 98.8 ± 0.3 68 16 24 232
39 10 16 2.0 99.9 ± 0.0 99.9 ± 0.0 >99.9 >99.9 277 252 320 223
38 19 19 1.9 99.0 ± 0.1 99.1 ± 0.3 99.2 ± 0.3 98.4 ± 0.1 897 121 805 460
48 14 24 1.6 99.9 ± 0.0 99.6 ± 0.0 99.8 ± 0.0 99.6 ± 0.1 556 25 53 215
66 61 24 1.5 99.3 ± 0.2 98.6 ± 0.1 98.8 ± 0.2 98.2 ± 0.2 358 13 167 39
70 66 29 1.7 99.4 ± 0.0 99.3 ± 0.1 99.7 ± 0.1 99.4 ± 0.1 360 15 45 268

In vitro metabolic stability was assessed in human, rat, mouse, and dog hepatocytes.
In general, the compounds were found to be relatively stable in human and dog hepatocytes
and exhibited long half-lives. For several compounds (28, 65, 24, 41, 66, and 70), stability
was reduced in rodent hepatocytes, particularly rat. Compounds with alkyl groups (i.e., Me)
on the terminal phenyl ring tended to have lower stability (41 vs. 39). Several compounds
(26, 39, and 38) maintained good metabolic stability across all species tested.
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To connect the in vitro ADME results with the in vivo setting, select compounds (26,
28, 65, 24, 41, 39, 38, 48, 66, and 70) were examined in mouse PK studies (Table 5). All
of the compounds showed robust oral exposure with Cmax values for most compounds
>8000 ng/mL and AUC0–last values >25,000 h·ng/mL. The compounds also showed good
in vivo half-lives of 2–3.5 h and excellent bioavailability (≥70%) apart from compound 41.
Compound 26 stood out with a particularly attractive pharmacokinetics profile with Cmax
of 17,200 ng/mL, AUC0–last of 126,019 h·ng/mL, half-life of 3.5 h, and bioavailability of
82%, a significant improvement over our earlier analog 24 and was therefore chosen as one
of the key leads in this series PERK inhibitors.

Table 5. In vivo pharmacokinetics (PK) properties of selected PERK inhibitors in mice. Compounds
administered at 10 mg/kg by oral gavage (PO).

Compound Cmax (ng/mL) AUC0–last (h·ng/mL) t1/2 (h) F (%)

26 17,200 126,019 3.5 82
28 14,067 65,764 2.4 84
65 8150 40,105 2.2 129
24 13,100 37,495 2.1 77
41 12,467 26,010 2.7 40
39 14,300 86,444 2.9 78
38 8597 28,932 2.0 94
48 3017 10,889 2.1 70
66 9610 39,835 2.0 126
70 9723 32,258 2.0 117

Inhibitor 26 was co-crystallized with PERK into a trigonal space groupP3221 with
comparable cell parameters as previously noted with compounds 11 and 24. Replacement
of the 3-fluorine on the terminal phenyl group in 11 and 24 and with a larger CF3 group
in 26 induces a flip in the phenyl ring since the enzyme position containing the fluorine
cannot accommodate the bulkier CF3 group (Figures 1 and 3). The fluorine atom of
24 forms four contacts with a distance of 3.8 Å or less with residues within the back pocket
region of PERK, whereas the CF3 group of 26 forms ten contacts with PERK. These extra
contacts may stabilize the binding of 26 to PERK and explain the increased potency of 26
compared to 24.

Compound 26 was found to have excellent selectivity in the DiscoverX kinase panel
(Figure 4; Supplemental Table S2) comparable to that of compound 24. The S(35), S(10), and
S(1) selectivity scores at a concentration of 1 µM were 0.01, 0.002, and 0.002. Importantly,
26 demonstrated potent selectivity for PERK over the other three highlyconserved ISR
kinases (GCN2, HRI, and PKR; Supplemental Table S3). In biochemical assays, the IC50 of
26 against PERK was 4.7 nM, compared to IC50 values greater than 10 µM for each of the
other ISR kinases. The primary off-target activity of 26 was associated with FLT3 kinase
and its mutant isoforms. Radiometric kinase assays were used to validate the kinome
panel and determine the relative IC50 value of 26 against wild-type FLT3 and a mutant
isoform (D835Y). When evaluated individually using concentrations of 26 up to 10 µM,
the relative IC50 against wild-type FLT3 was >1 µM, and >10 µM against the mutant
variant FLT3 (D385Y), indicating weak to no activity against FLT3wt or the mutant form
(Supplemental Table S3).

To understand the effect of 26 in target organs, the PK/PD relationship of 26 was inves-
tigated in mouse pancreas. PK analysis of plasma and pancreas samples from mice treated
with 26 revealed dose-proportionate exposure at doses ranging from 0.3 to 30 mg/kg
following a single administration by oral gavage (Supplemental Figure S2). Pancreas tis-
sue was sampled to evaluate the effect of 26 on PERK autophosphorylation in pancreas,
following oral administration of 26 at 0.3, 1, 3, 10, and 30 mg/kg. At 1 h following adminis-
tration, phosphoPERK (T980), relative to total PERK protein (pPERK/PERK) decreased in
a dose-dependent manner, reaching approximately 80% inhibition at 30 mg/kg (Figure 5A).
When PERK inhibition was evaluated across time in mouse pancreas, a dose-dependent
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inhibition was observed which was relatively stable across a 12 h period following admin-
istration of 26 (Figure 5B). This observation was consistent with the dose-proportionate
exposure and low clearance rate of 26 observed in both mouse plasma and pancreas
(Supplemental Figure S2). To confirm that the PK profile of 26 in other species was suitable
to enable further development, plasma concentration of 26 was quantified in mouse, rat
and dog following a single oral administration at 10 mg/kg. Consistent with observations
in mice, rat and dog both shared similar clearance rates as mouse, albeit with different
exposure levels following administration (Figure 5C).
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Figure 3. Crystal structure of compound 26 bound to the PERK kinase domain. (A) View of 26 in
the PERK active site. PERK backbone is shown as a blue ribbon, and the side chains are shown as
cylinder in brown for carbon, blue for nitrogen, and red for oxygen atoms, respectively. Compound
26 is shown as cylinder with same color scheme except green for carbon and grey for fluorine.
Compound 11 is shown in a similar manner to compound 26, except the color gold is used for carbon
atoms. Hydrogen bonds for 26 are shown as cyan dashed lines. The phenyl ring is flipped due to
a replacement of the 3-fluorine in 11 to CF3 in 26. (B) View of 26 in the PERK active site with surface
rendering. The color intensity corresponds to the calculated electrostatic potential, from −20 kT/e
(red) to +20 kT/e (blue).
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Figure 4. The TREEspotTM interaction map of compound 26 in the 468-kinase scanMAXSM panel
at 100 and 1000 nM. The panel includes 403 unique wild-type kinases and 59 mutant isoforms.
Note that PERK is not included in the TREEspot assay. Complete tabulated results presented in
Supplemental Table S2.

Figure 5. In vivo PK/PD analysis of 26. (A) Inhibition of pPERK relative to total PERK protein
(pPERK/PERK) in pancreas following oral administration of 26. Abundance of 26 quantified by
LC-MS/MS from matching pancreas samples at Cmax (1 h post administration). (B) Inhibition of
pPERK/PERK in pancreas following oral administration of 26 at 0.3, 3, or 30 mg/kg. Pancreas
samples taken at 1, 4, 8, 12 h following oral administration of 26. Data represent mean ± SD of four
mice. (C) Plasma PK analysis of 26 in mouse, rat and dog. 26 administered orally at 10 mg/kg, and
sampled across a 24-h period; 26 quantified by LC-MS/MS.
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As the focus of this program was to develop a novel, highly potent, selective and
orally bioavailable PERK inhibitor to probe the role of PERK biology in animal models,
compounds 24, 26 and 70 were tested for in vivo efficacy in a clear cell renal cell carcinoma
(ccRCC) xenograft model, 786-O (Figure 6). The 786-O model is driven by the Von Hippel-
Lindau (VHL) mutation, which leads to PERK pathway activation and is therefore a suitable
model to assess the biological activity of these PERK inhibitors [17]. The compounds were
dosed at 30 mg/kg, twice per day (BID) for 29 days and were well tolerated as determined
by body weight measurement (Supplemental Figure S3). Treatment with pyrrolopyrimidine
PERK inhibitors resulted in significant tumor growth inhibition that was in line with our
previously reported aminopyridine series of PERK inhibitors [7].

Figure 6. PERK inhibitors 24, 26 and 70 inhibit tumor growth of 786-O RCC xenografts. Animals
were treated at 30 mg/kg BID dosing for 29 days. Statistical analysis of group means by one-way
ANOVA (** p < 0.01, *** p < 0.001).

In summary, we have developed a novel class of potent pyrrolopyrimidine PERK
inhibitors with excellent ADME and PK/PD properties. Robust kinase selectivity was
achieved with substitution on the pyrrolopyrimidine hinge binder region driving kinase
selectivity, with a methyl substitution at the 2-position of the ring resulting in exquisite
selectivity for PERK over other kinases. Further optimization of the 2-methyl substituted
analogs led to identification of lead molecule 26 that retained excellent potency and
selectivity and had good in vitro metabolic stability across all species tested. When
26 was evaluated in vivo, high AUClast values and a flat, sustained plasma exposure
profile were observed in mouse plasma and pancreas tissue. A single administration
of 26 resulted in stable PERK inhibition across a 12 h period in mouse pancreas. These
characteristics led to the selection of 26 for further development, and evaluation in animal
models is ongoing.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pharmaceutics14102233/s1, Supplemental Table S1: Crystallogra-
phy data collection and refinement statistics; Supplemental Table S2:scanMAXSM Kinome Assay
Results; Supplemental Table S3: Potency of Cmpd 26 against four ISR kinases and two FLT3 iso-
forms; Supplemental Figure S1: Compound 26 is selective against cell lines driven by FLT3-ITD;
Supplemental Figure S2: In vivo PK in plasma and pancreas; Supplemental Figure S3: Compound
26 slows growth of 786-O RCC tumor xenografts; Supplemental Scheme S1: Synthesis of (R)-N-(4-(4-
amino-7-methyl-7H-pyrrolo[2,3-d]pyrimidin-5-yl)-3-methylphenyl)-2-(3-fluorophenyl)-2-hydroxy ac-
etamide (11) and (S)-N-(4-(4-amino-7-methyl-7H-pyrrolo[2,3-d]pyrimidin-5-yl)-3-methylphenyl)
-2-(3-fluorophenyl) -2-hydroxyacetamide (12); Supplemental Scheme S2: Synthesis of (S)-N-(4-(4-
amino-2,7-dimethyl-7H-pyrrolo[2,3-d]pyrimidin-5-yl)-2,3-difluoro phenyl)-2-(3-fluorophenyl)-2-
hydroxyacetamide (96) and (R)-N-(4-(4-amino-2,7-dimethyl-7H-pyrrolo[2,3-d]pyrimidin-5-yl)-2,3-
difluorophenyl)-2-(3-fluoro phenyl)-2-hydroxyacetamide (70); Supplemental Scheme S3: Synthesis
of (S)-N-(4-(4-amino-2,7-dimethyl-7H-pyrrolo[2,3-d]pyrimidin-5-yl)-3-fluorophenyl)-2-hydroxy-
2-(3-(trifluoromethyl)phenyl)acetamide (106) and (R)-N-(4-(4-amino-2,7-dimethyl-7H-pyrrolo[2,3-
d]pyrimidin-5-yl)-3-fluorophenyl)-2-hydroxy-2-(3-(trifluoromethyl) phenyl)acetamide (47).
References [7,17,20–25,27] are cited in the supplementary materials.
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Abstract: Heat shock proteins (Hsps) have garnered special attention in cancer therapy as molecular
chaperones with regulatory/mediatory effects on folding, maintenance/stability, maturation, and
conformation of proteins as well as their effects on prevention of protein aggregation. Hsp90 ensures
the stability of various client proteins needed for the growth of cells or the survival of tumor cells;
therefore, they are overexpressed in tumor cells and play key roles in carcinogenesis. Accordingly,
Hsp90 inhibitors are recognized as attractive therapeutic agents for investigations pertaining to
tumor suppression. Natural Hsp90 inhibitors comprising geldanamycin (GM), reclaimed analogs of
GM including 17-AAG and DMAG, and radicicol, a natural macrocyclic antifungal, are among the
first potent Hsp90 inhibitors. Herein, recently synthesized heterocyclic compounds recognized as
potent Hsp90 inhibitors are reviewed along with the anticancer effects of heterocyclic compounds,
comprising purine, pyrazole, triazine, quinolines, coumarin, and isoxazoles molecules.

Keywords: Hsp90 inhibitor; co-chaperone; heterocycle molecules; anticancer agents; heat shock proteins

1. Introduction

Cancer refers to a variety of diseases caused by escalating uninhibited cell prolifer-
ation, which may spread beyond tissue range. Cancer is initiated with the deformation
of a normal cell caused by several hereditary factors, lifestyle, immune system defects,
environmental/occupational factors, possible toxicity from medications, including the
aging process, causing damage or genetic mutations [1–4]. The mechanisms of control,
proliferation, and differentiation of cells are disrupted [5–9], which leads to deviation of
normal cells from their regular growth path [10–12]. Tumor cells may acquire autonomy in
two ways, namely activation of a growth-promoting oncogene or inactivation of a growth-
inhibiting gene [13–15]. Cancer is one of the major death reasons which ranked after
cardiovascular diseases; therefore, anticancer explorations have attracted much attention,
especially through the evaluation of the deactivation of various proteins, such as tubulin,
aromatase, and heat shock proteins [16–24].

Heat shock proteins (Hsps) inhibitors are one of the most eminent active anticancer
agents with appropriate effects on several strange signaling paths in tumors; notably, these
inhibitors can help to surmount several notorious problems regarding resistance cancers.
Hsps act as proteins for vital cellular activities, including protein accumulation, secretion,
and regulation of gene expression through direct correlation with transcription factors;
the cellular expression is increased due to various stressors. Hsps are classified by their
molecular weight into the Hsp110, Hsp90, Hsp70, Hsp60, Hsp40, and Hsp27; most of them
being generally characterized as ATP-dependent [25–27]. Additionally, Hsp90 can regulate
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the activity and stability of different client proteins with a wide range of sizes and functions
as these client proteins have critical roles in proliferation, survival, protein misfolding,
aggregation, and apoptosis. There are four various homologs of Hsp90: cytosolic Hsp90
(including Hsp90α, Hsp90β), TRAP1 (tumor necrosis factor receptor-associated protein 1)
in mitochondrial, GRP94 (94 kDa glucose-regulated protein) in the endoplasmic reticulum
(ER), and Hsp90C in chloroplasts [27].

The crystal formation of Hsp90 was first defined in 1996 as a homodimer with a three-
part monomer. The N-terminal domain (~35-kDa) is fabricated from layers of a/b sandwich
structures formed in the pocket, acting as a binding site for adenine nucleotides. The
requirement of ATP in Hsp90 is associated with auto-phosphorylation with the N-terminal
folding pattern; the superfamily of ATPase has shown similar activity to Hsp90 by type II
topoisomerases and MutL (Mutator L) [28,29].

A client protein binding site and nuclear localization signal, Hsp90 middle domain
(~35 kDa), entails precise identification of client proteins and molecular regulator chap-
erones to activate the appropriate substrate, such as ATP hydrolysis [30]. The C-terminal
domain (~12 kDa) is the site of dimerization close to the ATP binding site and a pentapep-
tide domain (Met-Glu-Glu-Val-Asp or MEEVD), as well as the binding site of co-chaperones
of Hsp90 consisting of Sti15 and Hop [31]; the Hsp90 ATPase cycle is depicted in Figure 1.
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Figure 1. ATPase cycle in Hsp90.

Hsp90 consists of a chaperoning subsidiary with the assistance of co-chaperones and
ATP. Initially, the client protein attaches to the M domain with the co-chaperones source;
afterward, the ATP binds to the N domain to dimer the Hsp90, leading to the production
of “closed form” protein. The client protein is reformed, while the required energy is
supplied from the bond division process, and ATP is hydrolyzed to ADP and unfastened
phosphate. The release of client proteins and ADP from the complex occurs after covering
the chaperoning function; ATP binds to the N terminal via a standard chaperoning cycle
and then the client protein binds to Hsp90 by assisting co-chaperones [32–34].
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Due to the unique effectiveness of Hsp90 inhibitors in cancer therapy, researchers have
focused on them in recent decades [35–47]. Hsp90 is responsible for the conformational
maturation of 500 client protein substrates embracing transcription factors, receptors, ki-
nases, or oncoproteins, which might be overexpressed and/or mutated in most cancers [48].
Consequently, the inhibition of Hsp90 is contemplated an attractive cancer-treating strategy
due to its impacts on oncoprotein and pathways, concurrently [48,49]. Herein, recent
advances in potential inhibitory effects of lately synthesized heterocyclic compounds, such
as purine, pyrazole, triazine, quinolines, coumarin, and isoxazoles against Hsp90, are
deliberated, focusing on their anticancer and antitumor applications.

2. Hsp90 Inhibitors
2.1. Natural Inhibitors

The first reported natural Hsp90 inhibitor has been a macrocyclic product called gel-
danamycin (1) (GM), extracted from the culture of Streptomyces hygroscopicus in 1970 which
is known as an antibiotic compound (Scheme 1) [50]. Due to its unacceptable toxicological
properties, the additional development of this compound was averted. However, the Hsp90
inhibitory activity of several geldanamycin analogs, namely, 17-dimethylaminoethylamino-
17-demethoxygeldanamycin (17-DMAG), and 17-allylamino-17-demethoxygeldanamycin
(17-AAG) are studied, but their clinical trials have been interrupted due to their poor
solubility, complex formulation, and hepatotoxicity [51–56].
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Scheme 1. Chemical structure of geldanamycin and its analogs.

One of the developed GM analogs is herbimycin A in which the methoxy substitution
is located at positions C-11 and C-15, and the methoxy group is not present at position
C-17; GM and herbimycin A (2) can induce Hsp70 expression in fibroblasts [57]. Macbecin
I (3) as a GM analog has been developed with a similar structure to herbimycin A, except
that the methoxy group at C-6 is replaced by a methyl group. Macbecin II (4) is a hydro-
quinone analog of macbecin I with less separation tendency due to its inferior structural
instability [58,59]. The chemical structures of Herbimycin A and macbecin (I and II) are
depicted in Scheme 2.

325



Pharmaceutics 2022, 14, 2220

Pharmaceutics 2022, 14, x FOR PEER REVIEW 4 of 26 
 

 

rior structural instability [58,59]. The chemical structures of Herbimycin A and macbecin 

(I and II) are depicted in Scheme 2. 

 

Scheme 2. Chemical structures of herbimycin A, macbecin I, and macbecin II. 

IPI-504 (retaspimycin hydrochloride) (5) and IPI-493 (17-AG) (6) (Scheme 3) are 

more soluble analogs of GM and both of them inhibit Hsp90 activity through the degra-

dation of client proteins. Several clinical trials (phase I and II) have been disclosed on 

different types of cancers including multiple myeloma, metastatic gastrointestinal stro-

mal tumor (GIST), refractory non-small cell lung cancer (NSCLC), and chronic mye-

logenous leukemia (CML) [60]. IPI-493, equivalent to 17-AAG, obstructs the growth of 

SKBr3 breast cancerous cells, which may be derived from a similar major metabolite. 

IPI-493 exhibited highly effective results in GIST xenografts carrying heterogeneous KIT 

mutations in a preclinical investigation; these findings led to the start of its phase I clini-

cal trial studies [61–63]. 

 

Scheme 3. Chemical structures of IPI-504 and IPI-493. 

Benzoquinone ansamycins are also known as Hsp90 inhibitors that act as an-

ti-malarial, antiviral, and anti-surra agents, and their efficacy in the treatment of cardiac 

arrest, stroke, and Alzheimer’s has been explored [64]. One of the natural Hsp90 inhibi-

tors is Radicicol (RD) (7), which has been isolated from Monosporium bonorden, it can 

link to the N-terminal ATP binding site. RD is a potential cell growth inhibitor, but its 

unstable metabolite in the body leads to inactivity; therefore, elaborative studies have 

been focused on the modification of its structures to obtain analogs with better stability 

[65]. 

Scheme 2. Chemical structures of herbimycin A, macbecin I, and macbecin II.

IPI-504 (retaspimycin hydrochloride) (5) and IPI-493 (17-AG) (6) (Scheme 3) are more
soluble analogs of GM and both of them inhibit Hsp90 activity through the degradation
of client proteins. Several clinical trials (phase I and II) have been disclosed on different
types of cancers including multiple myeloma, metastatic gastrointestinal stromal tumor
(GIST), refractory non-small cell lung cancer (NSCLC), and chronic myelogenous leukemia
(CML) [60]. IPI-493, equivalent to 17-AAG, obstructs the growth of SKBr3 breast cancerous
cells, which may be derived from a similar major metabolite. IPI-493 exhibited highly
effective results in GIST xenografts carrying heterogeneous KIT mutations in a preclinical
investigation; these findings led to the start of its phase I clinical trial studies [61–63].
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Scheme 3. Chemical structures of IPI-504 and IPI-493.

Benzoquinone ansamycins are also known as Hsp90 inhibitors that act as anti-malarial,
antiviral, and anti-surra agents, and their efficacy in the treatment of cardiac arrest, stroke,
and Alzheimer’s has been explored [64]. One of the natural Hsp90 inhibitors is Radicicol
(RD) (7), which has been isolated from Monosporium bonorden, it can link to the N-
terminal ATP binding site. RD is a potential cell growth inhibitor, but its unstable metabolite
in the body leads to inactivity; therefore, elaborative studies have been focused on the
modification of its structures to obtain analogs with better stability [65].

KF25706 (8) and KF2711(9) have been introduced as more soluble analogs of RD
with significant inhibition of the Hsp90 activity. As depicted in their chemical structure
(Scheme 4), the carbonyl group in RD has been replaced with the oxime group, from the
point of view of chemistry; this replacement can reduce its Michael acceptor electrophilicity
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thus improving the stability. However, their anticancer investigations have been limited to
in vivo and animal model studies [65,66].

Scheme 4. Chemical structures of Radicicol, KF25706, and KF2711.

2.2. Synthetic Hsp90 Inhibitors
2.2.1. Purine-Based Structures

Naturally-derived Hsp90 inhibitors may suffer from some disadvantages, includ-
ing low solubility and restricted activity. To overcome these limitations, the usage of
synthesized Hsp90 inhibitors has garnered much attention; for instance, purine-scaffold-
based compounds were reported as effective Hsp90 inhibitors with good solubility and
an acceptable level of cell permeability [67]. Purine is an aromatic heterocycle compound
consisting of two fused rings. Purine derivatives have exhibited significant pharmaceutical
activities such as anticancer, anti-HIV-1, and antimicrobial properties [68–72]. Purine and
pyrimidine-based entities are essential natural heterocyclic compounds that have a critical
role in several metabolic and cellular conversion processes in deoxyguanosine monophos-
phate (DGMP) nucleotide (AMP). Moreover, the chemical structure of several biologically
important molecules, such as ATP, GTP, cyclic AMP, NADH, and 3′-phosphoadenosine-5′-
phosphosulfate (PAPS) contain fused purine ring. In chemical terms, purine is a nitrogen-
rich heterocyclic compound comprising two rings of pyrimidine and imidazole, and be-
cause of the lack of natural sources, they ought to be prepared through synthetic organic
reactions [73–75].

The activity of a purine-based molecule as a synthesized Hsp90 inhibitor (PU3) has
been investigated by assessing its interaction in Hsp90 K ADP/ADP binding site. As
a theoretical outcome, this molecule covered all the necessary interactions with hosting
protein; the Lys112 interacted with methoxy groups, and the hydrophobic pocket was
occupied (Figure 2) [76]. The purine derivatives PU3 and Pu24FCl (Scheme 5) have been
introduced as potential small-molecule Hsp90 inhibitors through binding to the Hsp90
ADP/ATP site. The trimethoxy phenyl functional group of Pu24FCl makes it suitable to
bind into the phosphate region of the host protein. Bao et al. reported a purine-based Hsp90
inhibitor with potential oral activity, named CUDC-305 (12), it is a unique compound due
to its: ability to extremely privilege into the tissue of the brain, prolonged duration in
intracranial tumors in animal models, and function in intracranial glioblastoma models;
these attractive features may be raised from its fascinating high lipophilicity (clog P of 4.0)
(Scheme 5) [77].
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Figure 2. Molecular docking analysis of PU3 in interaction with Hsp90.

Scheme 5. Chemical structures of PU3, PU24FCl, BIIB021, and CUDC-305.

A family of 8-arylsulfonyl analogs of PU3 (10) have been synthesized to evaluate the
influence of the aryl part on inhibitory function and are being introduced as a purine-based
Hsp90 inhibitor with selective activities which successfully enters clinical trials [78–81].
BIIB021 (11) has been the first fully synthetic Hsp90 inhibitor that moved in clinical trials
endowed with its special properties that facilitated its formulation and bioavailability
improvement; it binds to Hsp90 with high affinity and inhibits tumor growth. In phase I
clinical trials, BIIB021 exhibited well-tolerated and good antitumor activity [82]. Therefore,
this most developed purine-based compound, entered phase II clinical trials for GIST
treatment. Pharmacokinetic parameters for BIIB021 600 mg, the mean Cmax was 1.5 µmol
and the mean AUC was 2.9 µmol h; a Cmax > 1.5 µmol being associated with a decrease in
standardized uptake value (SUVmax) [83].

2.2.2. Coumarin-Based Structures

Coumarin and its derivatives are important heterocyclic molecules endowed with
various biological activities, such as platelet aggregation inhibition, antibacterial effects,
and anticancer activity [84–88]. Novobiocin (13) is one of the first established organic
compounds with a coumarin core that functioned as an Hsp90 inhibitor; it is a natural
product with significant antibacterial DNA gyrase activity. However, its low efficiency in
degrading Hsp90 clients (IC50 = ~700 µM) has discontinued more evaluations; therefore,
research has mainly focused on structure-activity relationship (SAR) studies to identify
other coumarin-based compounds with stronger inhibitor activity [89]. Modification of the
3-position of coumarin, from amide in novobiocin to urea, creates a new link to the hosting
protein. The chemical structure of modified coumarin (14) is depicted in Scheme 6.
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Scheme 6. Hsp90 inhibitors containing coumarin motif.

Among coumarin derivatives, compound 15 (Scheme 6) did not show any Hsp90
inhibitory activities, but additional investigations revealed its ability to interrupt MAPK
signaling pathway by inhibiting the level of p-ERK and p-MEK; this function would
be useful in anticancer activities [90]. Blagg et al. illustrated that the 4-hydroxyl and
the 3′-carbamate functional groups of novobiocin have proven to be detrimental as their
essential components for Hsp90 inhibitory activity by SAR studies. Therefore, indole
moiety replacement in compound 16 significantly increased its activity (Scheme 6), more
than 500 times that of novobiocin [91]. Furthermore, Shelton et al. synthesized KU135
as an Hsp90 inhibitor agent with anti-proliferative activity. The results showed that this
compound can degrade Hsp90 client proteins through signaling pathways, a process that
has stronger anti-proliferative effects than the N-terminal Hsp90 inhibitor 17-AAG. Notably,
the explorations on this Hsp90 inhibitor demonstrated that this compound could inhibit
G2/M cell cycle and have mitochondria-mediated apoptosis effects [92].

Garg et al, produced different analogs of ring-bound novobiocin (Scheme 7) wherein
SAR and computational studies illustrated that when lactam was in α position, it produced
more effective analogs than sugars. Activity of these derivatives was assessed as anti-
proliferative agents against SKBr3 and MCF-7 cell lines. Among these derivatives, the
cyclohexylamine analog demonstrated the best inhibitory effect with IC50 compared to
bicycloalkyl and tricyclic amino analogs (0.35 µM against MCF-7 and 0.2 µM against SKBr3
cells) [93].
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Scheme 7. Chemical structure of ring-bound novobiocin analogs synthesized and evaluated by Garg
et al. [93].

Wei et al. reported some assorted coumarin compounds comprising the pyrazo-
line functional group, (compound 19 (a–f), Scheme 8) and evaluated their anticancer
activity through several biological assays. Based on docking study results, all of these
compounds are located in the active site of the N-terminus of Hsp90. Among these six
derivatives, the structure of 19a exhibited higher binding energy and Hsp90 inhibitory
function (IC50 = ~4.7 µM). All these derivatives reduced the viability of A549 lung cancer-
ous cells, without any necrosis induction on them as they stimulated the apoptosis with
blocking effects on the autophagic flux of HCP1 in A549 lung cancerous cells [94].
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Scheme 8. Chemical structures of pyrazoline containing coumarin compounds, reported by Wei
et al. [94].

2.2.3. Quinolone-Based Structures

Quinolines are one of the most important nitrogenous heterocyclic compounds that
have been extensively examined due to their widespread pharmacology appliances, such
as anti-malarial, antitumor, anti-parasitic, antibacterial, anti-asthma, antidiabetic, anti-
inflammatory, antiplatelet, and antihypertensive activities [95–102]. Streptonigrin (isolated
from Streptomyces flocculus) and lavendamycin have already been known as antimicrobial
and antitumor compounds with quinoline skeleton (Scheme 9); they create efficient interac-
tions with targets to act as a cancer chemotherapy agent and as Hsp90 inhibitors [103–105].
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damycin.

The chemical structures of synthesized quinolones-core organic compounds with
Hsp90 inhibitory potentials properties have been investigated; their chemical structure is
depicted in Scheme 10, named 22 to 32. Ganesh and co-workers reported the modest Hsp90
inhibitor activity of compound 22 (Scheme 10). Several quinoline-based organic compounds
were synthesized and their activities were evaluated in micromolar concentrations using
cell-based Western blot (WB) and fluorescent polarization (FP) techniques [106].

Studies of SAR, optimization of structures, and re-synthesis of several aminoquino-
line compounds indicated their low Hsp90 inhibitor activity. However, the synthesized
compound 23 (Scheme 10) exhibited high activity, with IC50 of ~0.73 µM and 1 µM in the
low micro-molar range obtained in FP and WB assays, respectively. These compounds,
with their simple chemical structures and facile synthesis pathways, are recognized as a
series of new Hsp90 inhibitors [106]. Audisio and co-workers synthesized a novel array
of 3-(N-substituted) aminoquinolin-2(1H)-one derivative and evaluated their anticancer
activity using cell proliferation and flow cytometry, including biological assays.

Among these synthetic derivatives, compounds 24 and 25 (Scheme 10) offered the
most effective inhibitory activity against various genes, such as Raf-1, HER2, CDK4, and
estrogen receptors. It was indicated that compound 24 could stimulate apoptosis in MCF-7
breast cancer cells by activating caspases and subsequent division of poly (ADP-ribose)
polymerase (PARP) and inhibiting the growth of all tumor cell-independent cell lines with
growth inhibition of 50% (GI50) values in the range of 2 to 32 µM. The examined cell lines
included MCF-7, T47D, IRGOV-1, Ishikawa, HT-29, Caco-2, and MDA-MB-231. In addition
to these properties, only compound 24 was identified as mediated cell death inductor in
a p23-independent procedure; the p23 was a small and important co-chaperone for the
Hsp90 chaperoning pathway [107].

A series of 2-aroylquinoline-5,8-diones have been synthesized and their potential bio-
logical activities have been evaluated by Nepali and coworkers [108]. Among these Hsp90
inhibitors, compounds 26 and 27 could inhibit the growth of cancerous cells (IC50 = ~0.14
(compound 26) and 0.27 µM (compound 27). Moreover, compound 27 displayed an IC50
of ~5.9 µM to inhibit tubulin polymerization as it persuaded the degradation of Hsp70
and Akt protein through WB analysis. Different quinoline analogs have been reported
as Hsp90 inhibitors with a cytotoxic function against cancerous cell lines. Accordingly,
cytotoxic derivatives encompassing alcohol functional groups exhibited significant activity
against MCF-7 cells. Among these evaluated compounds with anti-proliferative activity,
compound 28 distinguished itself as the most effective analog in the degradation of Her2
protein, a client protein of Hsp90. The possible state of interaction between compound
28 and the N-terminal ATP binding pocket of Hsp90 was demonstrated by molecular
modeling studies [109].
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Scheme 10. Hsp90 inhibitors containing quinoline motif.

Liang et al. synthesized two new series of compounds of N-(5-chloro-2,4-dihydroxy-
benzoyl)-1,2,3,4-tetrahydroisoquinoline-3-carboxamides as Hsp90 inhibitors, which illus-
trated acceptable anti-proliferative activities against MDA-MB-231 and HeLa cell lines.
Compound 29 unveiled strong cytotoxicity with inhibitory effects against the molecular
proliferation of MDA-MB-231 (IC50 = ~0.98 µM) and HeLa (IC50 = ~1.74 µM). Moreover, the
effective intracellular interaction of compound 29 with Hsp90α in 293T cells was confirmed
through isothermal dose-response fingerprint curves. The induction activity of compound
29 in the degradation of CDK4, Her2, Cdc-2, and C-RAF Hsp90 client proteins was assessed
by WB evaluation on MDA-MB-231 breast cancer cell lines [110].
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Molecular docking and dynamic (MD) analyses on the complex of compound 29 and
Hsp90 displayed its effective binding to Hsp90 through the interaction of its benzyl amino
moiety with the residue Phe138, leading to the formation of a Π-stacking interaction [110].
Nepali et al. reported different fused quinoline-resorcinol compounds with powerful
inhibitory activity against Hsp90. Through MD analysis of synthesized compounds in
interactions with the Hsp90 chaperone protein receptor (Figure 3), compound 30 was
determined as the ideal candidate. It interacted with the amino acid residues of the
Hsp90 chaperone protein, resorcinol ring of compound 30, 1,3-dihydroxybenzene, link to
chaperone function through amide bond formation with 1,3-dihydroxybenzene. In vitro
studies indicated the effective cell growth inhibitory effect of compound 30, as one of the
most active entities through in silico studies, against HCT-116 (colon), Hep3B (liver), and
PC-3 (bone metastasis) cell lines [111].
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Figure 3. MD analysis of compound 30 in interaction with Hsp90. (A) compound 30 (blue) is
anchored within the Hsp90 (gray) binding site. The three distinct sections of MPTG0G256 that are
located in the S1, S2, and S3 sites, are colored as yellow, blue, and red, respectively. Interacting
residues are shown as sticks and labeled as indicated. Hydrogen bonds are indicated by dotted
green lines. (B) 2D representation of compound 30 docked in Hsp90. Green lines show regions of
hydrophobic interactions. Interacting residues are labeled as indicated. Adapted from Ref. [111] with
permission. Copyright 2019 Elsevier.

Relitti and co-workers synthesized various quinolone-based organic compounds as
histone deacetylase 6 (HDAC6), wherein compounds 31 and 32 were introduced as the most
promising active molecules against HDAC6. In addition, they displayed potent activity in
cellular studies with development of inhibition against human cancer cell lines, HCT-116,
and histiocytic lymphoma (U9347). It was an effective compound against tumor cells via
apoptosis induction [112].

2.2.4. Triazine and Triazolothione-Based Structures

Triazine is an organic heterocyclic compound with a 6-membered ring containing three
carbon atoms and three adjacent nitrogen atoms. Pharmacology studies have revealed that
triazine derivatives have significant activity as antimicrobial, antituberculosis, anticancer,
antiviral, and antimalarial agent [113–117]. BX-2919 was discovered by Feldman et al.
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as an Hsp90 inhibitor during HTS, through a high-throughput screening assay that was
performed to identify Hsp90 inhibitors that compete with GA binding. The resorcinol
33a analog (Scheme 11) was identified as one of Hsp90 inhibitors optimized by applying
parallel paths on its aryl rings. After assessing the strength of a large number of aryl
compounds, ethyl carbamate 33c was found as one of the best candidates. Among the
resorcinol ring alternatives, the ethyl analog (33d) increased relative strength; finally, the
isopropyl analog (33e) was the optimal alternative in this situation. A combination of
optimal alternatives with the BX-2819 was examined. This compound could bind strongly
to Hsp90 (IC50 = ~41 nM) to inhibit GM-Bodipy binding, which was less than both above-
mentioned compounds 17AAG (IC50 = ~350 nM) or radicicol (IC50 = ~87 nM) [118].
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Seo et al. reported a set of 2-amino-1,3,5 triazines containing a tricyclic part as Hsp90
inhibitors with high activity against gefitinib-resistant H1975 cells (Scheme 11) [119]. Sev-
eral derivatives of compound 34 (Scheme 11) were synthesized, most of which entailed
cell multiplication in a highly dose-dependent behavior with regularity effects on cell
proliferation. Among them, compound 34a demonstrated the highest activity as an in-
hibitor of cell proliferation and the product containing 2,6 dimethyl phenyl was able to
reach the hydrophobic part of Hsp90 by van der Waals interactions, which led to anti-
proliferative activity against H1975. Miura et al. synthesized various tricyclic molecules,
including 2-amino-1 and 3,5-triazines as Hsp90 inhibitors with suitable anti-proliferative
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function against HCT-116 (IC50 = ~0.46 mM). Among these synthesized compounds, hybrid
CH5015765 (35, Scheme 11) significantly improved the binding affinity (Kd = 3.4 nm) [120].

The structural properties are involved in the possible interactions with Hsp90 at
the active region, thus the fabricated tricyclic molecules should be precisely analyzed.
Consequently, it was indicated that the hydrogen bonds can be formed between the amino
group on the two positions of the triazine core and the carboxylic group of Asp93. A
hydrophobic interaction can be formed between the methyl thio group at the 4-position
and Ile96/Met98. Additionally, a hydrophobic portion can interact with the side chains
of Leu107, Phe138, and Val150. Finally, the ether oxygen may bind to the remnant Phe138
and Asn51 [121]. Compound 36 (CH5138303) showed potent inhibitory activity against
HCT-116, in vitro. Its efficacy and chemical properties led to reducing the phosphorylation
and protein level of several Hsp90 client proteins. By further improving the chemical
structure of tricyclic molecules, a category of triazines derivatives could be produced via
the functionalization of the sulfur atom in compound 36 with hydrogen bond acceptor
functional groups. They are primed to interact with the Lys58, which concerned in several
hydrogen bonds with geldanamycin as a natural and specific inhibitor of Hsp90. In general,
the derivative of compound 36 exhibited significant antiproliferative activity, in vitro and
in vivo (Kd = 0.48 nM) [122].

The antitumor activity of compound 37 as an Hsp90 inhibitor agent was reported
by Zhao et al. [123]. Their interaction with Hsp90 was studied by surface plasmon reso-
nance (SPR) assay; consequently, the results indicated the binding of compound 37 into
the N-terminal of the protein with a very extraordinary binding mode with respect to
the old inhibitors of Hsp90. Its anti-proliferative function was evaluated in vitro and
in vivo. Accordingly, the results obtained from in vitro assessments demonstrated that
these compounds could inhibit the molecular proliferation of BT-474 (IC50 = ~8.9 mM),
SK-BR-3 (IC50 = ~7.1 mM), A549 (IC50 = ~7.5 mM), K562 (IC50 = ~8.6 mM), and HCT-
116 (IC50 = ~6.7 mM). After in vivo assessments, it was revealed that these compounds
could obstruct the increase in proliferation of tumors that increased with a dose-dependent
behavior in the BT-474 [123].

2.2.5. Isoxazole-Based Structures

One of the prominent heterocyclic organic compounds comprises the isoxazole ring,
a 5-membered ring, with adjacent oxygen and nitrogen atoms. Various chemical struc-
tures/compounds encompassing the isoxazole moiety have shown attractive biomedical
and pharmaceutical potentials, especially for cancer therapy [124–130]. Medicinal chem-
istry studies have revealed that the inclusion of isoxazole in the chemical structure of
Hsp90 inhibitors could lead to improved efficacy, decreased toxicity, and enhanced phar-
macokinetics profiles. Aromatase is an enzyme for the conversion of androgenic hormone
into estrogen; thus, considering the high-level expression of aromatase in breast tissue,
intense generation of estrogen can cause breast cancer. Isoxazole derivatives could stop the
conversion of androgen into estrogen by inhibiting the aromatase enzyme, thus serving as
anticancer drugs [131].

Apoptosis is an extremely regulated process enabling cells to destroy themselves
and kill unwanted cells; this has a crucial role in homeostasis development. Isoxazoles
as an inducer of apoptosis causes the elimination of or discontinues the progression of
cancer [132]. Enzymes of protein tyrosine phosphatases are involved in mechanisms of
cellular signaling by regulating the levels of phosphorylation in a clear tyrosine residue in
proteins or peptides, controlling various functions of cells, including metabolism, migration,
survival, adhesion, and multiplication. Mutations in proteins can cause cancers. In this
context, isoxazole derivatives can attach to the ATP-binding region of the protein kinase
and hinder the signaling cascade, resulting in cell cycle arrest and apoptosis [133].

Many preclinical studies have indicated that Hsp90 inhibition is associated with anti-
neoplastic effects; these properties motivated researchers to find novel small-molecule
containing isoxazoles as Hsp90 inhibitors. Their capability to bind with the NH2-terminal
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nucleotide-binding region of human Hsp90 was found extremely strong along with in-
hibitory effects on the multiplication of growth cells through inducing the arrest of G1-G2
and apoptosis. Pharmacological compounds containing isoxazole are active against dif-
ferent examined cell lines of tumors, especially breast cancer, which stimulated numerous
efforts to design and synthesize innovative isoxazole derivatives [134].

Eccles et al. synthesized organic compounds containing isoxazole, such as VER-
50589 (Scheme 12). Their Hsp90 inhibitory activity was assessed through in vivo studies,
wherein these small synthetic molecules exhibited strong inhibitory activity. The results
were found comparable with the activity of the clinically approved drug 17-AAG, an
analog of geldanamycin; additionally, their lipophilicity renders them capable of easily
penetrating the cell membrane. The encouraging outcomes illustrated the value of a
structure-based design and optimization process on the way to achieve a potential clinical
candidate. Prodigious findings motivated more research on the optimization of their
potency, pharmacokinetic, and pharmacodynamic properties via structural modifications,
which led to the discovery of VER52296 (NVPAUY922) (Scheme 12). The anticancer activity
of VER52296 was investigated against cell lines, namely, HCT-116, Hun7, and SW620, by
applying 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide tetrazolium (MTT)
assay. The obtained results demonstrated high cytotoxic activity with IC50 values lower
than 20 µM (IC50 = ~21 nM and Kd = 1.7 nM), besides the low glucuronidation metabolite
levels. Thus, VER52296 was introduced as a potential anticancer drug, and it is under
evaluation in a second phase clinical trial [135].

A set of Hsp90 inhibitors comprising N-(isoxazol-5-yl) amides structures presented
unique pharmacokinetic characteristics as well as high antitumor activities (both in vitro
and in vivo). Compounds 39a, 39b, and 39c exhibited the GI50 lower than 0.1 µM; thus,
studies have been performed on their activity against the various cell lines. They displayed
potential cytotoxicity with common GI50 which indicated their extensive antitumor ac-
tivities [135]. Chen et al. reported various small molecules comprising isoxazole rings
and identified them by X-ray crystallographic techniques. Their Hsp90 inhibitory effects
were evaluated, and compound 40 exhibited potent inhibitory effects on Hsp90 at cellu-
lar/molecular levels; moreover, in vivo assessments showed its remarkable capability for
inhibiting the growth of tumors. The ratio between treated and control (T/C) value of com-
pound 41 was equal to 18.35% at 50 mg/kg, which was found to be nearly twice as strong
as NVP-AUY 922 as a traditional Hsp90 (T/C values at 50 mg/kg reach 34.06%) [136].

Sun et al. reported a set of isoxazole scaffolds associated with alkynes to study their
inhibitory activity on the human Hsp90 protein as well as their anti-proliferative function
against the examined cell lines of tumors. During conservation, it was found that the
substitution of alkynes at C-4, in compound 42, could induce nice cation–π bond interaction
with the Lys58 residue of the Hsp90 protein, along with the interaction of the resorcinol
hydroxyl and C-3 amide groups. Based on the results, a set of 4-alkynylisoxazole structures
were synthesized with 3,5-substitutes and their binding affinity to Hsp90 protein was
also indicated. In addition, their anti-proliferative effects were evaluated against five
cancerous cell lines, such as A549, human basal alveolar epithelial cell adenocarcinoma,
K562, human immortal myeloma leukemia line, MCF-7, and the cell line of most breast
cancers. Promising results were obtained, wherein compound 42 demonstrated an IC50
value of ~0.066 µM [137].
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Shi et al. synthesized a set of scopoletin-isoxazole and scopoletin-pyrazole hybrids
and their anticancer effects were evaluated against SW620, Hun7, and HCT-116. Scopoletin-
isoxazole derivatives illustrated higher cytotoxic activity in comparison with scopoletin-
pyrazole hybrids (IC50 ≤ 20 µM). Impressively, compound 43 showed anti-proliferative ef-
fects similar to sunitinib, the FAD-approved drug, with IC50 = ~8.76–9.83 µM against SW620,
Hun7, and HCT-116, and it disclosed low toxicity on normal HFL-1 cells (IC50 = ~90.9µM) [138].
Sadeghi et al. studied the potential Hsp90 inhibitor activity of 50 organic molecules, includ-
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ing 3,4-isoxazolediamides functional groups; they discovered that three compounds, 44, 45,
and 46, could be considered as promising target molecules for further evaluations [139].
They also introduced compound 47 as an efficient Hsp90 inhibitor after the assessment of
several isoxazoles-based compounds [140]. Additionally, several chromone-linked isox-
azole compounds were synthesized, and their ER-α and their anti-proliferative activity
against MCF-7 were evaluated. The replacement of isoxazole’s positions of 3 and 5 with
phenyl ring and 3-hydroxychromone increased their anticancer activity. Compound 48
displayed cytotoxicity against ERα-positive (MCF-7) with IC50 of 32 µg mL−1 by linking
with a key residue of Glu353 and Arg394. These residues were stabilized by forming
H-bonds of 4-hydroxyl phenyl in 4HT (4-hydroxytamoxifen) through molecular docking
studies investigations [141].

Jung et al. reported a variety of isoxazole-containing compounds as Hsp90 inhibitors.
Their capability of client protein degradation as well as ATPase performance was analyzed
through in vitro cytotoxic assessments against cancerous cell lines. The targeted compounds
were assessed for their possible antitumor effects in tumor xenograft models in vivo. Molec-
ular modeling studies demonstrated the binding mode inside the inhibitors and N-terminal
ATP binding pocket. To evaluate the antitumor effects of isoxazole-containing compounds,
their cytotoxicity was analyzed against A2780 (ovarian cancer) and HCT-116 (colon cancer).
Consequently, the IC50 of compound 49 for ATPase, Her2, A2780, and HCT-116 were found
to be 0.284, 0.028, 0.043, and 0.014 µg, respectively [142]. Aissa and co-workers reported the
synthesis of 3, 5-disubstituted isoxazoles and 1,4-disubstituted triazoles and evaluated their
possible anticancer/hemolytic activities. The anticancer derivatives of isoxazole exhibited
an active apoptotic trend in the glioma U251-MG and T98G. These derivatives illustrated
significant anti-proliferative function against most human glioblastoma cancerous cell
lines (U87) in a dose-dependent manner wherein compound 50 (IC50 15.2 ± 1.0 µg mL−1)
exhibited stronger anticancer activity. Notably, the hemolytic activity of compound 53
caused hemolysis up to 40% at a concentration of 400 µg mL−1. These results revealed
that isoxazole derivatives did not damage red blood cells and release hemoglobin, which
strengthened the potential of these compounds as innovatively synthesized anticancer
prototypes with low toxicity [143].

2.2.6. Pyrazole-Based Structure

Pyrazole is a 5-membered ring heterocycle compound consisting of three carbon
atoms and two adjacent nitrogen atoms. Pyrazole derivatives have significant activities,
such as high efficacy as partial agonists in G protein-coupled and cannabinoid recep-
tors [144–147]. Synthetic small pyrazole-fused heterocycle molecules, PF-04929113 and
PF-04929113, were developed as inhibitors of Hsp90, but their restrictions/disadvantages,
such as poor solubility and cytotoxicity prompted a search for the structural improvement
of pyrazole-based compounds (Scheme 13) [148]. Bai et al. synthesized various fluorescent
pyrazoline coumarin derivatives and investigated their anticancer activity against lung
cancer cell lines in vitro. As a result, compound 52 had the strongest growth inhibition
(IC50 = ~7.9 mM), with a strong fluorescence strip; subsequently, it was introduced as a
potential and promising fluorescent Hsp90 inhibitor [149].
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Sadeghi et al. predicted dual agents as mutant P53 activators and Hsp90 inhibitors
by using docking and MD analysis; according to their published results, compound 53
was proposed as a dual-mode agent, P53 activator, and Hsp90 inhibitor [150]. Uno et al.
reported various pyrazolo [3,4-b]pyridine derivatives as potential Hsp90α and Hsp90β
inhibitory agents with oral availability properties. Compound 55 exhibited the same
binding state of Hsp90 as an analog of pyrazole compound 54 via X-ray crystallography.
Oral administration of compound 54 demonstrated potent antitumor effects on human lung
cancer (NCI-H1975) in a xenograft mouse model [151]. Mettu et al. innovatively synthesized
a variety of pyrazolyl 2-aminopyrimidine derivatives and evaluated their Hsp90 inhibitory
and anticancer activity. Among them, compound 56e established the highest binding
affinity to Hsp90 (20 nM) with anti-proliferative function against MCF7 (IC50 = ~2.4 µM),
MDA-MB-231 (IC50 = ~0.8 µM), and HCT-116 (IC50 = ~4.8 µM), in vitro. According to
Western blotting (WB) analysis, two compounds (56b, 56e) generated dose-dependent
degradation of two client proteins (pHER2 and pERK1/2) [152]. Molecular docking studies
demonstrated that the compounds 56b–56e were significant Hsp90 inhibitors. These studies
revealed that the para substitution on pyrazole rings A and B, especially with the p-nitro
group on ring B and 2 amino groups on the pyrimidine ring, had unique consequences
on the development of new Hsp90 inhibitors. The binding potential of the disubstituted
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pyrazolyl pyrimidine scaffold and pocket of Hsp90 had effective interactions with Thr184,
Asn51, and AsH93 (a protonated form of Asp93), Asp54, and Lys58 [152]. According to
the results reported by Mettu et al. compound 56e was the most active compound; the
apoptosis potential of this compound was recognized by the Annexin V assay, where it
could induce mitochondrial stress that increases membrane permeability, causing induction
of apoptosis in MCF-7 cells. This was demonstrated by increasing the generation of J-
monomer by applying JC-1 stain. Furthermore, a change in mitochondrial membrane
potential could inevitably give rise to ROS strains as evidenced by DCFDA staining. In
addition, this compound could stop the subG1 phase cell cycle. Thus, compound 56e could
serve as a potential compound with anticancer activity [153].

Mohamady et al. synthesized and evaluated possible biological activities of 3,5-
diarylpyrazoles derivatives against HepG2 and MCF-7 cancerous cells. Among them,
compound 57 exhibited the highest cytotoxic activity on HepG2 (IC50 = ~0.083 µM) and
MCF7 (IC50 = ~0.13 µM) cells, with efficient anti-proliferation effectiveness. Compound
57 induced the inhibition of tumor cell proliferation by stimulating G2 phase inhibition,
obstructing client proteins, such as c-Raf, EGFR, Akt, and c-Met and increasing the levels
of Hsp70 [154]. Kadasi et al. reported the preparation of a novel series of N-pyridoyl-2-
pyrazolines and evaluated their Hsp90 inhibitory activities for possible anticancer effects.
The docking simulations revealed the binding potential of the synthesized compounds in
the N-terminal ATP in Hsp90; moreover, the optimized compounds had significant inter-
actions with Asp93 and Thr184. Consequently, compounds 58, 59, and 60 demonstrated
an effective cytotoxic activity against MDA-MB-468 with IC50 of 1.60, 2.8, and 12 µM,
respectively. Compound 58 exhibited efficient inhibitory effect as well (IC50 = ~7.7 µM)
against A375 as human melanoma cells [155].

3. Conclusions and Future Outlook

Several investigations have focused on the design of inhibitors with heterocyclic
structures to bring down the increased level of Hsp90 proteins in cancer or tumor cells,
thus providing promising treatment strategies for cancer therapy with higher targeting
and efficiency/efficacy. Hsp90 proteins have crucial roles in regulatory activity: folding,
maintenance, function, and stability of various vital proteins, especially in client proteins.
The inhibition of Hsp90s overexpressed in tumor cells can be considered an effective
treatment strategy for various cancers. Numerous natural products and rationally designed
synthetic Hsp90 inhibitors encompassing purine, pyrazole, triazine, quinolines, coumarin,
and isoxazole structures can be viable candidates for further anticancer evaluations as
deliberated. However, more systematic analyses and explorations are still needed for
clinical applications and formulations of these compounds Hsp90 proteins have serious
roles with regulatory activity in folding, maintenance, function, and stability of various
vital proteins, especially, client proteins, which make them attractive candidates for cancer
therapy targets. The inhibition of these Hsp90s overexpressed in tumor cells can be
considered as an effective treatment strategy for various cancers and malignancies.

In past years, several investigations have focused on heterocyclic structures, which
are capable of inhibiting Hsp90 proteins, which are overexpressed in cancer or tumor
cells, providing promising treatment strategies for cancer therapy with high targeting
and efficiency. These Hsp90 inhibitors are attractive candidates due to their inhibitory
effect against several cellular signaling pathways simultaneously in cancer cells or tumors.
Natural compounds (1–9) were proposed as Hsp90 inhibitors, and some compounds were
selected for animal and in-vivo studies. Compounds based on the purine structure (10–12)
were synthesized which are claimed to bind to the Hsp90 inhibitors strength and inhibit
tumor growth, these compounds were known as good candidates for clinical phase studies.
Coumarin and its derivatives (13–19) have different biological activities such as platelet
aggregation inhibition, antibacterial effects, and anticancer activity, these scaffolds also act
as Hsp90 inhibitors. Modification of 4-hydroxyl and the 3′-carbamate functional groups
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of novobiocin in compound 16 led to an increase in its activity more than 500 times from
novobiocin.

Compounds aroylquinolone-based compounds were also categorized as Hsp90 in-
hibitors that prevent significant growth of cancerous cells. For example, compound 27
displayed an IC50 of ~5.9 µM to inhibit tubulin polymerization and degradation of Hsp70
and Akt protein through WB analysis. Compound 35, hybrid CH5015765, containing the
2-amino-1,3,5-triazines was recognized as an Hsp90 inhibitor with good anti-proliferative
activity against HCT-116 and excellent binding affinity (Kd = 3.4 nm). Triazines were also
known as Hsp90 inhibitors with high activity and good anti-proliferative activity against
HCT-116. In general, the triazine derivatives showed significant anti-proliferative activity
in vitro and in vivo. Medicinal chemistry studies showed that the inclusion of isoxazole
in the chemical structure of Hsp90 inhibitors can lead to improved efficacy. Isoxazole
derivatives (38–53) can block the signaling cascade by binding to the ATP of the kinase
protein and cause cell cycle arrest and apoptosis, investigations exposed that the isoxazole
derivatives did not damage red blood cells, which strengthened the potential of these
compounds as synthesized anticancer prototypes with low toxicity. Pyrazole derivatives
(54–64) have remarkable activities, such as high efficiency as partial agonists at G protein
and cannabinoid receptors, which make these properties useful inhibitors. This combina-
tion inhibits the proliferation of tumor cells by stimulating G2 phase inhibition. However,
more systematic analyses are still needed for clinical applications and formulations of these
compounds.
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Abstract: Zanubrutinib (ZAN) is a Bruton’s tyrosine kinase inhibitor recently approved for the
treatment of some non-Hodgkin lymphomas. In clinical trials, ZAN is often combined with standard
anthracycline (ANT) chemotherapy. Although ANTs are generally effective, drug resistance is a
crucial obstacle that leads to treatment discontinuation. This study showed that ZAN counteracts
ANT resistance by targeting aldo-keto reductase 1C3 (AKR1C3) and ATP-binding cassette (ABC)
transporters. AKR1C3 catalyses the transformation of ANTs to less potent hydroxy-metabolites,
whereas transporters decrease the ANT-effective concentrations by pumping them out of the cancer
cells. In our experiments, ZAN inhibited the AKR1C3-mediated inactivation of daunorubicin (DAUN)
at both the recombinant and cellular levels. In the drug combination experiments, ZAN synergistically
sensitised AKR1C3-expressing HCT116 and A549 cells to DAUN treatment. Gene induction studies
further confirmed that ZAN did not increase the intracellular level of AKR1C3 mRNA; thus, the drug
combination effect is not abolished by enzyme induction. Finally, in accumulation assays, ZAN was
found to interfere with the DAUN efflux mediated by the ABCB1, ABCG2, and ABCC1 transporters,
which might further contribute to the reversal of ANT resistance. In summary, our data provide
the rationale for ZAN inclusion in ANT-based therapy and suggest its potential for the treatment of
tumours expressing AKR1C3 and/or the above-mentioned ABC transporters.

Keywords: zanubrutinib; anthracycline; drug resistance; aldo-keto reductase 1C3; ABC drug
efflux transporter

1. Introduction

In recent decades, an understanding of the processes related to the pathogenesis of
cancer has given rise to targeted therapy. Anticancer drugs target a wide range of cellular
structures and signalling pathway components involved in cancer cell growth and survival.
One such important target is Bruton’s tyrosine kinase (BTK), belonging to non-receptor
tyrosine kinases of the TEC family [1,2]. BTK has been recognised as a key player in
the B-cell receptor signalling pathway, the dysregulation of which is implicated in B-cell
malignancies [3,4]. Abundant expression of BTK has been identified in B-cell chronic
lymphocytic leukaemia (CLL) and B-cell lymphomas, making it a promising target for the
development of new small-molecule inhibitors [5–7].

The first BTK inhibitor that was given accelerated approval by the U.S. Food and Drug
Administration (FDA) was ibrutinib (IBR) in 2013, followed by acalabrutinib (ACA) in
2017 [8,9]. The incorporation of IBR into cancer therapy is a milestone that has changed
the fate of many patients with CLL, Waldenström’s macroglobulinaemia, and some non-
Hodgkin lymphomas [10–14]. IBR and ACA are strong BTK inhibitors that covalently
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and irreversibly interact with Cys-481 in the ATP-binding domain of BTK. The inhibitory
activity of IBR has also been demonstrated in other kinases containing homologous cysteine
residues such as Itk and Tec [6,15,16]. The combined inhibition of different kinases may
contribute to some adverse effects of IBR, such as bleeding and cardiovascular compli-
cations [17,18]. Thus, although IBR and ACA are the most effective agents for treating
several B-cell malignancies, treatment-limiting adverse effects and emerging cases of cancer
resistance [19,20] have encouraged the search for new BTK inhibitors. Various compounds
(e.g., vecabrutinib, fenebrutinib, and tirabrutinib) have been identified as BTK inhibitors
and have entered clinical trials in recent years [21,22]. However, in addition to IBR and
ACA, only zanubrutinib (ZAN) has been approved by the FDA [23–25].

In clinical trials, IBR, ACA, and ZAN have been tested alone and in combination
with anthracycline (ANT)-containing standard chemotherapy [26–29]. ANTs, even in the
era of targeted therapy, represent the gold standard for the treatment of haematologi-
cal malignancies. Daunorubicin (DAUN) and doxorubicin (DOX) are routinely used to
treat acute myeloid leukaemia (AML), acute lymphoblastic leukaemia, and aggressive
lymphomas. Therefore, emerging ANT resistance is a serious complication that is often
responsible for the failure of cancer therapy. The decreased cancer sensitivity to ANTs may
be due to several mechanisms. Metabolic drug inactivation by anthracycline reductases
and increased efflux mediated by ATP-binding cassette (ABC) transporters are known to
contribute significantly to this phenomenon [30–33].

Recently, we reported that IBR and ACA interact with aldo-keto reductase 1C3
(AKR1C3) [34], an enzyme that is overexpressed in several malignancies [35–38]. AKR1C3
catalyses the two-electron reduction of DAUN and DOX, converting them to alcohol
metabolites that possess lower anticancer activities than their parent drugs [32,39,40]. In
our previous experiments, IBR and ACA inhibited the AKR1C3-mediated inactivation of
DAUN, leading to an increase in its effectiveness against cancer cells [34]. Furthermore,
IBR sensitises cancer cells to DOX by inhibiting the ABCC1 transporter [41]. Knowing these
off-target activities of IBR and ACA and considering their structural similarities within
BTK inhibitors, we aimed to investigate whether there might be a rationale for combining
the novel second-generation BTK inhibitor ZAN and ANTs for therapeutic purposes. The
assumption that targeting AKR1C3 and/or ABC transporters may improve the clinical
outcome of ANTs [42,43] allowed us to investigate whether ZAN interacts with these resis-
tance mediators and counteracts their activities. First, we performed inhibitory studies on
recombinant enzymes at the cellular level. Next, drug combination studies were performed
to examine whether ZAN acts as a dual-activity resistance modulator. As AKR1C3 may
influence the resistance phenotype of cancer cells, we performed induction studies focusing
on the expression of this enzyme.

2. Materials and Methods
2.1. Material

ZAN was purchased from MedChemExpress LLC (Monmouth Junction, NJ, USA).
Nicotinamide adenine dinucleotide phosphate (NADP+), glucose-6-phosphate, glucose-
6-phosphate dehydrogenase (Roche), fetal bovine serum (FBS), and high-performance
liquid chromatography (HPLC) grade solvents were obtained from Merck (Prague, Czech
Republic). Phenazine methosulfate (PMS) and 2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-
2H-Tetrazolium-5-Carboxanilide (XTT) tetrazolium salt were purchased from BioTech
(Prague, Czech Republic). DAUN was supplied by SelleckChem (Houston, TX, USA).
Daunorubicinol (DAUN-OL), a C13-hydroxy-metabolite of DAUN, was obtained from
Toronto Research Chemicals (Toronto, ON, Canada). JetPrime transfection reagent (Poly-
plus Transfection, Illkirch, France) was provided by VWR International Ltd. (Radnor, PA,
USA). Cell culture reagents were obtained from Lonza (Walkersville, MD, USA) and Merck
(St. Louis, MO, USA). TRI reagent solution was purchased from Molecular Research Center
Inc. (Cincinnati, OH, USA). The RNA extraction kit was supplied by Zymo Research (Irvine,
CA, USA). AKR1C3-specific primers (Forward primer: 5′-GCCAGGTGAGGAACTTTCAC-
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3′, Reverse primer: 5′-AGTTTGACACCCCAATGGAC-3′) and oligo-dT were purchased
from Generi Biotech (Hradec Králové, Czech Republic). ProtoScript II buffer, dithiothreitol
(DTT), dNTP mix, and ProtoScript II Reverse Transcriptase were obtained from New Eng-
land BioLabs (Ipswich, MA, USA). The qPCR SG mix was acquired from the Institute of
Applied Biotechnologies (Prague, Czech Republic).

2.2. Cell Culture

Human colorectal carcinoma HCT116 cell line and human bone marrow AML KG1α
cells were purchased from the European Collection of Authenticated Cell Cultures (Sal-
isbury, UK). Human liver carcinoma HepG2 and human non-small cell lung carcinoma
A549 cells were obtained from the American Type Culture Collection (Manassas, VA, USA).
HCT116, HepG2, and A549 cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) with 10% FBS. KG1α leukaemia cells were maintained in Iscove’s modified Dul-
becco’s medium (IDMEM) supplemented with 20% FBS and 2 mM L-glutamine. All cells
were cultured under standard conditions (37 ◦C, 5% CO2) and examined for mycoplasma
infections. Routine cultivation and all experiments were performed in an antibiotic-free
medium. Cell passages of 10–25 were used in the experiments. ZAN was dissolved in
dimethyl sulfoxide (DMSO), and the concentration of DMSO in the experiments did not
exceed 0.5% (v/v). The effect of DMSO on cell viability was observed to be negligible in
the validation experiments. Furthermore, possible interfering effects on other biological
processes were eliminated by using of vehicle controls.

2.3. Cloning, Overexpression, and Purification of Recombinant Enzymes

As described previously, human recombinant AKR1C3 was prepared in E. coli
BL21(DE3) [44] and purified using NGC chromatography system equipped with a 1 ml
HisTrap FF column (GE Healthcare Life Sciences, Marlborough, MA, USA) [45].

2.4. Inhibitory Assays

To determine the value of half-maximal inhibitory concentration (IC50), human recom-
binant AKR1C3 (1.5 µg) was incubated with ZAN (0.01–100 µM) or vehicle DMSO. The
reaction was carried out in 0.1 M sodium phosphate buffer (pH 7.4) containing NADP+
regeneration system (2.54 mM NADP, 19.72 mM glucose-6-phosphate, 10 mM MgCl2, and
0.88 U glucose-6-phosphate-dehydrogenase), as described previously [45]. After 10 min of
pre-incubation, the reactions were started with a DAUN (500 µM) addition, and the solution
was further incubated for 30 min. Methanol (300 µL) was used to stop the reactions, and the
samples were cooled on ice and allowed to precipitate for 1 h at 4 ◦C. After centrifugation
(9050× g, 10 min), the solution was filtered through a 0.2 µm PTFE membrane (Whatman,
GE Healthcare, Uppsala, Sweden). The amount of DAUN-OL was analysed using ultra-
high-performance liquid chromatography (UHPLC). To determine the mode of interaction
between AKR1C3 and ZAN, AKR1C3 was incubated with DAUN (200–2000 µM) and ZAN
(1, 5, 10 µM) or DMSO, and the Michaelis–Menten kinetic parameters were calculated and
transformed into a Lineweaver–Burk plot using GraphPad Prism 9.3.1 (GraphPad Software,
Inc., La Jolla, CA, USA).

2.5. Inhibition of AKR1C3 in Transiently Transfected HCT116 Cells

Vector coding for AKR1C3 (pCI_AKR1C3) and pCI empty vector (EV) was generated, pu-
rified from E. coli HB101, and used to transfect HCT116 cells, as described previously [43,46].
In brief, HCT116 cells (approximately 30× 104 cells/well) were seeded into 24-well plates and
cultured for 24 h under standard conditions (5% CO2, 37 ◦C). The transfection mixture (0.25 µg
plasmid and 0.75 µL jetPRIME® Transfection Reagent in jetPRIME buffer) was prepared ac-
cording to the manufacturer’s protocol (Polyplus Transfection, Illkirch, France). After 24 h, the
culture medium was refreshed, the transfection mixture (37.5 µL) was added dropwise to each
well, and the cells were incubated (37 ◦C, 5% CO2) for 24 h before being used for subsequent
experiments. The functional expression of AKR1C3 was verified, as previously described [43].
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To study the inhibition of AKR1C3 in HCT116-transfected cells, the culture medium was
harvested and replaced with fresh medium containing DAUN (1 µM) and ZAN (1, 5, 10,
and 50 µM) or DMSO (vehicle). HCT116 cells harbouring EV (HCT116-EV) or pCI_AKR1C3
(HCT116-AKR1C3) were incubated with DAUN and ZAN, or its vehicle DMSO, for 2 and
4 h (37 ◦C, 5% CO2). At specified intervals, the culture medium was collected and cells were
lysed with 200 µL of lysis buffer (25 mM Tris, 150 mM NaCl, and 1% Triton X-100, pH 7.8)
for 15 min at room temperature (25 ◦C). The medium was mixed with the cell lysate, DAUN
and DAUN-OL were extracted twice with 1 mL of ethyl acetate, and the organic phases were
evaporated under vacuum. These residues were then dissolved in the mobile phase and
analysed using UHPLC.

2.6. UHPLC

The amount of DAUN-OL was determined using UHPLC with fluorescence detection.
Briefly, an Agilent 1290 Series UHPLC chromatographic system equipped with a Zorbax C18
Eclipse Plus (2.1 × 50 mm, 1.8 µm) column and a 1290 Infinity inline filter (Agilent, Santa
Clara, CA, USA) was used. The mobile phase was a mixture of 0.1% formic acid in water and
acetonitrile at a ratio of 74:26 (v/v). Isocratic elution and a flow rate of 0.7 mL/min were used.
The excitation and emission wavelengths of the detector were 480 and 560 nm, respectively.

2.7. Drug Combination Assays

Prior to drug combination studies, HCT116 cells were transfected using the same
procedure as described above, but optimised for the 96-well plate. In detail, HCT116
cells (approximately 8 × 103 cells/well) were seeded in 96-well plates and cultured for
24 h (5% CO2, 37 ◦C). The next day, the cells were transfected with pCI_AKR1C3 or EV,
according to the manufacturer’s protocol (Polyplus Transfection, Illkirch, France). In each
well of the 96-well plate, a mixture of 0.10 µg plasmid and 0.20 µL jetPRIME® Transfection
Reagent in jetPRIME buffer was added and incubated for 10 min at room temperature
(25 ◦C). The polyplexes (5 µL) were then added dropwise to HCT116 cells cultured in
100 µL of fresh DMEM supplemented with 10% FBS and further incubated for 24 h (5%
CO2, 37 ◦C). A549 cells (approximately 5 × 103 cells/well) were seeded into 96-well
plates, cultured under standard conditions (37 ◦C, 5% CO2) for 24 h, and then directly
used for the experiments. To determine whether ZAN counteracts AKR1C3-mediated
DAUN resistance, the culture medium was changed to a fresh medium containing DAUN
(0.1–5 µM for HCT116-AKR1C3 and HCT116-EV; 0.01–1 µM for A549) and ZAN (5 and
10 µM for HCT116-AKR1C3 and HCT116-EV; 1 and 5 µM for A549), or DMSO (a vehicle).
The cells were incubated for 72 h under standard conditions (37 ◦C, 5% CO2) before their
viability assessment by XTT assay. Apart from these combinations, the cytotoxicity of ZAN
itself (0.1–50 µM) was also determined for both cell lines. The Chou–Talalay method was
used to quantify combination effects [47,48].

2.8. XTT Cell Proliferation Assay

An XTT solution consisting of XTT powder (1 mg/mL) and phenazine methosulfate
(3 mg/mL) in phosphate-buffered saline (PBS) was added to HCT116, A549, HepG2, and
KG1α cells and incubated for 1.5 h (HCT116, A549, HepG2) or 4 h (KG1α). Absorbance was
measured at 450 nm using a microplate reader (Infinite M200; Tecan, Salzburg, Austria).
This method was used to verify the lack of ZAN toxicity in cellular inhibitory assays, drug
combination studies, and induction experiments.

2.9. Accumulation Studies in KG1α and A549 Cells

To study the effect of ZAN on DAUN accumulation, KG1α (approximately
50 × 104 cells/well) and A549 cells (approximately 35 × 104 cells/well) were seeded into
24- and 12-well plates, respectively. After 24 h, ZAN (1, 5, 10, and 25 µM), LY335979 (2 µM),
Ko143 (2 µM), and MK571 (25 µM) (selective inhibitors of the ABC transporters ABCB1,
ABCG2, and ABCC1, respectively) were added to the cells and incubated for 15 min. Then,
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2 and 1 µM DAUN were pipetted into A549 and KG1α cell cultures, respectively. Following
1 h of incubation, the cells were washed twice with cold PBS and used for further analysis
of DAUN accumulation using a Sony SA3800 Spectral Cell Analyser (Sony Biotechnology,
San Jose, CA, USA) flow cytometer with a laser set to 488 nm. The SA3800 software (Sony
Biotechnology, San Jose, CA, USA) was used to evaluate the data.

2.10. Determination of ZAN Cytotoxicity in HepG2 and KG1α Cells

Prior to the induction studies, the cytotoxicity of ZAN alone was tested to determine a
relatively non-toxic concentration suitable for subsequent experiments. HepG2 (approx-
imately 18 × 103 cells/well) and KG1α (approximately 25 × 103 cells/well) cells were
seeded into 96-well plates, and either on the same day (KG1α), or after a 24 h-incubation
(HepG2 cells), were treated with ZAN (0.1–50 µM) or DMSO (vehicle). After incubation for
48 h under standard conditions (37 ◦C, 5% CO2), the effect of ZAN on cancer cell viability
was measured using the XTT assay.

2.11. Induction Studies in HepG2 and KG1α Cells

Induction studies were performed as previously described [46]. HepG2 (approximately
20 × 104 cells/well) and KG1α (approximately 35 × 104 cells/well) cells were seeded into
48-well plates. While the KG1α cells were immediately treated with ZAN (0.5 µM) or DMSO
(a vehicle), the HepG2 cells were first cultured for 24 h and then treated with 0.5 µM ZAN
or a vehicle control. After 24 and 48 h of incubation, the medium was removed, the cells
were lysed in TriReagent, and the total RNA was isolated using the Zymo Research Direct-
zolTM RNA Miniprep kit and transcribed into cDNA, according to the manufacturer’s
instructions (ProtoScript® II Reverse Transcriptase, New England Biolabs, Ipswich, MA,
USA). AKR1C3 mRNA levels were quantified using quantitative real-time PCR (qRT-PCR).
The PCR contained 1x concentrated XCEED qPCR SG Mix, AKR1C3-specific primers
(1 µM), and 20 ng of cDNA. qPCR was performed using QuantStudio 6flex (Applied
Biosystems by Life Technologies, Carlsbad, CA, USA) set to the following conditions: initial
denaturation at 95 ◦C for 10 min, followed by 40 cycles at 95 ◦C for 15 s and 65 ◦C for
1 min. Absolute quantification of AKR1C3 expression was achieved by comparing samples
with the concomitantly amplified AKR1C3 standard, which was generated as described
previously [43].

2.12. Statistical Analysis

Statistical analysis of the data was performed using GraphPad Prism software version
9.3.1 (GraphPad Software Inc., La Jolla, CA, USA) using ordinary one-way analysis of
variance (ANOVA) followed by Dunnett’s post hoc test or unpaired t-test with Welch’s
correction, as specified in the respective figure legends. Statistical significance was set
at p < 0.05. In the case of drug combination studies, the combination indices (CI) were
used to distinguish between synergism (CI < 0.9), additivity (CI = 0.9–1.1), and antagonism
(CI > 1.1), which were calculated using CompuSyn software (version 1.0; ComboSyn Inc.,
Paramus, NJ, USA).

3. Results
3.1. ZAN Inhibits the Recombinant AKR1C3-Mediated DAUN Reduction In Vitro

First, we investigated whether ZAN could inhibit ANT metabolism using the re-
combinant enzyme. AKR1C3 was incubated with the substrate DAUN, with or without
ZAN. As can be seen from the half-maximal inhibitory concentration (IC50) (Figure 1A),
ZAN interacted with AKR1C3 and potently inhibited the reduction of DAUN to C13-
hydroxy-metabolite daunorubicinol (DAUN-OL) in a dose-dependent manner. Further-
more, Michaelis–Menten kinetics and the Lineweaver–Burk double reciprocal plot provided
evidence of a mixed-type mode of inhibition (inhibition constant (Ki) = 2.9 µM, α > 1.0)
(Figure 1B,C).
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Figure 1. Zanubrutinib (ZAN) inhibits daunorubicin (DAUN) reduction catalysed by human recom-
binant AKR1C3. (A) IC50 of AKR1C3 inhibition. (B) Determination of the inhibition constant (Ki).
(C) Mode of inhibition graphically represented by the Lineweaver–Burk plot. All data are expressed
as the mean ± standard deviation (SD) from at least three independent experiments. 95% CI = 95%
confidence interval.

3.2. Effect of ZAN on AKR1C3-Mediated DAUN Metabolism in Transfected HCT116 Cells

Next, we investigated the effect of ZAN on AKR1C3-mediated DAUN metabolism in
intact cells. HCT116 cells were chosen because of their negligible endogenous expression of
AKR1C3 and high transfectability [43]. HCT116 cells were transfected with pCI_AKR1C3
or an EV. Transfected cells were treated with DAUN (1 µM) and ZAN (or vehicle control),
which were used at concentrations that were non-toxic to HCT116 cells, at a reaction
interval of 2 and 4 h (data not shown). Figure 2 shows that ZAN, at all concentrations
tested, significantly inhibited the conversion of DAUN to DAUN-OL in HCT116-AKR1C3
cells, proving that ZAN can influence the intracellular activity of the enzyme.

3.3. ZAN Overcomes DAUN Resistance in A549 and Transfected HCT116 Cells

After confirming that ZAN inhibits AKR1C3 intracellularly, we analysed whether
a decrease in DAUN metabolism modulates ANT resistance in HCT116 cells. HCT116-
AKR1C3 and HCT116-EV cells were treated with various combinations of DAUN and
ZAN. In HCT116 cells expressing AKR1C3, the value of IC50 for DAUN alone was almost
two times higher than the value of IC50 obtained from experiments with HCT116-EV cells.
These data demonstrate that the expression of AKR1C3 protects cancer cells from DAUN
toxicity. Importantly, as can be seen from the shifts in IC50 values, the DAUN resistance
of HCT116-AKR1C3 cells was reversed when ZAN (5 or 10 µM) was added to the culture
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(Figure 3A). No such significant changes in IC50 were found in experiments with HCT116-
EV cells (Figure 3B), confirming the critical role of the ZAN-AKR1C3 interaction in the
DAUN resistance reversal effect. Combination effects were precisely quantified using
the Chou–Talalay method [47,48]. Combination index (CI) vs. fraction of cells affected
(FA) plots were created. Cells that survived the treatment were considered unaffected.
The values of CI for DAUN with ZAN (5 or 10 µM) resulted in synergism (CI = 0.3–0.9)
in HCT116-AKR1C3 cells. The lowest value of CI was detected when 10 µM ZAN was
combined with 0.25 µM DAUN (CI = 0.33 ± 0.11). In contrast, additivity to antagonism
was detected when the examined drug combinations were tested in HCT116-EV cells
(CI = 0.9–10) (Figure 3C,D).
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Figure 2. Zanubrutinib (ZAN) inhibits AKR1C3-mediated daunorubicin (DAUN) metabolism in
intact cells. Transfected HCT116 cells were incubated with DAUN (1 µM) in combination with ZAN
(1, 5, 10 and 50 µM) or its vehicle dimethyl sulfoxide (DMSO) for 2 and 4 h. DAUN-OL was then
extracted and its amount was analysed by ultra-high-performance liquid chromatography (UHPLC).
Data were evaluated with one-way analysis of variance (ANOVA), followed by Dunnett’s post hoc
test. ** p < 0.01 and **** p < 0.0001 compared to DMSO vehicle control. The values are expressed as
mean ± standard deviation (SD) from three independent experiments.

After confirming that the inhibition of AKR1C3 remains beyond the synergy be-
tween DAUN and ZAN in transfected cells, combination studies were performed with
the lung adenocarcinoma cell line A549, which naturally expresses considerable amounts
of AKR1C3 [43]. Similar to HCT116-AKR1C3 cells, significant shifts in IC50 values were
detected when A549 cells were treated with a combination of DAUN and ZAN (1 and
5 µM) (Figure 4A). Using the Chou–Talalay method, a synergistic effect was detected
over the entire range FA, with the lowest CI value detected for the combination of 5 µM
ZAN + 0.75 µM DAUN (CI = 0.06 ± 0.05) (Figure 4B).

3.4. ZAN Increases DAUN Accumulation by Inhibiting the Efflux Activity of ABC Transporters

As mentioned in the Introduction, not only AKR1C3, but also ABC transporters are IBR
off-targets [41,49]. ABC transporters actively pump ANTs out of cancer cells, decreasing
their effective concentration and contributing to drug resistance [50]. The fact that IBR
re-sensitises drug-resistant ABCC1-overexpressing leukaemia cells to DOX [41] inspired us
to investigate whether a similar interaction could be observed with ZAN. A549 and KG1α
leukaemia cells were selected for our experiments because of their high ABC transporter
expression. Using selective modulators LY335979 (inhibitor of ABCB1), Ko143 (ABCG2
inhibitor), and MK571 (ABCC1 inhibitor), along with substrate DAUN, we demonstrated
the functional presence of the ABCB1 transporter in KG1α and the existence of ABCG2 and
ABCC1 in the A549 cell line (Figure 5A,B). Furthermore, both the cell lines were incubated
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with a combination of DAUN and ZAN. The obtained data showed that ZAN at 10 and
25 µM inhibited DAUN efflux in A549 cells, while 5, 10, and 25 µM ZAN interacted with
the ABCB1 transporter expressed in KG1α cells (Figure 5). Importantly, our results with
model inhibitors correlate well with previous reports on the expressions and/or functional
activities of examined transporters in selected cellular models [51–54].
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Figure 3. Zanubrutinib (ZAN) counteracts AKR1C3-mediated daunorubicin (DAUN) resistance in
cancer cells. HCT116-AKR1C3 (A) and HCT116-EV (B) cells were treated with dimethyl sulfoxide
(DMSO) (a vehicle) or ZAN (5 and 10 µM) and increasing concentrations of DAUN (0.1–5 µM). After
72 h of incubation, cell viability was evaluated using the XTT test. GraphPad Prism 9.3.1. was used
for one-way analysis of variance (ANOVA), followed by Dunnett’s post hoc test. ns = non-significant,
* p < 0.05, and ** p < 0.01 compared to DMSO vehicle control. 95% CI = 95% confidence interval.
Chou–Talalay analysis was conducted to create combination index (CI) vs. fraction of cells affected
(FA) plots for 5 (C) and 10 µM ZAN (D) in order to distinguish between synergism (<0.9), additivity
(0.9–1.1), and antagonism (>1.1). The dotted line was positioned at CI = 1 for better orientation. Data
are presented as mean ± standard deviation (SD) from three independent experiments.

3.5. ZAN Does Not Affect AKR1C3 Expression

In addition to inhibition, changes in AKR1C3 expression may affect the pharmaco-
logical fate of ANTs. Therefore, in the last part of our study, we investigated how ZAN
affects the intracellular levels of AKR1C3 mRNA. Along with the KG1α leukaemia cells,
the HepG2 hepatocarcinoma cell line was used as a liver model to evaluate whether ZAN
has the potential to influence whole-body DAUN pharmacokinetics. First, we tested the
effects of ZAN on the viability of HepG2 and KG1α cells to determine the concentration
with tolerable cytotoxicity. Based on these experiments (Figure 6A,B), a pharmacologically
relevant [55] and negligibly cytotoxic concentration of 0.5 µM ZAN was used for induction
studies. The qRT-PCR results showed that ZAN did not cause any significant changes in
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AKR1C3 mRNA expression in either the KG1α or HepG2 cells (Figure 6C,D). These results
confirmed that exposure to ZAN does not strengthen the resistance phenotype inside the
cancer cells or force DAUN elimination from the body.
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Figure 4. Zanubrutinib (ZAN) counteracts daunorubicin (DAUN) resistance in A549 cells. (A) A549 cells
were treated with dimethyl sulfoxide (DMSO) (a vehicle) or ZAN (1 and 5 µM) and increasing con-
centrations of DAUN (0.01–1 µM), incubated for 72 h, and then cell viability was evaluated using the
XTT test. GraphPad Prism 9.3.1. was used for one-way analysis of variance (ANOVA), followed by
Dunnett’s post hoc test. ** p < 0.01 and **** p < 0.0001 in regards to DMSO vehicle control. 95% CI = 95%
confidence interval. (B) Chou–Talalay analysis was performed to create the combination index (CI)
vs. fraction of cells affected (FA) plot for 1 and 5 µM ZAN and to distinguish synergism (<0.9) from
additivity (0.9–1.1) and antagonism (>1.1). The dotted line was positioned at CI = 1 for better orientation.
Data are presented as mean ± standard deviation (SD) from three independent experiments.
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Figure 5. Flow cytometry analysis of daunorubicin (DAUN) accumulation in A549 (A) and KG1α
cells (B). A549 and KG1α cells were preincubated with zanubrutinib (ZAN) (1, 5, 10, and 25 µM) or
selective inhibitors of ABC transporters: LY335979 (inhibitor of ABCB1), Ko143 (inhibitor of ABCG2),
or MK571 (inhibitor of ABCC1). After preincubation, 2 µM (A549) or 1 µM DAUN (KG1α) were
added to the cells. The bar graphs represent the DAUN accumulation in % relative to the dimethyl
sulfoxide (DMSO) vehicle control. Data were analysed by one-way analysis of variance (ANOVA),
followed by Dunnett’s post hoc test; ns = non-significant, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.
Data are presented as mean ± standard deviation (SD) from three independent experiments.
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Figure 6. Effect of zanubrutinib (ZAN) on AKR1C3 mRNA expression in HepG2 and KG1α cell
lines. To find a non-toxic ZAN concentration, HepG2 (A) and KG1α (B) cells were treated with
ZAN (0.1–50 µM) or dimethyl sulfoxide (DMSO) (a vehicle) for 48 h, and the cell viability was
evaluated by the XTT test. Furthermore, determination of AKR1C3 mRNA following ZAN (0.5 µM)
exposure was performed in HepG2 (C) and KG1α (D) cells. qRT-PCR was used to monitor changes
in AKR1C3 mRNA expression following a 24 and 48 h incubation. The Student’s unpaired t-test with
Welch’s correction was used to assess statistical significance; ns = non-significant. The data represent
mean ± standard deviation (SD) from at least three independent experiments.

4. Discussion

The FDA approved ZAN as a second-line therapy for relapsed/refractory marginal
zone lymphoma (MZL) and mantle cell lymphoma (MCL), and as a first-line treatment
for Waldenström’s macroglobulinaemia [23–25]. Currently, ZAN, either alone or in com-
bination with other drugs, is being studied in 66 clinical trials, of which 48 are currently
recruiting, or have not started recruiting yet [56]. In addition to FDA-approved indications,
the effectiveness of ZAN has been tested in other B-cell malignancies, such as CLL/small
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lymphocytic lymphoma (SLL), diffuse large B-cell lymphoma (DLBCL), CNS lymphoma,
and follicular lymphoma [57–61]. CLL/SLL and indolent lymphomas are typically charac-
terised by slow growth rates that allow a “watch and wait” strategy, if no symptoms are
present [62–65]. However, genetic alterations leading to blastic transformations, such as
Richter’s syndrome in B-CLL, can cause serious complications. They drive the aggression
of cancer cells, and the disease progression requires immediate treatment [66,67]. Although
rituximab + cyclophosphamide + ANT + vincristine + prednisone (R-CHOP) and other
ANT-containing chemotherapy regimens are generally effective in such cases, some patients
do not respond to the therapy. Patients who are naturally insensitive or resistant to drug
therapy during treatment require new strategies to overcome resistance issues and prevent
disease relapse [68].

Several factors that impair the effectiveness of ANT treatment in cancer cells have
been identified. Metabolic inactivation and drug efflux, mediated by ABC transporters, are
among the most important factors. AKR1C3 reduces DAUN and DOX to less potent C13-
hydroxy-metabolites, whereas ABC transporters pump ANTs out of cancer cells, decreasing
their effective concentration [30–33]. In our experiments, ZAN inhibited AKR1C3 at
the level of a recombinant enzyme in AKR1C3-overexpressing intact cells. Synergism
between DAUN and ZAN was detected in HCT116-AKR1C3 cells when ZAN was tested
at concentrations of 5 and 10 µM. In A549 cells, a similar effect was observed with ZAN,
even at a concentration of 1 µM, which can be explained by the dual inhibition of both
AKR1C3 and ABC transporters. In a phase 1 study, a therapeutic dose of 320 mg resulted
in a ZAN plasma Cmax of 1.4 µM [55]. Therefore, it is presumed that the effects observed
in our in vitro experiments could also be manifested in patients with cancer. Importantly,
no upregulation of AKR1C3 mRNA was detected upon ZAN treatment of HepG2 or KG1α
cells, suggesting that ZAN does not affect systemic DAUN metabolism or influence the
resistance of cancer cells to DAUN by promoting changes in AKR1C3 expression.

There are several lines of evidence regarding the role of AKR1C3 and ABC trans-
porters in aggressive lymphomas and their sensitivity to ANT therapy, identifying them
as potential drug targets. First, AKR1C3 expression was detected in samples obtained
from patients with DLBCL treated with anthracycline-based therapy. Second, the AKR1C3
single nucleotide polymorphism may influence the survival outcomes of patients receiv-
ing the CHOP regimen [69]. Finally, the role of ABC transporters in cancer responses to
ANT-containing chemotherapy has been suggested in DLBCL [70], MCL [71], and Burkitt
lymphoma [72]. In addition to the primary indication of BTK inhibitors in CLL and lym-
phomas, their efficacy has recently been demonstrated in AML and solid tumours [73–76].
Rushworth et al. (2014) discovered that BTK is phosphorylated (p-BTK), and is thus consti-
tutively active in the majority of samples obtained from patients with AML. Importantly,
ibrutinib was found to enhance the cytotoxic effect of DAUN in high p-BTK-expressing
AML cells and in the U937 cell line, but not in CD34+ non-malignant cells [75]. However,
the mechanism of DAUN-IBR synergism may potentially be BTK-independent [77]. Our
current results suggest that inhibition of DAUN metabolism and/or its cellular efflux may
help to explain the ANT-sensitising effects of the BTK inhibitor ZAN. Importantly, AKR1C3
is not only an ANT-reductase, but is also involved in the production of sex hormones and
pro-proliferative prostaglandins [78–80]. The association between AKR1C3 expression
and poor patient prognosis has been proven many times in different solid tumours (e.g.,
breast, prostate, and liver) [35,81–83]. Several studies have further pointed to a potential
link between AKR1C3 and leukaemogenesis [78,80,84]. Moreover, maternal and offspring
polymorphisms of AKR1C3 were found to be associated with an increased risk of the
development of childhood leukaemia [85], contributing to the FDA’s list of AKR1C3 as
a relevant target in paediatric oncology [86,87]. Therefore, by targeting AKR1C3, ZAN
may affect both leukaemia- and hormone-dependent, as well as independent, cancers. This
further supports the rationale for combining ZAN with ANT therapy in cancers with a high
expression of AKR1C3 and/or ABC transporters. If confirmed in vivo, this information
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may be translated into an effective therapeutic strategy beneficial for a significant number
of patients.
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Abstract: N-(2-fluorphenyl)-6-chloro-4-hydroxy-2-quinolone-3-carboxamide (R19) is a newly synthe-
sized phosphatidylinositol 3-kinase alpha (PI3Kα) inhibitor with promising activity against cancer
cells. The purpose of this study was to develop a polymeric nanoparticle (NP) formulation for R19
to address its poor aqueous solubility and to facilitate its future administration in preclinical and
clinical settings. NPs were prepared by nanoprecipitation using two polymers: D-α-tocopheryl
polyethylene glycol 1000 succinate (vitamin E TPGS) and the poloxamer Pluronic P123 in different
ratios. Physicochemical characterization of the NPs revealed them to be around 100 nm in size
with high monodispersity, a spherical morphology, and an almost neutral surface charge. The NPs
achieved ~60% drug loading efficiency and sustained release of R19 for up to 96 h, with excellent
colloidal stability in serum-containing cell culture media. NPs containing TPGS enhanced R19’s
potency against MCF-7 and MDA-MB-231 breast cancer cells in vitro, with half-maximal inhibitory
concentrations (IC50) ranging between 1.8 and 4.3 µM compared to free R19, which had an IC50 of
14.7–17.0 µM. The NPs also demonstrated low cytotoxicity against human dermal fibroblasts and
more significant induction of apoptosis compared to the free drug, which was correlated with their
cellular uptake efficiency. Our findings present a biocompatible NP formulation for the delivery of
a cancer-targeted PI3Kα inhibitor, R19, which can further enhance its potency for the treatment of
breast cancer and potentially other cancer types.

Keywords: breast cancer; nanomedicine; PI3Kα; poloxamers; polymeric nanoparticles; TPGS

1. Introduction

Despite advances in early detection and medical treatments, cancer remains one of
the leading causes of death globally [1]. Cancer treatment regimens typically include
surgery, radiotherapy, and chemotherapy [2]. Chemotherapy involves the use of cytotoxic
agents, which are accompanied by immediate and chronic side effects that can significantly
impact cancer patients’ quality of life. The side effects are mainly attributed to the systemic
distribution of the cytotoxic agent and a lack of selectivity in killing normal and cancer
cells alike [3]. For this reason, significant efforts have been dedicated to the discovery of
targeted therapies that can reduce the systemic side effects of chemotherapy.

Protein kinases are important enzymes that modify other proteins by phosphorylation,
which consequently regulates the function of these proteins and their downstream signaling
pathways. Several kinases have been found to be dysregulated in various cancers, which
has inspired the development of kinase inhibitors as cancer-targeted therapies [4]. The
phosphatidylinositol-3-kinases (PI3Ks) are a family of lipid kinases that are important for
the regulation of cell metabolism, proliferation, migration, and survival [5]. PI3Ks are
part of a signaling pathway that includes Akt and the mammalian target of rapamycin
(mTOR). The PI3K/Akt/mTOR signaling pathway regulates the growth of both normal
and cancer cells and has been shown to be hyperactivated in cancer cells [6–8]. Three
classes of PI3Ks are known; class I, II, and III. Class I can be divided into Class IA and
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Class IB. Class IA is the class of concern since it is directly linked to cancer progression.
Class IA PI3K consists of α, β, and δ isoforms, which are encoded by the genes PIK3CA,
PIK3CB, and PIK3CD, respectively [5,9]. Several cancers have demonstrated abnormal
PI3Kα/Akt/mTOR signaling pathway activation, in which PIK3CA gene expression has
been implicated [9].

N-phenyl-6-chloro-4-hydroxy-2-quinolone-3-carboxamides (Figure 1) are a group
of newly developed anticancer agents with inhibitory activity against PI3Kα. A series
of different analogues were recently synthesized to achieve the maximum inhibition of
cancer cells with the lowest possible toxicity on normal cells. N-(2-fluorphenyl)-6-chloro-4-
hydroxy-2-quinolone-3-carboxamide (R19) was found to be an effective inhibitory agent
against human colon carcinoma (HCT-116) and human epithelial colorectal adenocarcinoma
(Caco-2) cell lines, with half-maximal inhibitory concentrations (IC50) of 5.3 and 17.0 µM,
respectively. Moreover, R19 was tested for its activity on the PI3K/Akt/mTOR signaling
pathway, where gene expression analysis revealed a significant reduction in the expression
of PI3K and Akt genes and a significant increase in the pro-apoptotic gene Bcl-2-associated
death promoter (BAD) [9]. Despite its promising anticancer potency, R19 and its newly
developed analogs suffer from poor aqueous solubility, which will be a limiting factor in
the clinical translation of this class of compounds.
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and R19 [9].

Nanotechnology has revolutionized the way that we treat diseases, especially cancer.
Nanosized drug carriers or nanoparticles (NPs) can improve the solubility, permeability,
absorption, delivery, and targeting of drug molecules to the site of action [10–12]. Polymeric
NPs are a particularly attractive delivery approach due to their highly tunable properties,
which can be leveraged to achieve better solubility, bioavailability, controlled release, and
targeting of drug candidates by passive and active targeting mechanisms [13–16].

Poloxamers are amphiphilic triblock copolymers composed of poly(ethylene oxide)
(PEO) and poly(propylene oxide) (PPO) (PEO-PPO-PEO) [17,18]. They are biocompatible
polymers that are used in various applications, especially as nanocarriers for hydrophobic
drugs [19]. Poloxamers have also been combined with other polymers to improve drug
loading, impart NP stability, and enhance drug solubility [18]. On the other hand, D-
α-tocopheryl polyethylene glycol 1000 succinate (vitamin E TPGS or TPGS) is a water-
soluble form of vitamin E that is used in drug delivery to prolong the circulation half-life,
enhance the bioavailability, improve the cytotoxicity, and synergize with other anticancer
drugs [20–23]. TPGS is used as a nanocarrier for hydrophobic and poorly water-soluble
drugs due to its amphiphilic nature [24,25].

In this study, we hypothesized that two biocompatible polymers, TPGS and a polox-
amer (Pluronic P123), can be used as nanocarriers for R19 encapsulation and delivery,
combining the benefits of both TPGS and poloxamers. To verify our hypothesis, R19 NPs
at different ratios of TPGS and Pluronic P123 were prepared and characterized for their
physicochemical properties. The NPs were also tested on breast cancer cell lines to evaluate
their bioactivity and biocompatibility.
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2. Materials and Methods
2.1. Materials

N-(2-fluorphenyl)-6-chloro-4-hydroxy-2-quinolone-3-carboxamide (R19) was synthe-
sized and characterized as previously described [9]. Pluronic P123 (P123), TPGS, and Nile
red (NR) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Phosphate buffered
saline solution (PBS, 10×, pH 7.4), potassium bromide (KBr), and dimethyl sulfoxide
(DMSO) were procured from Fisher Chemicals (Pittsburgh, PA, USA). Spectra/Por dialysis
membranes with 3500 and 12,000–14,000 Da molecular weight cut-offs (MWCO) were
obtained from Repligen (Waltham, MA, USA). Ultrapure water was prepared using a
Millipore Direct-Q 5UV system (EMD Millipore, Burlington, MA, USA).

2.2. Preparation of R19-Loaded NPs

R19-loaded NPs were produced via the nanoprecipitation technique, as previously
described [26]. Different NP formulations were prepared by varying the P123: TPGS ratio
(Table 1), and each batch was prepared in triplicate. Stock solutions of each polymer (P123
and TPGS) were first prepared at 20 mg/mL in DMSO. Each batch consisted of a 20 mg
polymer or polymer mixture, and the amount of drug was fixed at 2 mg. The organic phase
was prepared by mixing the appropriate volumes of polymer solutions in a microtube (total
volume 1 mL), to which 2 mg of R19 powder was added, and the mixture was vortexed
until the drug was completely dissolved. The resultant organic phase was then added
dropwise to 10 mL of ultrapure water under continuous stirring. After 30 min of stirring,
the NP dispersion was transferred to a dialysis membrane (3500 MWCO) and was dialyzed
against 2 L of deionized water under gentle stirring for 24 h. After 24 h, the dialysis bag
was emptied into a vial, and the samples were either used directly or were stored at 4 ◦C
for further characterization. Blank NPs were prepared as described above but without the
addition of R19. NR-labeled NPs were prepared by replacing R19 with NR (0.2 mg per NP
formulation), and the NPs were purified by dialysis, as described above. A schematic of
the NP preparation process is presented in Figure 2.

Table 1. Composition of R19-loaded NPs.

NP R19 (mg) Pluronic P123 (mg) TPGS (mg)

100% TPGS 2 0 20
25% P123/75% TPGS 2 5 15
50% P123/50% TPGS 2 10 10
75% P123/25% TPGS 2 15 5

100% P123 2 20 0
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2.3. Particle Size and Zeta Potential Measurements

Dynamic light scattering (DLS) was used for the measurement of the particle size and
polydispersity index (PDI) of the NPs. Electrophoretic light scattering was used for zeta
potential measurements. Samples were analyzed using a Nicomp® Nano Z3000 instrument
(Entegris, Billerica, MA, USA). For the analysis, fresh NPs (200 µL) were diluted at a ratio of
1:1 with ultrapure water to obtain a scattering intensity between 200 and 300 kHz. Results
were expressed as the mean ± standard deviation (SD), and each formulation was prepared
in triplicate.

2.4. Drug Loading Efficiency Determination

The amount of R19 loaded in the NPs and the drug loading efficiency were determined
by UV-Vis (UV-1800 spectrophotometer, Shimadzu, Kyoto, Japan). Fresh NPs (100 µL) were
diluted 10× in DMSO, and their UV absorbance was measured at 309 nm (λmax for R19).
The concentration of loaded R19 was then calculated based on a calibration curve of drug
absorbance at 309 nm versus concentration in DMSO. The concentration was multiplied by
the total volume of each formulation to obtain the total amount of loaded drug; then, the
drug loading efficiency (DL%) was calculated according to Equation (1):

Drug loading efficiency (DL%) = (Actual amount of drug loaded)/(Initial amount of drug added) × 100% (1)

NR-labeled NPs were also diluted 10× in DMSO, and the absorbance was measured
at 552 nm. A calibration curve of NR in DMSO was prepared at 552 nm and was used to
determine the NR concentration in the labeled NPs.

2.5. Transmission Electron Microscopy (TEM) Imaging

R19-loaded NPs were visualized by transmission electron microscopy (TEM). Samples
were prepared and were imaged as previously described [27].

2.6. Characterization by Fourier Transform-Infrared (FTIR) Spectroscopy

For analysis by FTIR, fresh R19-loaded NPs were lyophilized (FreeZone 4.5 L, Lab-
conco, Kansas City, MO, USA) and transformed into KBr pellets. The FTIR spectra of
R19, Pluronic P123, TPGS, and the R19-loaded NPs were acquired using an IR Affinity-1
spectrometer (Shimadzu, Kyoto, Japan) within a wavenumber range of 3600–500 cm−1.

2.7. Differential Scanning Calorimetry (DSC)

The thermal transitions of the R19-loaded NPs were examined using a Netzsch DSC
204 F1 instrument (Selb, Germany). Approximately 10 mg of lyophilized NPs, individual
polymers, and R19 were used for the analysis. The samples’ thermal behavior was inves-
tigated by heating from ambient temperature to 250 ◦C at a rate of 10 ◦C/min under a
nitrogen atmosphere.

2.8. Colloidal Stability of R19-Loaded NPs

The stability of the prepared NPs was evaluated upon incubation in cell culture media
for 24 h at 37 ◦C by monitoring the changes in particle size and in the PDI. In total, 200 µL
of each sample were diluted with 200 µL of cell culture medium supplemented with 10%
fetal bovine serum (FBS), and the samples were incubated for 24 h with shaking at 100 rpm
and 37 ◦C (Biosan ES-20 Orbital Shaker-Incubator, Riga, Latvia). Particle size and PDI of
the NPs were measured before and after 24 h incubation by DLS. The experiment was
performed in triplicate, and the results were reported as the mean ± SD.

2.9. In Vitro Release of R19 from R19-Loaded NPs

The in vitro release of R19 was evaluated using the dialysis method. Briefly, 1-mL
aliquots of fresh NPs were transferred to a dialysis bag (12,000–14,000 MWCO) in triplicate
and were inserted into vials containing 30 mL of phosphate-buffered saline (PBS, pH 7.4)
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supplemented with 0.5% w/v Tween 80 to maintain sink conditions [25]. The samples were
incubated under shaking at 100 rpm and 37 ◦C (Biosan ES-20 Orbital Shaker-Incubator).
At the designated sampling time points, 10 mL of each release medium was withdrawn
and replaced with 10 mL of fresh buffer. At the 24, 48, 72, and 96 h time points, 10 mL
samples were withdrawn, and the remaining release medium was replaced with 30 mL of
fresh buffer. The collected samples were lyophilized, redissolved in 1 mL of DMSO, and
centrifuged for 5 min at 4000 rpm to precipitate the undissolved buffer salts. The amount of
R19 released was then measured by analyzing the UV absorbance of the supernatant based
on the calibration curve of R19 in DMSO. Results were expressed as the average cumulative
release (%) versus time (h). The release profiles were compared by calculating the similarity
factor (f 2) between each of the two formulations according to Equation (2) [28]:

f 2 = 50 × log[(1 + 1/n ∑(Rt - Tt)2)−0.5 × 100] (2)

where n is the number of sampling time points, and Rt and Tt are the cumulative amounts
released from every two formulations at each time point t.

2.10. Cell Viability Assays

Cell viability assays were conducted on the MCF-7 and MDA-MB-231 breast cancer
cells as well as on human dermal fibroblasts (HDFs) as normal cells. Cell lines were obtained
from the American Type Culture Collection (ATCC, Manassas, VA, USA). MCF-7 cells were
grown in Minimum Essential Medium (MEM; Gibco, Thermo Fisher Scientific, Waltham,
MA, USA). MDA-MB-231 cells were grown in Roswell Park Memorial Institute (RPMI)
1640 medium (Euroclone SpA, Milan, Italy). HDFs were grown in Dulbecco’s Modified
Eagle’s Medium (DMEM; Euroclone SpA). All media were supplemented with 10% heat-
inactivated fetal bovine serum (FBS; Capricorn Scientific, Ebsdorfergrund, Germany) and
penicillin–streptomycin (100 U/mL–100 µg/mL; Euroclone SpA). Cells were maintained
at 37 ◦C in a humidified 5% CO2 incubator. For the viability assays, cells were seeded in
96-well plates at a density of 10,000 cells/well (MCF-7 and MDA-MB-231) or 7000 cells/well
(HDFs) and were incubated overnight. The next day, cells (n = 5 per treatment group)
were treated with R19 (from a 20 mg/mL stock solution in DMSO) and R19-loaded NPs
(freshly prepared and dispersed in water) at concentrations between 0 and 300 µM of R19
diluted in complete culture medium for 48 h. Another group of cells was treated with blank
NP formulations at concentrations equivalent to the concentrations used for R19-loaded
NPs. At the end of the incubation period, the medium was removed, and 100 µL of fresh
medium containing 0.5 mg/mL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT, Wheeling, IL, USA) was added to each well. Following incubation for
2 h, the medium was removed, and 100 µL of DMSO was added to each well to dissolve
the formazan crystals. The optical density of each well was measured at 540 nm using a
BioTek Synergy HTX Multi-Mode Reader. Cell viability was expressed as the % relative
to the untreated cells. IC50 values were determined by a non-linear regression analysis
of cell viability versus concentration curves using GraphPad Prism software version 7.00
(San Diego, CA, USA).

2.11. Mitochondrial Membrane Potential Assay

The mitochondrial membrane potential of MCF-7 and MDA-MB-231 cells treated with
R19 and the R19-loaded NPs was measured using the JC-1 probe (Abcam, Cambridge,
UK) [29]. Briefly, cells were seeded in 96-well plates at a density of 10,000 cells/well
overnight. The next day, cells were treated with 20 µM of free R19 or an equivalent
concentration of R19-loaded NPs for 24 h in triplicate (100 µL per well). After 24 h, JC-1
was diluted in PBS to a concentration of 20 µM, and 100 µL of the dye solution was added
to each well. The cells were incubated with JC-1 for 10 min at 37 ◦C, and the fluorescence
intensity of the wells was then measured using a BioTek Synergy HTX Multi-Mode Reader
at 485 nm/528 nm excitation/emission wavelengths for the detection of the green JC-1
monomers and at 540 nm/620 nm excitation/emission wavelengths for the detection of the
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red JC-1 aggregates. The results were expressed as the ratio of green/red fluorescence after
subtracting the background fluorescence of the unstained cells.

2.12. Cellular Uptake of NR-Labeled NPs

Cellular uptake assays were conducted in MCF-7 and MDA-MB-231 cells using NR-
labeled NPs. Briefly, cells were seeded in 24-well plates at a density of 50,000 cells/well.
The next day, cells were treated with NR dissolved in complete culture medium (MEM for
MCF-7 cells or RPMI 1640 for MDA-MB-231 cells) at a concentration of 1 µg/mL or at an
equivalent concentration of NR NPs for 1 h (n = 3). Then, the medium was removed, the
cells were washed with PBS twice, and 500 µL of PBS was added to each well. NR fluores-
cence was quantified using a BioTek Synergy HTX Multi-Mode Reader at 540 nm/620 nm
excitation/emission wavelengths. Untreated cells were used as background controls, and
cell-associated fluorescence was normalized relative to the untreated cells.

2.13. Statistical Analysis

All data are presented as mean ± SD of at least three different trials. Differences be-
tween sample means were compared using one- or two-way analysis of variance (ANOVA)
followed by Tukey’s or Sidak’s multiple comparison test, respectively, where a p-value of
0.05 was considered statistically significant. All analyses were performed in GraphPad
Prism version 7.00.

3. Results and Discussion
3.1. Preparation and Characterization of R19-Loaded NPs

Here, we investigated the feasibility of incorporating R19 in a polymeric NP formula-
tion to ensure its solubility, stability, and potential targeting ability when applied in vivo
due to the enhanced permeability and retention (EPR) effect [15,30]. NPs were prepared by
nanoprecipitation, as it is a simple and convenient method for entrapping hydrophobic
drugs in polymeric NPs (Figure 2) [31]. R19 was formulated using two types of biocompati-
ble polymers to evaluate the loading capacity of the NPs for the drug, the size of the NPs
produced, and the effectiveness and safety toward cancer and normal cells.

Several formulations were prepared using different ratios of P123: TPGS (Table 1), and
the characteristics of the NPs in terms of particle size, PDI, and DL% are presented in Table 2.
The R19-loaded NPs were initially prepared using 100% P123. The average DL% was 59%,
and the average particle size of the NPs was 100 nm, with a PDI of 0.17. Then, TPGS was
used in combination with P123 to evaluate its effect on the DL% and particle size. Different
ratios of both polymers were prepared: 100% TPGS (0% P123), 25% P123/75% TPGS, 50%
P123/50% TPGS, and 75% P123/25% TPGS. Interestingly, as shown in Table 2, the different
NP formulations showed similar average particle sizes ranging between 92 and 112 nm.
With respect to the DL%, it ranged between 57 and 61%. Overall, the different ratios of
P123 with TPGS did not reveal a significant difference with regard to the DL% nor the
particle size of the NPs obtained. Likewise, the PDI of the formulations was relatively small
and ranged between 0.14 and 0.20. PDI is a measure of the uniformity of the particle size
distribution [32]. The PDI results revealed a narrow particle size distribution in all of the
NP formulations as the values were close to 0, reflecting the excellent monodispersity of the
NPs. Furthermore, the NPs were characterized by a spherical morphology when observed
under TEM (Figure 3).

Zeta potential is used as an indicator of a colloidal dispersion’s stability that is based
on the surface charge of the particles in contact with water [33]. The zeta potential values
for all of the NP formulations ranged between −30 mV and +30 mV, indicating that the NPs
carried an almost neutral surface charge. Since this may affect their aggregation tendency,
particularly when in contact with biological fluids, this led us to investigate the stability of
the R19-loaded NPs in cell culture media, as described later.
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Table 2. Characteristics of R19-loaded NPs reported as the mean ± SD of at least three different
batches of each NP.

NP Particle Size * (nm) PDI Zeta Potential (mV) DL%

100% TPGS 108 ± 8 0.20 ± 0.06 −1.7 ± 5.0 60 ± 6
25% P123/75% TPGS 92 ± 7 0.20 ± 0.03 −6.6 ± 19.6 57 ± 7
50% P123/50% TPGS 111 ± 8 0.14 ± 0.01 −5.4 ± 15.3 59 ± 10
75% P123/25% TPGS 112 ± 8 0.15 ± 0.05 16.0 ± 2.9 59 ± 6

100% P123 100 ± 8 0.17 ± 0.02 −10.5 ± 17.1 59 ± 7

* Intensity-weighted.
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played characteristic bands at 1750 cm−1 and at 2900–3000 cm−1, corresponding to the 
O−C=O stretching of its ester groups and C−H stretching, respectively [34]. The O−C=O 
stretching band appeared in the R19 NP formulation prepared with 100% TPGS and in 
the other formulations containing TPGS but with lower intensities due to the lower con-
centration. Moreover, this band disappeared in the formulations containing 100% P123. 
Pluronic P123 is a polyether characterized by a broad C−O−C stretching band between 
1000 and 1100 cm−1 [35]. P123 also showed a C−H stretching band at 2900–3000 cm−1, 
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Figure 3. TEM images of R19-loaded NPs prepared using (A) 100% TPGS, (B) 25% P123/75% TPGS,
(C) 50% P123/50% TPGS, (D) 75% P123/25% TPGS, and (E) 100% P123.

The five NP formulations were characterized by FTIR spectroscopy and were com-
pared to free R19 and the individual polymers P123 and TPGS (Figure 4). TPGS displayed
characteristic bands at 1750 cm−1 and at 2900–3000 cm−1, corresponding to the O−C=O
stretching of its ester groups and C−H stretching, respectively [34]. The O−C=O stretching
band appeared in the R19 NP formulation prepared with 100% TPGS and in the other
formulations containing TPGS but with lower intensities due to the lower concentration.
Moreover, this band disappeared in the formulations containing 100% P123. Pluronic
P123 is a polyether characterized by a broad C−O−C stretching band between 1000 and
1100 cm−1 [35]. P123 also showed a C−H stretching band at 2900–3000 cm−1, which is re-
lated to asymmetric C−H stretching in the methyl groups in PPO in addition to the band at
1300–1400 cm−1 [36]. R19 NPs exhibited the same bands at 1300–1400 cm−1. R19 and TPGS
showed similar bands that overlapped with P123. In addition to a broad –OH stretching
band between 2600 and 3200 cm−1, R19 displayed a sharp band at 1660 cm−1 corresponding
to the amide C=O stretching. This band was present in the NP formulations but had a
weaker intensity, most likely due to the low % of R19 in the formulations (around 6% w/w).
Overall, no new peaks were formed, which indicated no drug–excipient interaction.

The thermal transitions of the NP formulations were examined by DSC. As shown
in Figure 5A, R19 displayed broad endothermic melting peaks between 80 and 100 ◦C
and between 150 and 270 ◦C, indicating the nearly amorphous nature of the compound.
Neat TPGS (Figure 5B) exhibited a sharp endothermic melting peak at around 45.9 ◦C,
which is close to the literature value [37]. The R19-loaded NPs prepared using 100%
TPGS (Figure 5C) showed a reduction in the TPGS melting peak to 40.9 ◦C, suggesting an
interaction between the drug and the polymer, most likely representing van der Waals and
potentially H-bonding interactions. As P123 was added to the formulation, the melting
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peak of TPGS was slightly lowered to 38.2–39.5 ◦C in the R19 NPs composed of 25%
P123/75% TPGS (Figure 5D) and 50% P123/50% TPGS (Figure 5E), reflecting additional
polymer–polymer and polymer–drug interactions. Notably, the peaks that were originally
present in R19 disappeared in all of the NP formulations, suggesting that it is contained in
the NPs in an amorphous state. The neat P123 and NPs with 75% and 100% P123 could
not be analyzed due to the liquification of the polymer upon heating and the technical
limitations of the DSC instrument. However, according to the literature, P123 is known for
its thermal stability, with a weak endothermic peak appearing at 75 ◦C corresponding to
the melting of PEO chains and a strong endothermic peak at around 400 ◦C due to polymer
decomposition [38].
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Since the NPs were going to be evaluated in in vitro cell culture, we tested the colloidal 
stability of the NPs in a serum-supplemented cell culture medium for 24 h. Figure 6 rep-
resents the particle sizes of the samples before and after 24 h of incubation at 37 °C in the 
cell culture medium. Interestingly, all of the NPs, except for those prepared using 100% 
TPGS, showed no significant changes in the particle size nor in the PDI upon incubation. 
On the other hand, the NPs composed of 100% TPGS underwent a significant size in-
crease (p < 0.05) from 88 nm to 108 nm that was accompanied by a marked increase in 
the PDI from 0.21 to 0.38 (p < 0.01). These results strongly indicate that the presence of 
P123, even at small percentages, can make the NPs more stable against aggregation 
when applied in biological systems. 
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3.2. Stability of R19-Loaded NPs

As mentioned earlier, the R19-loaded NPs may have a tendency toward aggregation
due to their low surface charge. It is challenging to maintain a stabilized particle size
distribution of the NPs in a colloidal dispersion, particularly in biological fluids. Since
the NPs were going to be evaluated in in vitro cell culture, we tested the colloidal stability
of the NPs in a serum-supplemented cell culture medium for 24 h. Figure 6 represents
the particle sizes of the samples before and after 24 h of incubation at 37 ◦C in the cell
culture medium. Interestingly, all of the NPs, except for those prepared using 100% TPGS,
showed no significant changes in the particle size nor in the PDI upon incubation. On
the other hand, the NPs composed of 100% TPGS underwent a significant size increase
(p < 0.05) from 88 nm to 108 nm that was accompanied by a marked increase in the PDI
from 0.21 to 0.38 (p < 0.01). These results strongly indicate that the presence of P123, even
at small percentages, can make the NPs more stable against aggregation when applied in
biological systems.
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3.3. In Vitro Release of R19 from R19-Loaded NPs

The different formulations of the R19-loaded NPs were subjected to release testing in
PBS buffer with a pH of 7.4 at 37 ◦C to mimic physiological conditions. As shown in Figure 7,
the cumulative drug release from all of the formulations was almost superimposable. All
of the profiles were characterized by a biphasic release pattern, with a relatively fast release
phase within the first 8 h followed by a more sustained release phase up to 96 h. The first
phase may be related to the drug release from the surface of the NPs, whereas the second
phase may be attributed to the slow diffusion of the drug from inside the NPs. Within
the first 8 h of incubation, the cumulative drug release across all of the formulations was
between 40 and 49%. After 24 h, the cumulative drug release increased more gradually
to 50–58%. The same trend was observed at 48 and 72 h. After 96 h, the cumulative drug
release reached 72−79% among the various formulations. Our results are in line with
previous work on similar polymeric systems. For example, TPGS-formulated liposomes or
NPs have been studied to determine in vitro release and showed a relatively slow release
and a cumulative release of 82% after 48 h [39,40]. As for P123-based nanoformulations,
the release of different drugs was affected by the percentage of P123 and ranged between
50 and 80% [41]. On the other hand, formulations with P123/TPGS mixtures showed a
slow in vitro release that ranged between 40 and 50%, which was believed to be caused by
the micelles formed from P123/TPGS and the preference of the hydrophobic drug to remain
in the hydrophobic core of the micelles due to its low solubility in the release medium [42].
The similarity factor (f 2) was calculated between the various NP formulations to examine
the differences between the release profiles. As shown in Table 3, f 2 was greater than 50 in
all of the formulations, confirming their similar release behavior [28].
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Figure 7. In vitro release of R19 from R19-loaded NPs in PBS pH 7.4 at 37 ◦C, demonstrating sustained
drug release up to 96 h. Results are expressed as the mean cumulative release % ± SD (n = 3) plotted
against time (h).

Table 3. Similarity factor (f 2) results for R19-loaded NPs.

Sample 1 Sample 2 f 2

100% P123

75% P123/25% TPGS 71
50% P123/50% TPGS 60
25% P123/75% TPGS 66

100% TPGS 88

75% P123/25% TPGS
50% P123/50% TPGS 75
25% P123/75% TPGS 84

100% TPGS 75

50% P123/50% TPGS
25% P123/75% TPGS 78

100% TPGS 62

25% P123/75% TPGS 100% TPGS 69

3.4. Cell Viability Assays

The anticancer activity of R19 and R19-loaded NPs was evaluated against two breast
cancer cell lines: MCF-7 and MDA-MB-231, because breast cancer is the most common
malignancy affecting women and accounts for the highest percentage of cancer-related
deaths [43]. Cells were treated with increasing concentrations of R19 and the NPs for
48 h, followed by the MTT assay. As shown in Figures 8A and 9A, all of the treatments
caused a dose-dependent inhibition of cell growth, but with varying degrees. The dose–
response curves were fitted by non-linear regression analysis to obtain the IC50 values,
which correspond to the treatments’ potency. As shown in Table 4, R19 displayed similar
potency against both cell lines, with IC50 values of 14.7 and 17.0 µM in the MCF-7 and
MDA-MB-231 cells, respectively. These values were similar to the R19 potency in colorectal
cancer cells [9]. Since the PI3K/Akt/mTOR pathway is dysregulated in these cancer cell
lines, it was expected that R19 would show similar inhibitory activity. The potent anticancer
effect of R19 in breast cancer cell lines strongly support its application as a potential targeted
therapy in hormone receptor-positive and triple-negative breast cancer.
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Figure 8. Percentage viability of MCF-7 cells treated with (A) R19 and R19-loaded NPs and (B) blank
NPs for 48 h (n = 5).

As for the R19 NP formulations, lower IC50 values were obtained compared to the
free drug in both cell lines, with the exception of 100% P123 NPs. The highest potency was
observed for the R19 NPs prepared using 100% TPGS and 25% P123/75% TPGS in both the
MCF-7 and MDA-MB-231 cells, with almost a three-fold reduction in the IC50 values in MCF-
7 cells and a two- to nine-fold reduction in MDA-MB-231 cells. Generally, the IC50 value
increased as the % of TPGS decreased, and the NPs with 100% P123 displayed the highest
IC50 values and the poorest fit to the dose–response curve (R2 < 0.9). The enhancement
of anticancer potency in the NP formulations can likely be attributed to the polymeric
carriers, particularly TPGS. TPGS has been reported to inhibit cancer cell proliferation
through cell cycle arrest and the induction of apoptosis [44,45]. In addition, TPGS has
been shown to overcome cancer drug resistance by downregulating the expression of
P-glycoprotein efflux pumps [46,47]. These findings were confirmed by testing equivalent
concentrations of the NPs without the drug under the same conditions. As shown in
Table 4, blank NPs containing more than 50% TPGS were almost equally potent as the
drug-loaded formulations. However, as the % of P123 increased, a reduction in potency
was observed, similar to the drug-loaded NPs. These results provide a promising approach
for the application of TPGS-containing R19 NPs, not only in breast cancer but also in
multidrug-resistant cancer types.
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Table 4. IC50 values of R19 and R19-loaded NPs and equivalent concentrations of blank NPs in
MCF-7 and MDA-MB-231 cells after 48 h of incubation.

Treatment
IC50 (µM; Mean ± SEM *)

MCF-7 MDA-MB-231

R19 14.7 ± 5.3 17.0 ± 4.2
100% TPGS 4.3 ± 1.9 1.8 ± 0.4

25% P123/75% TPGS 4.7 ± 1.0 1.8 ± 0.7
50% P123/50% TPGS 4.9 ± 1.1 3.5 ± 1.0
75% P123/25% TPGS 12.3 ± 2.4 10.2 ± 3.2

100% P123 45.4 ± 18.6 37.5 ± 24.3

Blank 100% TPGS 3.2 ± 1.1 2.0 ± 0.8
Blank 25% P123/75% TPGS 3.1 ± 1.0 1.7 ± 0.3
Blank 50% P123/50% TPGS 19.5 ± 4.9 1.6 ± 0.4
Blank 75% P123/25% TPGS 31.0 ± 7.2 26.8 ± 5.8

Blank 100% P123 415.1 ± 448.8 87.1 ± 52.0
* SEM: standard error.

Having shown excellent activity against cancer cells, equivalent concentrations of
R19-loaded NPs were also tested in HDF to determine their selectivity and biocompatibility.
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As depicted in Figure 10, the NPs exhibited more than 60% cell viability at the highest
concentration tested (300 µM), whereas the free drug caused an almost 50% reduction in
cell viability at the same concentration. Moreover, the NPs prepared using 100% TPGS
and 50% P123/50% TPGS maintained a cell viability of ~100% at the highest concentration,
indicating their superior biocompatibility. As all of the groups resulted in more than 50%
cell viability, the IC50 values could not be accurately determined. Altogether, the results
clearly demonstrate the selectivity of R19 in killing cancer cells, which was enhanced
upon incorporation into the NPs. Moreover, the low IC50 values obtained for the TPGS-
containing NPs in the MDA-MB-231 cells, which represent the more aggressive type of
breast cancer, represent a highly promising result for the potential clinical application of
the NP formulation as a breast cancer nanomedicine.
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3.5. Mitochondrial Membrane Potential Assay of R19-Treated Cells

Mitochondrial depolarization is one of the early signs of apoptosis and can be conve-
niently detected by JC-1. Under normal conditions, JC-1 exists in an aggregated state within
the mitochondrial matrix and emits red fluorescence. As the mitochondrial transmembrane
potential dissipates in cells undergoing apoptosis, JC-1 is effluxed to the cytoplasm, where
it dissociates into monomers that emit green fluorescence. Therefore, the change in the ratio
of green/red fluorescence may be used as an indicator of apoptosis induction [48]. As seen
in Figure 11A, MCF-7 cells treated with free R19 and R19 NPs composed of 75% P123/25%
TPGS and 100% P123 did not show a significant difference in the JC-1 monomer/aggregate
ratio compared to the control (untreated cells). Likewise, the mitochondrial membrane
potential of MDA-MB-231 cells treated with R19 and R19 NPs composed of 100% P123 was
similar to that of the control (Figure 11B). On the other hand, cells treated with the R19 NPs
containing TPGS displayed a significantly higher JC-1 monomer/aggregate ratio, signifying
that these formulations were able to induce a greater degree of apoptosis compared to the
free drug and R19 NPs composed entirely of P123.
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Figure 11. Change in mitochondrial membrane potential of (A) MCF-7 and (B) MDA-MB-231 cells
after 24 h of treatment with 20 µM of R19 and R19-loaded NPs. Results are expressed as the ratio of
the green/red fluorescence signals of the JC-1 monomers and aggregates, respectively (mean ± SD;
n = 3). ** p < 0.01, **** p < 0.0001, and ns: not significantly different, compared to the control (untreated
cells), based on one-way ANOVA followed by Tukey’s multiple comparisons test.

3.6. Cellular Uptake of NR-Labeled NPs

The observed enhancement in the bioactivity of R19 upon incorporation into the NP
formulations may in part be attributed to an enhancement in cellular uptake. To test this
hypothesis, R19 was replaced with NR, and the NR-labeled NPs were incubated with the
cells. As depicted in Figure 12A, in MCF-7 cells, the NPs composed of high percentages
of TPGS (100%, 75%, and 50%) were associated with the highest increase in intracellular
fluorescence compared to the free dye, denoting enhanced cellular uptake. As for MDA-
MB-231 cells (Figure 12B), all of the NPs exhibited a significant increase in intracellular
fluorescence compared to the free dye regardless of their composition. Interestingly, the
TPGS-containing NPs achieved a four- to five-fold increase in fluorescence compared to
the control in MCF-7 cells, whereas in the MDA-MB-231 cells, the NPs averaged around a
2.7-fold increase in fluorescence. These results are most likely attributed to differences in
the membrane permeability between the two cell lines. Nonetheless, the results strongly
support the ability of the NP formulations, particularly those containing TPGS, to enhance
the cellular uptake of hydrophobic molecules such as R19, consistent with the cell viability
and JC-1 assays.
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4. Conclusions

R19 is a new chemical entity that has been found to be an effective anticancer agent.
In this work, R19 was successfully formulated in NPs composed of different combinations
of TPGS and Pluronic P123. The NPs had particle sizes of approximately 100 nm and high
monodispersity. Additionally, the DL% reached about 60% in the different polymer combi-
nations and all of the NPs sustained the release of the drug up to 96 h. The NPs were highly
stable in serum-supplemented cell culture medium, with the exception of the formulations
composed of 100% TPGS, which exhibited a tendency for aggregation. Cell viability assays
in MCF-7 and MDA-MB-231 breast cancer cell lines revealed an enhanced potency of R19
when it was incorporated into TPGS-containing NPs with reduced cytotoxicity against
HDF, most likely by enhancing its cellular uptake and promoting apoptosis. The observed
cancer cell selectivity and high biocompatibility of the NP formulations emphasize the
positive attributes of the designed polymeric NPs as a promising delivery approach for R19
and its analogs, bringing them one step closer to clinical translation.
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Abstract: The c-Jun N-terminal kinases (JNKs) are members of the mitogen-activated protein kinase
(MAPK) family and are related to cell proliferation, gene expression, and cell death. JNK isoform 3
(JNK3) is an important therapeutic target in varieties of pathological conditions including cancers
and neuronal death. There is no approved drug targeting JNKs. To discover chemical inhibitors
of JNK3, virtual fragment screening, the saturation transfer difference (STD) NMR, in vitro kinase
assay, and X-ray crystallography were employed. A total of 27 fragments from the virtually selected
494 compounds were identified as initial hits via STD NMR and some compounds showed the
inhibition of the activity of JNK3 in vitro. The structures of JNK3 with a fragment and a potent
inhibitor were determined by X-ray crystallography. The fragment and inhibitor shared a common
JNK3-binding feature. The result shows that fragment screening by NMR spectroscopy is a very
efficient method to screen JNK3 binders and the structure of JNK3-inhibitor complex can be used to
design and develop more potent inhibitors.

Keywords: JNK3; fragment; saturation transfer difference NMR; X-ray crystallography

1. Introduction

JNKs are the serine/threonine kinases and one of the members of the mitogen-
activated protein kinases [1,2]. JNK phosphorylates several substrates, such as c-Jun and
activating transcription factor 2 in response to environmental stress and pro-inflammatory
cytokines [2]. JNKs are involved in varieties of physiological processes including neuronal
function, immune activity, and embryonic development [3,4]. Thus, it is implicated that the
JNK pathway is related to various pathological conditions, including neurodegenerative
diseases, cancer, and inflammation [5–7]. Since the JNK signaling pathway is involved
in numerous inflammatory diseases, the inhibition of JNK signaling could decrease the
expression of pro-inflammatory cytokines [8,9]. In cancer, some isoforms of JNKs are pro-
oncogenic [10], whereas others act as tumor suppressors [11,12]. These findings imply the
necessity of isoform-specific JNK inhibitors in the development of the cancer therapeutics.

Particularly, JNK3 is almost exclusively expressed in the brain, with very low levels
in the kidneys and the testis, while JNK1 and JNK2 are widely expressed in a variety of
tissues [3]. The level of the phosphorylated JNKs increased in postmortem brain tissue
samples of Alzheimer’s disease (AD) patients [13] and was connected to the rate of cognitive
decline [14]. Several studies demonstrated that JNKs are activated in Parkinson’s disease
(PD) mouse models [15–17] and dopaminergic neurons were protected from apoptosis due
to the inhibition of JNK by its specific inhibitor, SP600125 [18]. This evidence supports
JNK3 as a promising target for the treatment of neurodegenerative diseases.

There have been great efforts to design and develop pan- and isoform-specific JNK
inhibitors. Particularly, the structure determination of the JNK-inhibitor complex aided the
pursuit of the development of novel and potent JNK inhibitors. Recently, we reviewed most
of the available structures of JNK-inhibitor complexes [19]. Several hinge-binding scaffolds,
such as aminopyrimidine, (iso)quinoline, quinazoline, and other scaffolds similar to purine,
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were frequently utilized for the development of ATP-competitive kinase inhibitors and
63 ATP competitive kinase inhibitors were FDA-approved till in the year 2021 [20,21]. Even
though great efforts were paid to develop JNK inhibitors, there are no clinically available
drug molecules as JNK therapeutics until now.

Fragment-based drug discovery (FBDD) has been an important paradigm for new
drug discovery and is actively used in many pharmaceutical companies [22,23]. FBDD
starts with the fragment screening in which weak binders to a target protein are selected and
followed by creating lead compounds based on the fragment hits. Therefore, the screening
methods generally rely on the biophysical methods to observe the weak interaction between
the fragments and proteins. Those include the fluorescence-based method, NMR, surface
plasmon resonance (SPR), isothermal titration calorimetry (ITC), mass spectroscopy, and
X-ray crystallography. FBDD can be applied to the discovery of new drugs against most of
the therapeutic targets, regardless of the types and characteristics of the proteins. Therefore,
by using this method, several drugs have already entered the market, and many drug
candidates are in clinical trials [24–26]. In discovering new kinase inhibitors, the fragment-
based approaches have provided powerful insights into the selectivity enhancement and
the lead optimization [27,28].

Compared with other methods, the NMR method has many advantages. The NMR
spectroscopy is versatile and includes various methods of measurements to identify
the weak binders to proteins. For example, STD NMR [29–31], relaxation filter experi-
ments [32,33], and waterLOGSY [34] are commonly used for a ligand-based approach.
A protein-based method is also utilized to identify protein binders, where the chemical
shifts of the backbond -HNs of a target protein in two-dimensional (2D) 1H-15N het-
eronuclear single quantum correlation (HSQC) spectrum are monitored in the absence
and presence of fragments. If the backbone chemical shift assignments are completed,
the ligand binding “hot spot” can be identified without the knowledge of the detailed
three-dimensional (3D) structure of the target. This provides an important information
to create more potent compounds based on the fragments [22,23]. Even though the NMR
methods are some of the most popular tools in FBDD campaign, it is not a stand-alone
method and should be used complementarily with other methods to reduce the false
positives, such as with X-ray crystallography for the identification of the exact binding
mode and the assessment of structural novelty of the binding fragment. In this work, we
present a collection of a fragment library by virtual screening, STD NMR spectroscopy,
in vitro kinase assay, and the 3D structures of JNK3 in complex with fragments and
an inhibitor, cyclopropyl[(3R)-3-({4-[6-hydroxy-2-(naphthalen-2-yl)-1H-benzimidazol-1-
yl]pyrimidin-2-yl}amino)piperidine-1-yl]methanone, which previously showed a strong
binding affinity to JNK3 and presented a potency of the cell protective effect in neuronal cell
apoptosis [35]. In the structural investigation, we found a common JNK3-binding feature
of the fragment and inhibitor, which occurred in the solvent-exposed region near the ATP
binding site. We suppose this interaction potentiates the affinity of a chemical binder to
JNK3 and could be utilized to design novel JNK3 inhibitors.

2. Materials and Methods
2.1. Fragment Library

The collection of compounds for the fragment library was conducted by virtual screen-
ing with the known structure of JNK3 (PDB ID, 1JNK) [36]. The bound molecules such as
AMP-PNP, magnesium ions, and water were removed for the docking simulation. Dock-
ing simulations were performed on the ATP binding site of JNK3 by using the software
Autodock vina [37] with the standard protocol provided by developer. The chemicals for
the docking simulation were collected virtually from the various vendors’ websites (Asinex,
Winston-Salem, NC, USA; Maybridge, Waltham, NA, USA; ChemiDive, San Diego, CA,
USA) with the molecular weight being less than 300 Da. A total of 15,000 compounds
were screened, and top-scored molecules were chosen. Of those commercially available,
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494 compounds were purchased from Asinex. The information of the fragments is provided
in the Supplementary Files S1 (list) and S2 (structure data file, sdf).

2.2. Preparation of JNK3

The gene encoding the catalytic domain of human JNK3 which spans the amino acid
residues from Ser40 to was amplified by PCR and inserted into the pET-15b expression
vector between NcoI and BamHI restriction sites. The plasmid was transformed into the
Escherichia coli strain BL21 (DE3) (Merck KGaA, Darmstadt, Germany). Cells were grown
at 37 ◦C utill OD600 reached to ~0.6–0.7 and induced with a final concentration of 0.5 mM
isopropyl-β-D-thiogalactopyranoside (IPTG) for 16–20 h at 18 ◦C. Cells were harvested
by centrifugation 4000 rpm at 4 ◦C. The cell pellet was re-suspended in 20 mL lysis buffer
(20 mM Hepes, pH = 7.0, 20 mM NaCl, 10% (v/v) glycerol, 2 mM dithiothreitol (DTT)). Cell
membranes were disrupted by sonication on ice. The lysate was clarified by centrifugation
at 18,000 rpm for 40 min. The supernatant was used for the following steps of purification.

Ion exchange chromatography using SP-Sepharose FF 16/10 (GE Healthcare, Chicago,
IL, USA) and size-exclusion chromatography using HiLoad 16/600 Superdex 75 prep-grade
(GE Healthcare) were applied sequentially to purify JNK3. The purity of JNK3 was more
than 95% judged by SDS-PAGE. The purified JNK3 was collected and concentrated using
an Amicon (Merck KGaA, Darmstadt, Germany) centrifugal filter with MWCO 10,000 to
10 mg/mL. The protein was frozen under liquid nitrogen and finally stored at −80 ◦C.

2.3. NMR Experiments

All NMR data were measured at 25 ◦C on Agilent DD2 600 MHz NMR spectrometer
with TRTM probe (Agilent, Santa Clara, CA, USA). The 494 compounds were respectively
dissolved in d6-DMSO for the preparation of stock solutions. The stock was diluted into
d11-Tris-HCl buffer (in D2O), pH 7.5 with the final concentration of 320 µM in 500 µL.
The simple 1H NMR spectrum of each compound was recorded with the sweep widths,
8370.5 Hz, and the time-domain points, 32K, for all experiments. Eight compounds were
mixed, and the mixture was put to a single NMR tube, followed by the 1H NMR measure-
ment. The final concentration of a single compound was 160 µM.

The purified JNK3 was added to an NMR tube containing 8 compounds to the final
concentration of 4 µM. In this way, a total of 62 NMR tubes containing 8 compounds (in the
last tube, 6 compounds) and JNK were prepared. 1H and STD NMR spectra were recorded,
respectively. For STD NMR, the reference spectrum was acquired with the off-resonance
saturation at 30 ppm, and the saturation spectrum was acquired with the on-resonance
saturation at 0.5 ppm. The duration of the saturations was 3 s for both on- and off-resonance
experiments. All data were processed and analyzed with the software Mnova (Mestrelab
Research, Santiago de Compostela, Spain).

2.4. Crystallization and Data Collection

The recombinant human JNK3 (10 mg/mL) solution containing 0.02% n-octyl-glucopyranoside
was mixed with ATP to a final concentration of 2 mM and crystallized as described previously [38]
with some modification. The JNK3-AMP crystal was obtained by vapor diffusion in hanging
drops at 4 ◦C with a reservoir solution containing 16% PEG MME 550, 10% ethylene glycol, 0.1 M
HEPES pH 7.25, and 10 mM TCEP. JNK3-fragment (or inhibitor) crystals were obtained by micro-
seeding the JNK3-AMP crystal under the addition of the fragment (or inhibitor) to the crystallization
solution. The inhibitor was cyclopropyl[(3R)-3-({4-[6-hydroxy-2-(naphthalen-2-yl)-1H-benzimidazol-
1-yl]pyrimidin-2-yl}amino)piperidine-1-yl]methanone (inhibitor, here after), which bound very
strongly to JNK3 (Kd, 46 nM) [35]. The diffraction data were collected at the 7A and 5C beamline
of Pohang Light Source, Korea. The raw data were processed with HKL2000 [39]. The crystals
belonged to space group of P212121, and the asymmetric unit contained one monomer (Table 1).
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2.5. Structure Determination and Refinement

The structures were solved by the molecular replacement method using the program
PHASER [40] with the template model PDB ID 3OY1, one of the JNK3 structure in complex
with a selective inhibitor [41]. A manual model was built using the program COOT [42],
and the resulting models were refined with the program REFMAC5 [43]. The quality of
the refined models was evaluated by the program MolProbity [44]. Data collection and
refinement statistics are summarized in Table 1. All figures representing the structure were
generated by the PyMOL molecular–graphics program (The PyMOL Molecular Graphics
System, Schrödinger, LLC., New York, NY, USA) [45] and by UCSF Chimera program [46].
The atomic coordinate and structure factors have been deposited in the Protein Data
Bank (http://www.rcsb.org) with accession number of 4KKH and 7YL1 for fragment- and
inhibitor-bound JNK3, respectively.

Table 1. Data collection and refinement statistics.

Crystals 3A8 Inhibitor

PDB ID 7YL1 4KKH
Data collection

Space group P212121 P212121
Cell dimensions

a, b, c (Å) 50.15, 71.98, 107.16 52.32, 71.50, 107.08
α, β, γ (◦) 90, 90, 90 90, 90, 90

Wavelength (Å) 0.97951 0.97951
Resolution (Å) * 59.75–2.48 (2.55–2.49) 50–2.0 (2.03–2.00)
Redundancy * 13.3 (12.5) 13.5 (12.8)
Completeness (%) * 99.1 (99.4) 100 (100)
I/σI * 33.6 (3.7) 58.9 (9.4)
Rmerge (%) a,* 9.0 (35.3) 9.0 (44.2)

Refinement
Resolution (Å) 36.61–2.49 37.45–2.0
No. of reflections 13,406 26,471
Rwork/Rfree (%) b 20.4/29.4 22.9/27.7
No. of atoms 2925 2942

Average B-factors Protein/water/3A8
43.139/42.040/48.722

Protein/water/inhibitor
43.774/47.582/35.827

R.m.s. deviations
Bond lengths (Å) 0.007 0.007
Bond angle (◦) 1.157 1.109

Ramachandran plot
Residues in

favored/allowed/
disallowed regions (%) c

93.9/5.5/0.6 97.4/2.6/0/0

* Values in the parentheses refer to the highest resolution shells. a Rmerge = ΣiΣi|I(h)i− <I(h) > |/ΣhΣiI(h)i, where
I(h) is the intensity of reflection h, Σh is the sum over all reflections, and Σi is the sum over i measurements of
reflection h. b Rwork = Σ||Fobs| − |Fcalc||/Σ|Fobs|, 5% of the data was set aside for Rfree calculation. c Statistics
according to MolProbity Ramachandran analysis [44].

2.6. In Vitro Kinase Assay

The in vitro kinase assay was carried out with ADP-GloTM Kinase assay kit (Promega,
Madison, WI). The assay was prepared with the final concentration of 2 ng of active JNK3,
50 µM ATP, 100 µM fragments, 1X reaction buffer, and 0.04 µg/µL p38 substrate. The
experiments were set up with three control experiments including without ATP, without
active JNK3, and without compound.

The mixture was incubated for 1 h at room temperature. The incubated solution was
then supplied with 50 µL ADP-Glo reagent, centrifuged with 6000 rpm at 26 ◦C for 30 s,
and incubated for 40 min at room temperature. The samples were transferred to a 96-white
plate and added kinase-detection reagent with the ratio of 1:1. After incubating for 40 min
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at room temperature, the luminescence signals were recorded using the GloMax®-Multi
Microplate Reader (Promega, Madison, WI, USA). The kinase assays were duplicated for
each fragment.

3. Results
3.1. Virtual Screening

To build a fragment library to screen potential JNK3 inhibitors, about 15,000 compounds
with molecular weights less than 300 Da from the vendors Asinex, Maybridge, and ChemiDive
were collected virtually. We performed structure-based virtual screening using the 3D structure
of JNK3 (PDB ID, 3DA6) retrieved from Protein Data Bank (PDB) (http://www.rcsb.org).
AutoDock Vina [37] was utilized for the molecular docking. The docking site of fragments
was set at the ATP-binding site of JNK3. From the simulation, 494 compounds presenting
docking scores less than −7 kcal/mol were chosen. The structure data file of 494 compounds
is available in the Supplementary File S2.

3.2. Fragment Screening

First, the individual 1H NMR spectra of 494 compounds were measured and used as
‘reference spectra’ of the fragment library. Since we performed the NMR experiments in an
aqueous buffer, the NMR spectra of almost 100 compounds were not able to be measured
because of the poor solubility of those chemicals. To reduce the time of NMR measurements,
we added eight compounds in a single NMR tube and recorded 1H NMR spectrum. Since
the number of compounds in the library was 494, the number of 8 chemical mixtures in
total were 62, where 61 contained 8 compounds, and the last tube contained 6 compounds.

If there is no reaction or interaction between compounds in a single NMR tube, the
NMR spectrum of the mixture is a simple sum of the spectra of each compound. In Figure 1,
it is clear that the spectra of 8 compound mixtures is exactly the same of the overlay of
individual spectrum of 8 compounds. When JNK3 was added to the 8 compound mixtures,
the NMR spectrum was crowded in the region 2–4 ppm since the added protein solution
contained some additives such as buffer ingredients, Hepes, and DTT; however most of the
compound signals were clearly shown. In the STD NMR spectrum, we found several NMR
signals which were the signals of possible JNK3-binding molecules. In this way, we found
that compound #3 would have the possibility to bind to JNK3 (bottom of Figure 1).
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Through STD NMR experiments, we chose 27 compounds which might bind to JNK3;
thus, the hit rate was about 6.9% when we excluded the insoluble compounds. Some of
the selected compounds shared a common chemical structure which is similar to purine
(Table 2). Among them, aliphatic chains at R1 position and sulfur at R2 are in common.

Table 2. Compounds sharing a common structure.
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3.3. In Vitro Kinase Assay

The in vitro kinase assay was performed in the presence of the selected compounds to
check whether those compounds were able to inhibit the catalytic activity of JNK3. For the
fragments 2D5, 2D8, 3A8, 3B7, and 3B11, it was not possible to measure the inhibitory effects,
possibly because of the solubility issue of those compounds in the reaction condition. The
positive control without the treatment of any fragments showed significant luminescence
since in ADP-GloTM assay ADP converted from ATP by active JNK3 was monitored by
luminescence. Thus, if any fragmented molecules inhibited the enzymatic activity of
JNK3, the production of ADP would be reduced, resulting in the decrease of luminescence
signal. In Figure 2, the summary of the inhibitory effects of selected 22 fragments was
provided. Some of those did not show any inhibitory effect against JNK3; however, several
fragments including 1B7 showed about 40–50% inhibition of JNK3 activity at the fragment
concentration of 100 µM.
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3.4. Overall Structure of JNK3 in Complex with Fragment and Inhibitor

We tried the crystallization of JNK3 with all the selected fragments by using the
micro-seeding or fragment-soaking methods, but a limited number of crystals was acquired.
Of those, only the structure with a fragment 3A8 (7-hexyl-3-methyl-8-sulfanylidene-9H-
purine-2,6-dione) was determined, since other complex crystals gave rise to poor diffraction.
Another crystal structure of human JNK3 in a complex with a potent inhibitor, cyclopro-
pyl[(3R)-3-({4-[6-hydroxy-2-(naphthalen-2-yl)-1H-benzimidazol-1-yl]pyrimidin-2-yl}amino)
piperidin-1-yl]methanone was also determined by molecular replacement. The Ramachan-
dran plot of 3A8 bound JNK3 shows that 93.9% of non-glycine and non-proline residues
are in the most favored regions; 5.5% of residues are in the additional allowed regions; and
two residues, Arg212 and Asp381, in the disallowed regions. For the inhibitor-bound JNK3,
those values were 97.4, 2.6, and 0%, respectively. The data and refinement statistics are
summarized in Table 2. The structures of JNK3 were almost identical to the previously
reported structures of JNK3. The root mean square (r. m. s.) deviation between the 3A8
bound JNK3 and AMP-PNP-bound JNK3 (PDB ID, 1JNK) was 0.392 Å for 343 Cα atom
pairs and the r. m. s. deviation between the inhibitor-bound forms and AMP-PNP-bound
JNK3 was 0.495 Å for 340 Cα atom pairs. The r. m. s. deviation of the two structures
determined in this work was 0.533 Å for 345 Cα atom pairs (Figure 3). Very subtle differ-
ences were found in the glycine-rich region (Gly71-Ser-Gly-Ala-Gln-Gly-Ile-Val78) and the
phosphorylation lip (Ser217-Thr226). In the inhibitor-bound structure, the glycine-rich loop
and the phosphorylation lip moved little bit toward ATP-binding site.
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Figure 3. Overall structure of apo-(purple), fragment-bound (cyan), and inhibitor-bound (green)
JNK3. The structural difference occurred at glycine-rich region and phosphorylation lip, which were
enlarged on right and indicated. In the overlayed structures, the bound molecules were removed for
the clarity of structural comparison.

3.5. Structure of JNK3 in Complex with Fragment 3A8

The ATP-binding site of JNK3 is located between N-terminal lobe (residues 45–149)
and C-terminal lobe (residues 150–211 and 217–374) [36]. The fragment 3A8 bound to the
ATP binding site of JNK3. Since 3A8 contained a similar structure to purine, the binding
mode of 3A8 was thought to be similar to AMP-PNP. The 3A8 was positioned at the adenine
binding site of AMP-PMP, but the orientations of the pyrine moiety of 3A8 and the adenine
of AMP-PNP were different by almost 90◦ degrees (Figure 4A,B). 3A8 binding to JNK3 was
completely opposite to the docking pose. In virtual screening, the lowest energy docking
pose of 3A8 to JNK3 scored −7.0 kcal/mol and the hexyl chain penetrated deeply into the
hydrophobic region of the ATP binding site (Figure 4C). The hexyl chain of 3A8 in JNK3
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crystal structure protruded from the ATP binding site toward the surface of the protein.
The hydrophobic interaction between the hexyl group of 3A8 with residues in β-strands
above the ATP binding site might contribute to the binding of fragment to enzyme.
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Figure 4. Structure of JNK3 in complex with AMP-PNP ((A), PDB ID, 1JNK) and fragment 3A8 (B),
and docking simulated structure of JNK3 with 3A8 (C). Small molecules were presented by stick. In
AMP-PNP bound structure, two magnesium ions were involved in the complex.

3.6. Structure JNK3 in Complex with a Potent Inhibitor

In the previous study, 1-Heteroaryl-2-aryl-1H-benzimidazole derivatives showed the
inhibitory effect against JNK3 [35]. Cyclopropyl[(3R)-3-({4-[6-hydroxy-2-(naphthalen-2-yl)-1H-
benzimidazol-1-yl]pyrimidin-2-yl}amino)piperidin-1-yl]methanone was one of the derivatives
of those inhibitors with a high binding affinity (Kd, 46 nM) and inhibitory potency (IC50,
27.7 nM) to JNK3 (Figure S1). In this work, we solved the crystal structure of JNK3 in complex
with this inhibitor. The binding of inhibitor to JNK3 is illustrated in Figure 5A.
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lem. The hit rate from the screening from the STD NMR experiments was 6.9%, which is 
a relatively high value in a drug discovery campaign. In a drug repurposing project, we 
have shown that the longitudinal (T1) and transverse (T2) relaxation experiments and the 
STD NMR spectroscopy detected the JNK3 binding of azelastine, which has an original 
indication for anti-allergy and anti-inflammation effects and proven that azelastine binds 
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Figure 5. Structure of JNK3 in complexed with cyclopro-pyl[(3R)-3-({4-[6-hydroxy-2-(naphthalen-
2-yl)-1H-benzimidazol-1-yl]pyrimidin-2-yl}amino)piperidin-1-yl]methanone (A). The residues in-
volved in the interaction were indicated. Water molecules were indicated as red dots and hydrogen
bonds as yellow broken lines. The lengths of hydrogen bonds are labeled in red. (B) Overlaid
structure of JNK3 with 3A8 and inhibitor. Ile70 were indicated by arrow. Different positioning of
Met146 in both structures are also indicated. JNK3 were colored blue for 3A8 bound form and pink
for inhibitor bound form, respectively.
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The inhibitor resided on the ATP binding site of JNK3, and the naphthalene moiety
penetrated deeply into the interior of ATP binding pocket, where ATP or AMP-PNP did not
interact. The naphthalene ring moiety interacted with Met 146. A naphthalene ring-binding
induced the movement of the side chain of Met146 (gatekeeper in JNK3), which had a
different orientation in AMP-PNP bound JNK3 structures. The naphthalene ring moiety
possessed hydrophobic interaction with Lys93, Met146, Ile124, Val78, Ala91, and Leu144.
Met149 formed a hydrogen bond with a 2-aminopyrimidine moiety of the inhibitor, and
Ile70 interacted with piperidine and 1-cyclopropyl moieties of inhibitor. The side chain
of Ile70 was rotated for stable interaction with 1-cyclopropyl. Leu206, Asn152, Val78, and
Ile70 interacted with the 6-Hydroxy-1H-benzimidazole moiety of inhibitor. The side chain
of Asn152 formed a direct hydrogen bond with the hydroxyl group of the 6-Hydroxy-1H-
benzimidazole moiety that formed water-mediated hydrogen bond with Lys93. Several
water molecules were coordinated in the vicinity of Lys93, which interacted with the
naphthalene ring moiety.

When we compare the structures of JNK3 with a fragment and inhibitor, it was
noticeable that the binding of 3A8 to JNK3 very much resembled the binding to the
inhibitor, even though two chemicals did not share structural similarities, and the bicyclic
rings of the two molecules were different. In the 3A8-bound structure, the 6-membered
ring was outward from ATP binding site; however, in the inhibitor-bound one, 5-membered
ring was outward and 6-membered ring inward. The common feature was the orientation
and interaction of the hexyl group of 3A8 and the 1-cyclopropyl moiety of the inhibitor.
Those two moieties protruded from the ATP binding site and presented hydrophobic
interactions with the β-strand region of JNK3, where Ile 90 played a role. The importance
of the hydrophobic interaction involving the 1-cyclopropyl moiety of the inhibitor on the
binding and inhibitory activity to JNK3 are discussed below.

4. Discussion

We have conducted the in silico, in vitro, and structural investigations for the discovery
of JNK3 inhibitors by adapting the fragment-based approach. 494-membered fragment
library was constructed, and the library of NMR spectra was also built, even though about
20% of compounds did not give rise to the spectrum, because of the solubility problem. The
hit rate from the screening from the STD NMR experiments was 6.9%, which is a relatively
high value in a drug discovery campaign. In a drug repurposing project, we have shown
that the longitudinal (T1) and transverse (T2) relaxation experiments and the STD NMR
spectroscopy detected the JNK3 binding of azelastine, which has an original indication for
anti-allergy and anti-inflammation effects and proven that azelastine binds to ATP binding
pocket of JNK3 via competition STD experiment with AMP-PNP [47]. In this regard, we
have shown that NMR spectroscopy is very efficient in drug discovery process, especially
in initial fragment screening.

The kinase assay presented that most of the selected compounds had the inhibitory
activity against JNK3, even though the effects were not potent. Since fragments are small
and have simple structures, it is very hard to find potent molecules from a fragment-
based approach. In this work, we just checked the inhibitory effects of the screened
fragments to see whether those could inhibit the activity of JNK3 or not. The versatil-
ity of the fragment-based approach in drug discovery would be whether the screened
fragment compounds could be used for designing and creating potent inhibitors. In this
context, the structural information between fragments and the target proteins are very
valuable. We have determined a structure of JNK3 in complex with one of the screened
fragments as well as with a potent inhibitor. The fragment 3A8 had limited water sol-
ubility, thus, it was impossible to run the kinase assay. However, in the crystallization,
certain additives such as 0.02% n-octyl-glucopyranoside might enhance the solubility of
3A8 in an aqueous solution. The 3A8 shared structural similarities to the adenine of
ATP; however, the binding pattern was completely different from the adenine moiety of
ATP. The hydrophobic hexyl group of 3A8 protruded from the ATP binding site and gave
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rise to additional interactions with the glycine-rich region of JNK3. We focused on the
hydrophobic interaction to discover an isoform-specific JNK3 inhibitors. Every kinase
shares a common ATP binding mode, which hampers the discovery of the specific kinase
inhibitor, especially ATP-competitive inhibitors. For the discovery of potent and selective
ATP-competitive JNK inhibitors, targeting hydrophobic interactions in combination with
the interaction on ATP-binding sites was suggested [38]. Those interactions were ones
with solvent-exposed hydrophobic regions, including a glycine-rich loop and another with
deep hydrophobic region where the naphthalene moiety of inhibitor in this work pene-
trated. In the previous work, among 1-Heteroaryl-2-aryl-1H-benzimidazole derivatives,
the inhibitor cyclopropyl[(3R)-3-({4-[6-hydroxy-2-(naphthalen-2-yl)-1H-benzimidazol-1-
yl]pyrimidin-2-yl}amino)piperidin-1-yl]methanone showed the strongest binding affinity
to JNK3. The binding affinity of this inhibitor was 60-fold stronger than the derivatives
without 1-cyclopropyl moiety [35]. We performed the measurement of the inhibitory activ-
ity of the 1-Heteroaryl-2-aryl-1H-benzimidazole derivatives (Figure S1). The compound
with the 1-cyclopropyl moiety (inhibitor in this work) showed the IC50 of 27 nM, whereas
the compound without the moiety showed the IC50 of 1.41 mM, which coincides very well
with previous binding experiments. When the naphthalene moiety was replaced by the
dichlorophenyl moiety, the IC50 increased 178-fold. We confirmed experimentally that
the importance of targeting hydrophobic interactions in discovering JNK inhibitors. We
suppose that those interactions would be related to the selectivity of JNK inhibitors. In
Figure S2, the inhibitory activity of cyclopropyl[(3R)-3-({4-[6-hydroxy-2-(naphthalen-2-
yl)-1H-benzimidazol-1-yl]pyrimidin-2-yl}amino)piperidin-1-yl]methanone against several
MAPKs is shown. The inhibitor in this work had potency against JNK3, JNK1, p38α, and
p38β, and showed none or little inhibitory effects on p38γ, and p38δ., ERK, and GSK. We
suppose that the hydrophobic interaction mentioned above would provide the selectiv-
ity. Thus, we suggest that keeping this hydrophobic interaction is very important for the
discovery of novel and potent JNK3 inhibitors.

5. Conclusions

We presented the fragment-based approach in discovering JNK3 kinase with the
structural investigation. We showed that virtual screening and in vitro assay supported by
the NMR-based fragment screening were very efficient in early drug-discovery projects.
In the structural investigation, we have identified the hydrophobic interaction between a
fragment and the enzyme and presented the importance of this interaction in the potency
and selectivity of the JNK3 inhibitors. We believe that this work provides valuable insight
in designing lead compounds based on the fragment in the discovery of kinase inhibitors.
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www.mdpi.com/article/10.3390/pharmaceutics14091900/s1, Figure S1: Structures and inhibitory ac-
tivities of 1-Heteroaryl-2-aryl-1H-benzimidazole derivatives; Figure S2: Inhibitory activity of cyclopro-
pyl[(3R)-3-({4-[6-hydroxy-2-(naphthalen-2-yl)-1H-benzimidazol-1-yl]pyrimidin-2-yl}amino)piperidin-
1-yl]methanone against various kinases; File S1: list_fragments.xlsx; File S2: SDF_fragments.sdf.
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Abstract: Despite advances in cancer chemotherapy, gastric cancer (GC) continues to have high
recurrence rates and poor prognosis with limited treatment options. Understanding the etiology of GC
and developing more effective, less harmful therapeutic approaches are vital and urgent. Therefore,
this work describes a novel kinase target in malignant gastric cells as a potential therapeutic strategy.
Our results demonstrate that among 147 kinase inhibitors (KI), only three molecules were significantly
cytotoxic for the AGP-01 cell line. Hence, these three molecules were further characterized in their
cellular mode of action. There was significant cell cycle impairment due to the expression modulation
of genes such as TP53, CDKN1A, CDC25A, MYC, and CDK2 with subsequent induction of apoptosis.
In fact, the Gene Ontology analysis revealed a significant enrichment of pathways related to cell cycle
regulation (GO:1902749 and GO:1903047). Moreover, the three selected KIs significantly reduced
cell migration and Vimentin mRNA expression after treatment. Surprisingly, the three KIs share the
same target, ALK and INSR, but only the ALK gene was found to have a high expression level in the
gastric cancer cell line. Additionally, lower survival rates were observed for patients with high ALK
expression in TCGA-STAD analysis. In summary, we hypothesize that ALK gene overexpression can
be a promising biomarker for prognosis and therapeutic management of gastric adenocarcinoma.

Keywords: gastric cancer; kinase inhibitor; ALK; targeted therapy

1. Introduction

Gastric cancer (GC) is the second major cause of cancer-related deaths worldwide
and the third leading cause in industrialized nations [1,2]. Despite improvements in the
management of GC patients with distant metastases, significant recurrence rates and a
poor prognosis persist, with limited treatment choices and a median survival around one
year [3,4]. Another problem is that GC is a very complex illness with a complicated etiology
involving complex host genetic and environmental variables [5,6].

Until now, only a few targeted therapeutic agents, such as trastuzumab and ramu-
cirumab, have been approved by the US Food and Drug Administration for gastric cancer
patients identified with the respective genetic defects [7]. However, only 7–34% of GC
patients have the altered molecular target for these agents and therefore most GC patients
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must continue to depend on cytotoxic chemotherapy and/or surgical resection as the
current standard of care [8]. As a result, a greater number of patients evolve with poor
prognostic and low survival rate because of therapeutic failure [9,10]. Therefore, under-
standing the etiology of GC and the development of more effective, less hazardous therapy
techniques are critical and urgent.

In this sense, protein kinases are central actors in most of signal transduction pathways.
Because their function is frequently disrupted in signal transduction networks leading to
illnesses like cancer and inflammation, several of the 518 protein kinases encoded by the
human genome have emerged as potential therapeutic targets [11]. Nowadays, there are
around 250 kinase inhibitors (KIs) in clinical studies, with 37 of them being authorized for
human usage [12]. Thus, it is critical to search new compounds’ targets in depth in order to
comprehend their molecular and cellular modes of action (MoA).

Thus, several kinase activity and binding screens have been published in the past few
years. Among them, Elkins and co-workers reported a comprehensive characterization
of 367 tool compounds screened against 224 recombinant kinases [13]. Despite the con-
siderable value of these studies, the cellular or clinical evaluation of KIs has not yet been
systematically analyzed. Therefore, the published kinase inhibitors library (PKIS) can be a
useful tool for target screening in different cancer models. Taking all together, the present
study aimed to evaluate possible novel kinase targets in malignant gastric cells in order to
identify a new therapeutic strategy based on kinase inhibition using PKIs library.

2. Materials and Method
2.1. Cell Culture

Leal and co-workers (2009) developed a cell line from a patient with metastasis of
gastric adenocarcinoma (AGP-01) as an alternative model for the anticancer drug screen-
ing model. A normal gastric mucosa cell line MNP-01 was used as normal cellular
control [14,15]. Cells were cultured in sterilized flasks containing filtered Dulbecco’s
modified Eagle’s medium (DMEM; Gibco®, New York, NY, USA) supplemented with 10%
fetal bovine serum (Gibco®), 100 U/mL penicillin, and 100 µg/mL streptomycin. The
culture flasks were maintained in a 5% CO2 air-humidified atmosphere at 37 ◦C.

2.2. Alamar Blue Method

The growth inhibitory activity of 147 kinase inhibitors (KI) against the AGP-01 cell
line was first evaluated at 10 µM concentration (72 h of treatment) using the Alamar Blue
method. The growth inhibition (%) was calculated as comparing both KIs based on the
cellular viability of treated and KI-untreated AGP-01 cells. Then, relevant KIs that obtained
>80% of growth inhibition were selected for IC50 determination by a concentration-response
curve. KI screening was carried out on 384-well plate (Corning®, Glendale, AZ, USA).
Firstly, 300 cells per well were seeded and incubated overnight at 37 ◦C and 5% CO2. Then,
KIs were diluted with DMEM medium and subsequently added in the plate to achieve
final desired concentration (10 µM). After 72 h of incubation, Alamar Blue reagent was
added to measure cell viability. Fluorescence intensity (560/590 nm) was measured using
Beckman Coulter Microplate Reader DTX 880. Cells treated with 0.1% dimethyl sulfoxide
(DMSO) were used as negative control and doxorubicin (Doxo, Milan, Italy) was used as
positive control.

2.3. Cell Cycle Progression

AGP-01 cells were seeded at 2 × 103 cells per well in a 96-well plate and treated
with a single concentration (1 µM) of each KI selected in the screening. After 72 h of
exposure, cells were harvested, washed with PBS 1X, and fixed with ice-cold 80% ethanol
for 1 h. Then, cells were incubated with RNAse A (200 µg/mL) and propidium iodide
(50 µg/mL) for 30 min. DNA content was analyzed using flow cytometry (BD FACSVerseTM,
BD Biosciences, East Rutherfor, NJ, USA). In total, 10,000 events were acquired, and data
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were analyzed using FlowJo® software (Version 10.5.3, FlowJo LLC, Ashland, Wilmington,
DE, USA).

2.4. Caspase 3/7 Activity

The caspase-3 and caspase-7 activities were evaluated using the CellEvent® Caspase-
3/7 kit according to the manufacturer’s protocol (InvitrogenTM, Waltham, MA, USA).
AGP-01 cells were plated (3 × 103 cells/well) in a 96-well plate and treated with KIs (1 µM)
for 72 h. Then, cells were incubated in 5 µM of CellEvent® reagent for 30 min and evaluated
in CytationTM with absorption and fluorescence emission spectra of 511/533 nm. Apoptotic
cells were labelled with bright fluorescent green nuclei.

2.5. Wound Healing Assay

The migratory potential of AGP-01 cells were evaluated by the wound healing assay as
previously described by Mesquita et al. (2021) [16]. Cells were seeded (2 × 104 cells/well)
in a 96-well plate and scratches were made in each well with a sterile pipette tip. Then,
cells were treated with KIs (1 µM) for 24 h. Pictures were taken at time 0 and 24 h from
wells, and the scratch area was measured using ImageJ software (National Institutes of
Health, Rockville, MD, USA).

2.6. Gene Expression by Quantitative Real-Time PCR

Quantitative real-time PCR (qPCR) analyses were performed with QuantStudio5 Real-
Time PCR system (Applied Biosystems®, Waltham, MA, USA) in a 96-well PCR plate using
3 µL of cDNA obtained after reverse-transcription of total RNA (control and treated sample)
using High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems™), 1 µL of
each primer/probe in forward and reverse, 12.5 µL of PowerUp SYBR® Master Mix (Life
Technologies, Carlsbad, CA, USA), and 8.5 µL of ultra-pure sterile water. The thermocycling
was applied according to the manufacturer’s protocol of PowerUp SYBR® Master Mix. Each
assay was performed at least three times according to Minimum Information for Publication
of Quantitative Real-Time PCR Experiments Guidelines [17]. The gene expression levels
were based on relative analyses and calculated using the 2−∆∆CT (delta-delta threshold
cycle) method [18].

2.7. PPI Network and GENE Ontology Enrichment

The Protein–Protein interaction (PPI) Network and Gene Ontology (GO) enrichment
analyses of the differentially expressed genes were constructed using the string (https:
//string-db.org/ (accessed on 9 March 2022) freely available and yfile plug-in in Cytoscape
software to analyze the interactions between them. False discovery rate was setup in <0.005.

2.8. Survival Analysis

The GEPIA database (http://gepia.cancer-pku.cn/ (accessed on 22 March 2022) was
used to perform in silico correlation between gene expression and survival analyses [19].
The Cancer Genome Atlas-Stomach Adenocarcinoma (TCGA-STAD) is one of the cancer
transcriptome data sets available through the GEPIA server. The database was used to
compare the expression profiles of the ALK gene in normal and tumor tissue from gastric
adenocarcinoma patients, categorizing them as high or low expression, which was then
correlated with patient survival probability.

2.9. Statistical Analysis

All tests were performed in three independent experiments in triplicate and shown as a
mean ± standard deviation (SD). The treated groups (KIs) were compared to the untreated
group (DMSO) by Analysis of Variance (ANOVA) followed by Bonferroni’s posttest or
by the t-test, considering significant differences with an interval of confidence of 95%
(p < 0.05). GraphPad Prism 5.01 (GraphPad Software, San Diego, CA, USA) was used for
data analysis and graph design.
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3. Results
3.1. Screening of KIs Compounds against Metastatic Gastric Cancer Cell Line

AGP-01 cells were treated with a single concentration (10 µM) of 147 PKIS com-
pounds to search for the most potent inhibitor based on cell growth inhibition (Figure 1).
Among all, only six compounds suppressed the cell growth equally or even higher than
the positive control doxorubicin (87% of growth inhibition): GW580509X, GSK1713088A,
GSK1751853A, GSK2186269A, GSK1173862A, GSK2220400A (Figure 1B). Then, the non-
linear regression was performed to assess the IC50 values of these inhibitors (Figure 1C),
which confirmed that only three compounds had highly cytotoxic potential, in the micro-
molar range, GSK2186269A, GSK1173862A, and GSK2220400A (IC50 < 2.2 µM). Therefore,
these three compounds were selected to proceed with further analyses.
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Figure 1. Cytotoxicity of 147 published kinase inhibitor set (PKIS) against metastatic gastric cancer
cells (AGP-01). (A) Experimental design. After exposure to 147 published kinase inhibitors set (PKIS),
only three kinase inhibitors were selected for further analyses based on their highly cytotoxic effect
(lowest IC50 values). (B) Growth inhibition normalized by the untreated control (DMSO) of 147 kinase
inhibitors after 72 h of treatment. The red head arrow represents the positive control doxorubicin.
(C) IC50 values obtained from non-linear regression of curve concentration-response for the kinase
with IC50 values higher than doxorubicin.

3.2. Kinase Inhibitors Act as Anti-Cancer Agents by Regulating Cell Cycle and Mesenchymal Genes

The anti-proliferative effects of GSK2186269A, GSK1173862A and GSK2220400A were
then evaluated by the cell cycle interaction on flow cytometry. GSK2220400A (1 µM)
induced a significant G0/G1-phase arrest compared to the untreated control, while the
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GSK2186269A (1 µM) and GSK1173862A (1 µM) compounds triggered extensive nuclei
fragmentation, considered a sub-G1 phase alteration (Figure 2A,B). Furthermore, the three
compounds significantly increased caspase 3 and 7 activity, suggesting the induction of
apoptosis (Figure 2C). Another cancer hallmark significantly inhibited by the selected KIs
was the cell migration. All three inhibitors (1 µM) were capable of preventing the wound
closure by the AGP-01 cells (Figure 2D,E).
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Figure 2. Anti-cancer effects of the three selected kinase inhibitors. (A) Cell cycle phase distribution
of metastatic gastric cancer cells after 72 h of kinase inhibitors treatment. (B) Percentage of cells in
sub-G1 phase after kinase inhibitors treatment. (C) Caspase 3 and 7 activities after 72 h of 1 µM kinase
inhibitors exposure against metastatic gastric cancer cells. (D,E) Inhibitory effect on cell migration
after 24 h of kinase inhibitors treatment. Mean ± standard deviation. Significant differences compared
to untreated control: * p < 0.05, ** p < 0.01, *** p < 0.001.
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Furthermore, after KI exposure, an alteration in gene expression involved in the cell
cycle regulation, cell death, and migration was observed. In AGP-01 cells, the treatment
with KIs led to the suppression of CDK2, c-MYC, CDC25A, and VIM expression while
increasing CDK1NA expression (Figure 3A). On the other hand, GSK2220400A did not
influence the expression of CDC25A, but it was the only drug that increased TP53 levels.
The analysis of PPI networks produced by those were involved in processes such as cell
cycle, mitotic processes, UV and radiation response, DNA damage process, and DNA metabolic
process with an FDR < 0.05 (Figure 3B,C).
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Figure 3. Gene expression pattern of oncogenes and tumor suppressors genes in metastatic gastric
cancer cells after kinase inhibitors treatment (1 µM). (A) Mean ± standard deviation of mRNA
expression fold change of CDK1NA, CDK2, CDC25A, TP53, c-MYC, and VIM after KI exposure.
(B) Protein–protein interaction network analysis of the modulated genes after kinase inhibitor treat-
ment. Analyzed genes by RT-qPCR after treatment are represented with yellow color. (C) False
Discovery Rate (FDR) of functional analysis with GO biological processes gene set. The top 10 GO
processes are sorted by the FDR. Significant differences compared to the untreated control: * p < 0.05,
** p < 0.01, *** p < 0.001.

3.3. Kinase Target Expression in the Metastatic Gastric Cancer Cells

Gene expression of AGP-01 cells and non-neoplastic gastric mucosa MNP-01 (normal
cell) revealed that the ALK gene is overexpressed in the gastric cancer cells when compared
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to the normal cell line. As show in Figure 4A, among the three kinase identified as the target
for the three studied compounds [13], only the ALK gene was overexpressed in the gastric
cancer cells compared to the normal cell line. Moreover, we performed the GEPIA analysis
to determine the impact of high expression on patients’ survival. Gastric adenocarcinoma
patients with higher expression of ALK gene had a lower survival probability compared to
the low expression of ALK group (p = 0.0045).
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Figure 4. Overexpression of the ALK gene in the metastatic gastric cancer cells AGP-01. (A) Gene
expression of the three-target kinase for the three selected inhibitors were assessed by RT-qPCR.
The comparative expression between AGP-01 cells (metastatic gastric cancer cell) and MNP-01 cells
(non-malignant gastric mucosa) are shown as mean ± standard deviation (SD). (B) Diagram showing
the three molecules selected in this study and their targets. (C) GEPIA server analysis for ALK
expression on Cancer Genome Atlas Stomach Adenocarcinoma (TCGA-STAD) comparing tumor
samples and normal samples. Red and blue dotted lines represent high and low ALK expression,
respectively. Significant differences compared to untreated control: *** p < 0.001.

4. Discussion

ALK is considered to play a key role in the nervous system’s development and function,
where it regulates the basic principles of cell proliferation, survival, and differentiation
in response to extracellular stimuli [20,21]. Besides chromosome rearrangements, gene
overexpression has been described as the relevant abnormal alterations in the ALK gene
in neuroblastoma, lung, and oesophageal cancer [22–24]. Chen et al. (2012) also showed
ALK overexpression in non-small cell lung cancer detected by immunohistochemical tech-
niques [25]. Another recent evidence demonstrated that the ovarian high-grade serous
carcinoma (HGSC) had significantly higher cytoplasmic ALK expression without chromo-
somal rearrangement or gene alterations compared to non-HGSC ovarian carcinomas [26].
However, ALK overexpression in gastric adenocarcinoma has not been well investigated.
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To our knowledge, Fan and co-workers (2020) described the first case of gastrointestinal
stromal tumor (GIST) with ALK overexpression; however, GIST are a different cancer
identity when compared to gastric adenocarcinoma [27].

Our study aimed to screen 147 different kinase inhibitors identified and characterized
by Elkins et al. (2016) in a metastatic gastric adenocarcinoma model in order to identify
a possible kinase target with therapeutic relevance. After the initial screening, only six
compounds suppressed the cell growth as much as the positive control and only three
compounds (GSK2186269A, GSK1173862A, and GSK2220400A) continued to be investi-
gated regarding their mode of action and to confirm their anti-cancer properties. The
results were clear in demonstrating the cell cycle blockage, apoptosis induction, and the
inhibitory effect on migration as well as in gene expression modulation. In fact, based
on the gene expression of CDKN1A, CDK2, CDC25A, TP53, and MYC, the GO biological
analysis revealed that the regulation of the cell cycle (GO:1902749, GO:1903047, GO:0000082,
GO:1901990) and DNA damage response (GO:0034644, GO:0006977, GO:0010332) were
induced after treatment with the three kinase inhibitors, which resulted in the eventual cell
death [28–31]. The VIM gene suppression also revealed that the kinase inhibitors probably
induced mesenchymal-epithelium transition which corroborated with the inhibition on
cell migration [32]. A single study by [27] showed a decrease in cell viability and cell cycle
progression, as well as tumor growth in a xenograft model of gastric cancer after ALK
inhibition [33]. Therefore, our study corroborates with the possibility of the use of ALK
target therapy against gastric cancer.

Evaluating the three compounds with high cytotoxic potency, compounds GSK2186269A,
GSK2220400A, and GSK1173862A share the same targets [13], Anaplastic Lymphoma Receptor
Tyrosine Kinase (ALK) and Insulin Receptor (INSR). Additionally, the GSK1173862A molecule
also interacts with Dual Specificity Tyrosine Phosphorylation Regulated Kinase 1B (DYRK1B).
These findings suggest that the gastric cancer cells probably overexpress these genes and
therefore could be a relevant therapeutic target for gastric cancer management. Moreover, we
performed the gene expression analysis of these targets on gastric cancer cells (AGP-01) and,
interestingly, only the ALK gene showed a high expression level in gastric cancer cells when
compared to the non-malignant cell line (sixfold changes). Looking for another evidence that
ALK can be a biomarker for gastric cancer, we identified a lower survival rate for patients
with gastric cancer with high levels of ALK expression in TCGA-STAD analysis [19]. Our
hypothesis is that ALK gene overexpression can be a therapeutic target and/or a prognosis
biomarker for patients with high-grade gastric adenocarcinoma. However, further studies are
needed to confirm this hypothesis.

To our knowledge, only one study evaluated the ALK expression and this was in four
Asian gastric cancer cell lines and a single Asian cohort of gastric cancer patients. ALK
gene amplification and protein overexpression were not seen in any of these samples [34].
It is worth it to notice that gastric carcinogenesis differs between Asian and Caucasian
tumors [35–38]. A few studies have described other ALK molecular alterations in gastric
tumors which do not include gene overexpression. For example, a study showed 2.3%
positive cases of ALK translocation by FISH using the standard criteria of at least 15%
positive cells for the break-apart signal in signet ring cell carcinoma of the gastrointestinal
tract [39].

Interestingly, a novel form of ALK gene fusion was identified, being the first gastric
adenocarcinoma case with RAB10-ALK fusion [40]. On the contrary, another study did not
find ALK fusions by FISH and gene sequencing methods in gastric adenocarcinoma [41].
Therefore, it seems to have a relevant difference among the population tested or genetic
alteration found within ALK gene in those studies. Indeed, the genetic background can
affect the molecular analysis of the cell line or cohorts [42]. Small-molecule ALK tyrosine
kinase inhibitors are very effective against a group of cancers defined by chromosomal
rearrangements involving the anaplastic lymphoma kinase (ALK) gene. The first- and
second-generation of ALK inhibitors was designed to act by inhibiting the ALK chromoso-
mal rearrangements, and currently, treatment resistance and recurring illness have gained
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importance [43]. Therefore, there is still a need for the discovery of new ALK gene-related
alterations and the development of new inhibitors. There is ample evidence that ALK over-
expression may be a promising therapeutic biomarker for other populations in different
continents, which could benefit gastric cancer patients.

5. Conclusions

In conclusion, in vitro screening of a kinase inhibitor library reveals three potential
kinase inhibitors against gastric cancer cell model. These three molecules showed significant
anticancer activity by inhibiting cell proliferation and migration, as well as provoking cell
death. Interestingly, the three molecules share the same targets, ALK and INSR, in which
only the ALK gene is overexpressed in the gastric cancer cell line. Looking for a possible
impact on clinical aspects, we identified that higher ALK expression reduces patients’
survival rate in TCGA-STAD data. We hypothesize that ALK gene overexpression can be a
promising biomarker for gastric adenocarcinoma. However, further studies, in particular
clinical studies, need to be conducted to prove this hypothesis.
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Abstract: Multiple myeloma (MM) is a blood cell neoplasm characterized by excessive production of
malignant monoclonal plasma cells (activated B lymphocytes) by the bone marrow, which end up
synthesizing antibodies or antibody fragments, called M proteins, in excess. The accumulation of
this production, both cells themselves and of the immunoglobulins, causes a series of problems for
the patient, of a systemic and local nature, such as blood hyperviscosity, renal failure, anemia, bone
lesions, and infections due to compromised immunity. MM is the third most common hematological
neoplasm, constituting 1% of all cancer cases, and is a disease that is difficult to treat, still being
considered an incurable disease. The treatments currently available cannot cure the patient, but only
extend their lifespan, and the main and most effective alternative is autologous hematopoietic stem
cell transplantation, but not every patient is eligible, often due to age and pre-existing comorbidities.
In this context, the search for new therapies that can bring better results to patients is of utmost
importance. Protein tyrosine kinases (PTKs) are involved in several biological processes, such as cell
growth regulation and proliferation, thus, mutations that affect their functionality can have a great
impact on crucial molecular pathways in the cells, leading to tumorigenesis. In the past couple of
decades, the use of small-molecule inhibitors, which include tyrosine kinase inhibitors (TKIs), has
been a hallmark in the treatment of hematological malignancies, and MM patients may also benefit
from TKI-based treatment strategies. In this review, we seek to understand the applicability of TKIs
used in MM clinical trials in the last 10 years.

Keywords: multiple myeloma; tyrosine kinase; treatment; ibrutinib
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1. Introduction

Multiple myeloma (MM) is a systemic hematological neoplasm in which there is an
abnormal proliferation of malignant monoclonal plasmocytes that release antibodies or
antibody fragments, called M proteins, in excess [1–5]. This feature is responsible for a
range of symptoms of MM such as blood hyperviscosity and damage to the renal tubules.
Along with this accumulation, the interaction of malignant plasma cells with other cells in
the bone marrow (BM) causes several problems for patients such as anemia, destructive
bone lesions, and infections due to compromised immunity [5–7].

MM is the third most reported neoplasm representing approximately 1% of all cancers
and approximately 10% of all hematological malignancies, with risk factors for MM devel-
opment involving gender, age, family history of malignancies, and ethnicity [1,8,9]. MM is
more commonly reported in men than in women with a ratio of 1.5 to 1 and being twice
as common in African Americans compared to Caucasians [2,10,11]. The median age at
diagnosis tends to be around 65 years [2,12].

MM emerges from molecular changes caused by DNA damage and failures in DNA
repair mechanisms [13]. As a genetically complex disease, MM development is a process
composed of several stages, with initial mutations appearing in hematopoietic stem cells
(HSC) of the bone marrow (BM), the site most affected by the disease [14]. With the onset
of malignant transformations, patients enter a pre-malignant stage called smoldering
multiple myeloma (SMM) or monoclonal gammopathy of undetermined significance
(MGUS) that occurs due to genetic events such as chromosomal translocations involv-
ing immunoglobulin heavy chain (IgH) genes and aneuploidy [15]. Secondary genetic
events, such as copy number abnormalities and acquired mutations, are linked to tumor
progression [16–19]. With the accumulation of mutations that guarantee competitive
advantages, HSCs evolve into malignant cells and begin to proliferate causing accu-
mulation of malignant plasma cells in the BM [19]. This proliferation is sustained also
due to the release of cytokines, such as interleukin 6 (IL-6), carried out by BM stromal
cells [5,20,21]. The genetic alterations found in the MGUS stage are involved in tumor
development, while the events present in the MM stages that were not found in MGUS
are responsible for tumor progression [12,17].

MGUS is an asymptomatic pre-malignant phase, preceding most cases of MM and
being present in approximately 3–4% of the population over 50 years of age. Of the total
number of MGUS cases, only 1% per year has a chance of progression to MM [22–25].
Patients with translocation t(4;14), del(17p), gain(1q), and trisomies have a higher risk of
progression from the SMM stage to MM, reaching 10% per year. This being also a risk factor
for progression from MGUS to MM [26–28].

Regarding genetic alterations, MM is known to present a great heterogeneity; how-
ever, mutations that could be considered precursors of the disease are now well known,
and these genetic alterations can be used as a prognostic factor. An example of this
would be mutations in the IgH gene locus, responsible for producing the heavy chains
of immunoglobulins, which are considered to be early precursor mutations [3,29,30].
Chromosomal translocations involving IgH and other genes such as Nuclear Receptor
Binding SET Domain Protein (NSD2), Fibroblast Growth Factor Receptor 3 (FGFR3), Cyclin
D3 (CCND3), Cyclin D1 (CCND1), MAF bZIP Transcription Factor (MAF), and MAF bZIP
Transcription Factor B (MAFB), resulting in the translocations t(4;14), t(6;14), t(11;14),
t(14;16), and t(14;20), respectively, are also an important clinical finding, as they deregu-
late checkpoints of the cell cycle due to increased gene transcription under the activity
of IgH transcription enhancer (Figure 1) [14,31–34].
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Figure 1. Cytogenetic alterations associated with multiple myeloma (MM). In pre-malignant settings,
driver alterations correlate with deregulation of oncogene activity and carcinogenesis onset. At later
disease stages, secondary alterations emerge due to genomic instability in malignant clones, and MM
cells from the same patient may even harbor different secondary alterations, following the concepts
of linear and branching evolution. Created with BioRender.com.

2. Current Clinical MM Treatment Options

Overall survival of MM cases has more than doubled in recent decades due to the
introduction of new combinations of chemotherapy, small molecule inhibitors, and the use
of monoclonal antibodies [35–38].

Hematopoietic stem cell transplantation (HSCT) is still the most recommended treat-
ment for MM, being the first choice in most cases, although not all patients are eligible.
Non-eligibility can happen for a variety of reasons, including age, which is an important
cut-off point for inclusion criteria, pre-existing comorbidities, and performance score, which
is used to predict poor outcomes in patients with MM [39–41].

When eligible for HSCT, patients are submitted to one of two induction regimens: VTD,
which includes bortezomib, thalidomide, and dexamethasone, or VRD, which includes
bortezomib, lenalidomide, and dexamethasone, being the most adopted pre-transplant
induction regimens available [42]. The role of induction chemotherapy is to reduce the
neoplastic burden at the patient’s BM in order to increase response rates and effectiveness
of an autologous transplantation graft [43–46]. Satisfactory response rates can be seen in
young, transplant-eligible patients receiving high-dose melphalan therapy with autologous
stem cell transplantation achieving a >60% effective response [47].

Most patients afflicted with MM end up relapsing and those who relapse and are
not eligible for a new HSCT require a triple therapy regimen that varies from case to case.
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Although highly cytotoxic, triple therapy regimens should be continued until the toxicity
outweighs the benefits or until patients are eligible for autologous HSCT [35,38]

On the other hand, the use of proteasome inhibitors revolutionized the management of
hematological malignancies emerging as one of the most important agents for the treatment
of MM [48]. Tumor cells are proteasome-dependent to eliminate excess proteins that arise
due to the continuous production of monoclonal immunoglobulin chains. Proteasome
hyperactivity in MM results in the degradation of important proteins such as the nuclear
factor kappa B (NFκB), the enzymatic complex of inhibitors of nuclear factor kappa B (IκB),
tumor protein p53 (TP53) suppressor proteins, among other proteins responsible for the
cell cycle [49,50]. Its inhibition leads to cellular stress induced by high protein load in the
endoplasmic reticulum due to the accumulation of intracellular proteins, leading to cell
death in MM cells [51,52]. Three agents in this class are approved by the Food and Drug
Administration (FDA) for use, bortezomib, carfilzomib, and ixazomib [53–57].

Approved in 2003, bortezomib was the first proteasome inhibitor to be used for the
treatment of relapsed and refractory multiple myeloma. Reversibly binding with high
affinity to the 20S proteolytic core withing the 26S proteasome without inhibiting other
types of proteases commonly present in the human body, bortezomib inhibits the ubiquitin–
proteasome pathway, triggering a series of events such as induction of apoptosis, cell
cycle inhibition, angiogenesis and adhesion, and cell proliferation. Despite being highly
potent and effective, bortezomib has a limitation during treatment: the dose that will
be used is limited by the toxicity of the drug that is often associated with peripheral
neuropathy [52,55,56,58,59].

Carfilzomib is a second-generation proteasome inhibitor approved in 2012 for use
in monotherapy or doublet or triplet combination regimens, especially for patients with
relapsed or refractory multiple myeloma. Unlike bortezomib, which binds reversibly,
carfilzomib binds irreversibly and highly selectively to the 20S proteasome, precisely
in the chymotrypsin-like β5 subunit. The inhibition of this subunit is enough to cause
apoptosis due to the accumulation of proteasome substrates inside the cell, which could
explain the high sensitivity of MM cells to this drug, use of carfilzomib being possible in
a monotherapy regimen aiming to reduce adverse effects. In this context, the drug has
lower neurotoxicity compared to bortezomib, but there is a higher possibility of causing
hypertension, congestive heart failure, and coronary artery disease, not being recommended
for patients with heart diseases [54–56].

Ixazomib was approved in 2015 for use in combination with lenalidomide and dex-
amethasone (Rd) in patients who have received at least one therapy regimen previously.
It is the first proteasome inhibitor that can be administered orally. Ixazomib is a potent
and selective inhibitor of 20S proteasome, also binding in the chymotrypsin-like β5 sub-
unit, as carfilzomib, but reversibly, as bortezomib. In addition, at high concentrations,
the drug can also bind in two other subunits of this proteasome: β1 caspase-like and β2
trypsin-like, increasing the selectivity of ixazomib by proteasome 20S. Ixazomib has no
cardiotoxic effects, but neurotoxicity is present, although at a lower level when compared
to bortezomib. The most reported adverse effects are thrombocytopenia, skin rash, and GI
symptoms—diarrhea, nausea, and vomiting [54,55,60–62].

Another important therapy in the treatment of MM is the use of immunomodulators
(IMiDs), such as thalidomide, pomalidomide, and lenalidomide. In general, immunomod-
ulators act by inhibiting cell growth by inducing apoptosis in MM cells through the in-
hibition of interferon regulatory factor 4 (IRF4), thus, affecting expression of the MYC
proto-oncogene (MYC). The overexpression of these two factors is linked to oncogenesis in
several types of cancer, including MM, as they are involved in the processes of regulation of
cell growth and metabolism, differentiation, apoptosis, angiogenesis, DNA repair, protein
translation, and hematopoietic cell formation. In MM, they act by regulating the immune
response and the development of immune cells [63–66].

In addition, IMiDs act favoring the production of interleukin-2 (IL-2) and interferon-
gamma (IFN-γ), activating T lymphocytes and natural-killer (NK) cells, on the other hand
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also inhibiting the production of the tumor necrosis (TNF)-α. The discovery of the inhibitory
effects of thalidomide on tumor progression led to the development of two other analogues,
lenalidomide and pomalidomide, which were authorized and released for use in MM after
clinical trials in 2006 and 2013 [64,67–69].

Daratumumab is a new kind of drug that has been used since 2015 for the treatment
of MM and it has been promoting an incredible improvement in the efficiency of the treat-
ment [70]. Daratumumab is an anti-CD38 monoclonal antibody, which is a pleiotropic
glycoprotein highly expressed on plasma cells and MM cells, acting as a transmembrane
receptor on these cells [70,71]. The role of CD38 as a receptor involves signaling for cell
activation and proliferation and inducing cell adhesion processes [72], which may ex-
plain its high expression in MM tumor cells. Therefore, the daratumumab’s monoclonal
antibodies directly target and destroy tumor cells due to several mechanisms, includ-
ing antibody-dependent cell-mediated cytotoxicity, complement-dependent cytotoxicity,
antibody-dependent phagocytosis, and immune cell depletion or inhibition of immuno-
suppressive cells, constituting a specific type of immunotherapy for patients with multiple
myeloma [46,73–76]. Initially, it was only used as a monotherapy regimen for patients with
relapsed or refractory MM, but its low toxicity allowed it to be added to other drugs in
several different combinations, both in triple and quadruple therapies [70,71].

Emerging therapies with better outcomes involve immunotherapy and personalized
medicine based on the molecular characteristics of the patient’s tumor [33,71,77]. Specific
antibodies against B-cell maturation antigen (BCMA) have shown promise in the treatment
of MM, since it is an antigen whose expression is higher in myeloma cells than in healthy
plasma cells, having an essential role in the process of maturation and differentiation of
B-cells, being only expressed on antibody-producing B lymphocytes [78,79]. Antibodies
with dual specificity are also under development, the central idea of which is to bind a
T cell to a tumor cell, with the antibody acting as a binding bridge, and thus induce the
destruction of the tumor cell by the T lymphocyte connected to it [71,77].

Due to the evolution of molecular profiling techniques, it is possible to identify several
genetic and molecular abnormalities that constitute the neoplastic clones of a specific patient.
The knowledge of the existing mutations helps guide the best available treatment based on
the genetic characteristics of each patient, in addition to assessing the patient’s prognosis,
thus, determining whether a more aggressive drug therapy is necessary or if the patient is
in a situation of good prognosis and may be eligible for autologous HSCT [31,33,80].

With the understanding that MM is a disease still treated with a non-curative approach,
the constant development of new therapeutic strategies is one of the main goals in oncologic
investigations and routine clinical practice. In the past couple of decades, the use of small-
molecule inhibitors, which include tyrosine kinase inhibitors (TKI), has been a hallmark
in the treatment of hematological malignancies, and MM patients may also benefit from
TKI-based treatment strategies [31,32].

3. Tyrosine Kinase Inhibitors in MM

Protein tyrosine kinases (PTKs) are part of a large, multigene family and their main
functions are to coordinate cellular behavior, regulate mitosis, differentiation, apoptosis,
and a series of physiological and biochemical processes [81–83]. Structurally, PTKs can be
divided into receptor PTKs (RTK), acting as receptors for external signals of growth and
survival factors and phosphorylating other protein residues in the intracellular compart-
ment, and non-receptor PTKs (NRTK), which are cytoplasmic or nuclear proteins that act as
second messengers. Examples of both classes include insulin-like growth factor 1 receptor
(IGFR), mast/stem cell growth factor receptor Kit (KIT), hepatocyte growth factor receptor
(MET), fibroblast growth factor receptor (FGFR3), vascular endothelial growth factor recep-
tor (VEGFR), and platelet derived growth factor receptor (PDGFR), as RKTs, and Bruton’s
tyrosine kinase (BTK), Janus kinase (JAK), SRC proto-oncogene (SRC), ABL proto-oncogene
(ABL), and FA complementation group (FAC), as NRTKs [81,84–87].
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Several groups of diseases present alterations linked to PTK, as their abnormal expres-
sion is linked to disorders in the regulation of cell proliferation, leading to the process of
tumorigenesis, and their overexpression is also related to invasion and metastasis, tumor
neovascularization, and resistance to chemotherapy [81,85,86,88,89].

There are currently 71 TKIs approved by the FDA for the treatment of neoplasms
(http://www.brimr.org/PKI/PKIs.htm, accessed on 21 July 2022). Acquired resistance
remains a problem in cancer-targeted therapies as a variety of resistance mechanisms are
described in TKI treatment protocols, such as amplification of target receptor expression,
mutations in tyrosine kinase inhibitor binding receptors, overactivation of alternative
cell survival pathways, and activation of downstream signaling effectors linked to cell
proliferation [82,90]

Table 1 is composed of a series of clinical trials over the last 10 years using TKIs as
monotherapy or in combination with other cytotoxic agents to treat patients afflicted with
refractory multiple myeloma and their results with degrees of efficacy.

Table 1. TKIs used in clinical trials to treat refractory multiple myeloma in the last 10 years.

Clinical Study
Phase

Targeted
Kinase

Kinase
Inhibitor Associated Treatment Clinical Outcome Adverse Events References

I BTK Ibrutinib Carfilzomib/Dex-
methasone

ORR of 67% and a PFS of
7.2 months.

Hypertension, anemia,
pneumonia, fatigue,

diarrhea, and
thrombocytopenia.

[91]

I/IIb BTK Ibrutinib Carfilzomib/Dexamethasone

Acceptable safety profiles
with PFS and ORR of
7.7 months and 71%,

respectively. The average
one-year OS rate was 77%.

Thrombocytopenia,
anemia, diarrhea, fatigue,
nausea, and hypertension.

[92]

II BTK Ibrutinib Bortezomib/Dexamethasone

The drug combination
initially increased the levels

of infections and risk
minimization measures were
necessary. Clinical response

was observed in 57% of
patients with a duration of

9.5 months.

Thrombocytopenia,
diarrhea, anemia, asthenia,

and pneumonia.
[93]

II BTK Ibrutinib Dexamethasone

The highest CBR was
achieved in the combination

of ibrutinib 840 mg with
dexamethasone 40 mg. With

CBR of 28%, ORR of 5%,
sustained SD of 23%, and

median PFS of 4.6 months.

Diarrhea, fatigue, nausea,
anemia, and

thrombocytopenia.
[94]

I JAK Ruxolitinib Lenalidomide and
metilprednisolone

The drug showed the ability
to abrogate resistance to

lenalidomide. Featuring CBR
of 46% and ORR of 38%.

Anemia,
thrombocytopenia and

lymphopenia, sepsis, and
pneumonia.

[95]

Ib HGF and MET Cabozantinib NR

The drug alone has no
significant activity in patients

with refractory MM. The
study was interrupted, and

the rates were not calculated.

Grade 2 congestive heart
failure and grade 3 APN.
The remaining AEs were

related to intestinal events.

[96]

Ib JAK1 INCB052793 NR
No significant responses

were observed. ORR of 24%
and OS of 6.7 months.

Thrombocytopenia,
anemia, fatigue, nausea,

and vomiting.
[97]

II c-MET Tivantinib NR

In isolation, the drug did not
present a satisfactory
response in refractory

patients. SD of 36% and PD
of 63% were obtained.

Neutropenia, hypertension,
syncope, infection,

and pain.
[98]

II MEK and AKT Trametinib and
Afuresertib NR

MTDs were found, being
concentrations that are below

the monotherapy
concentration of each drug.
However, these doses were
considered subtherapeutic.

Diarrhea, acneiform
dermatitis, maculopapular

rash, fatigue, dry skin,
nausea, dyspnea,

and vomiting.

[99]
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Table 1. Cont.

Clinical Study
Phase

Targeted
Kinase

Kinase
Inhibitor Associated Treatment Clinical Outcome Adverse Events References

II VEGF Sorafenib NR

Only one patient completed
the 13 cycles of treatment and

achieved PR, another
7 patients remained in PD.

Fatigue, nausea,
hypertension, dermal
toxicity, hematologic

toxicity, and heart attack.

[100]

II FGFR3 Dovitinib NR

The SD rate in t(4;14)-positive
patients was higher, being

61.5%, compared with 34.6%
rates for those

translocation-negative

Diarrhea, nausea,
vomiting, and fatigue. [101]

Legend: NR: not reported; SD: stable disease; PR: partial response; ORR: overall response rate; PD: patients
showed progression; OS: median overall survival; PFS: progression-free survival; CBR: clinical benefit rate; MTD:
maximum tolerated dose.

Of the 11 articles described in Table 1, 36.4% (4) addressed the treatment with ibruti-
nib as a major option for MM. The other studies addressed treatments with other kinase
inhibitors, such as Ruxolitinib, Cabozantinib, INCB052793, Tivantinib, Trametinib, Afure-
sertibe, Sorafenib, and Dovitinib. In total, 36.4% (4) of the articles described in the table are
phase I clinical trials, while the other 63.6% (7) are phase II clinical trials [92–101].

4. Ibrutinib: A BTK Inhibition Approach

BTK inhibitors (BTKi) are one of the most popular and advanced approaches to
targeting the BCR pathway. In addition to having revolutionized the treatment of B-
lymphocyte malignancy, they also have a high level of efficacy in relation to chronic
lymphocytic leukemia (CLL) patients, especially those with high-risk mutations [102,103].
Among these inhibitors, Ibrutinib stands out, already showing robust and durable efficacy
in the treatment of refractory CLL and being one of the first inhibitors of the pathway to be
approved by the FDA [104,105].

Ibrutinib is an FDA-approved drug for the treatment of B-cell malignancies [106], it
works by irreversibly binding BTK through a covalent bond with a cysteine residue at position
481 (C481) [107]. It has demonstrated clinical responses mainly related to refractory CLL and
mantle cell lymphoma (MCL), but it also has approval for use in cases of Waldenström’s
macroglobulinemia, small lymphocytic lymphoma, and marginal zone lymphoma. Chronic
inhibition of BTK has been shown to be so effective in terms of its anticancer activity that its
drugs are being widely tested in hematologic malignancies and solid malignancies [108,109].
Since overexpression of BTK is present in 85% of MM cases, ibrutinib appears as a promising
therapy for MM patients, and the roles of BTK in the development of bone resorption by
osteoclasts, as well as in cell migration, are characteristics that support BTK’s research in the
context of MM development [108,110–113].

BTK belongs to the Tec tyrosine kinase family that is involved in the B-cell antigen re-
ceptor (BCR) signaling pathway, being related to the survival, proliferation, and progression
of malignancies in these cells. In MM, BTK is related to drug resistance, bone disease, and
increased cell proliferation [114]. BTK activity, together with tyrosine phosphorylation, trig-
gers the action of protein kinase B (AKT) which in turn will mediate transcription factors for
proliferation, differentiation, and signaling cascades for survival—RAS/RAF/MEK/ERK
and PI3K/AKT/mTOR (Figure 2) [110,114–117].

In the four studies presented in Table 1 in which ibrutinib was used, satisfactory results
were reported, reaching conclusions where the clinical response to the use of ibrutinib
encourages its use. This can also be seen in the statistical data of these articles, such as
ORR above 60% [91,92], clinical response of 57% [93], and CBR of 28% [94]. The number
of patients presented in the studies totaled 268, with an average age above 60 years. The
preferred dose of ibrutinib was 840 mg, which is the limit dose for patients with MM, in
addition to being a higher dose than that used in the treatment of other diseases such as
lymphoma and chronic lymphocytic leukemia (CLL), which already have approved doses
of 560 and 420 mg, respectively. It is worth mentioning that patients with CLL do not
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usually use doses of 840 mg due to the risk of discontinuation caused by adverse effects
(AEs) [118].
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ibrutinib. In multiple myeloma (MM), B-cell receptors of malignant plasma cells signal for BTK Figure 2. Bruton’s tyrosine kinase (BTK) survival and proliferation pathways and interaction with
ibrutinib. In multiple myeloma (MM), B-cell receptors of malignant plasma cells signal for BTK
cascade to begin, which is highly overexpressed and induces survival and proliferation of neoplastic
clones. Downstream activity happens mainly through phospholipases which catalyze formation of
IP3 (inositol 1-4-5 trisphosphate) and DAG (diacylglycerol), being effectors of intracellular calcium
signaling pathways, in the case of IP3, and NFκB and MAPK signaling pathways, in the case of DAG.
Inhibition of BTK by ibrutinib, however, can drastically disrupt the metabolism of MM cells and
happens through the covalent and irreversible interaction of ibrutinib with the cysteine residue on
position 481 of the BTK active domain. Created with BioRender.com.

All four studies [91–94] utilized drugs which are standards for MM therapies in com-
bination with ibrutinib, varying between carfilzomib and bortozomib, but the association
of ibrutinib with dexamethasone was unanimous among all groups. The association of the
BTK inhibitor with other drugs seeks to potentiate the therapeutic action and increase rates
such as overall response rates (ORR) and progression-free survival (PFS) [94]. This associa-
tion is also observed in cases of CLL, since BTKis in monotherapy are not enough to obtain
profound responses and are therefore used in combination with other drugs to increase
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efficiency and not lose their effects due to resistance mechanisms [103,105]. In the study
carried out by Richardson et al. [94], the combination of ibrutinib with dexamethasone
demonstrated better results when compared to ibrutinib monotherapy. Chari et al. [91]
observed that the combination of ibrutinib with carfilzomib and dexamethasone showed a
promising response.

In studies using ibrutinib, among the AEs suffered by patients, the presence of anemia,
diarrhea, and thrombocytopenia was constant [91–94]. AEs related to BTKi inhibitors
are still being described, however, cardiac effects are the main concern due to the risk of
combining these with hemorrhagic effects [108]. In in vitro studies, ibrutinib has already
been demonstrated to interact with collagen-dependent platelet activation and von Wille-
brand factor, and it has been linked to an increased incidence of ventricular arrhythmia,
hypertension, and neutropenia [110,111,118,119].

Dickerson et al. [54] observe that 78.3% of the patients who were using ibrutinib devel-
oped or worsened hypertension in an average period of 30 months. Although the causal
relationship between ibrutinib and cardiotoxicity has not yet been fully elucidated, there
are some theories, one of which would be the ability of ibrutinib to bind with other Tec
kinases [120]. Despite cases of cardiotoxicity such as atrial fibrillation (AF), as long as the
patient is benefiting from the therapy, they may continue with the treatment, with follow-up
and medication to control the possible AEs. Next-generation BTK inhibitors, with less capacity
to cause cardiotoxicity, are being studied and considered for MM treatment [120–122].

5. Clinical Perspectives with Other TKIs

In general, the use of tyrosine kinase inhibitors alone does not present a satisfactory
response in patients with refractory MM [123]. The use of sorafenib alone in 7 out of
11 patients did not stop progression of MM, presenting a PFS of 2.6 months [100], while
the isolated use of tivantinib was shown to be well tolerated, but in a clinical trial with
11 patients the agent was only able to stabilize 4 of 11 (36%) patients with progressive
myeloma [124].

Other studies show that isolated administration of trametinib and afuresertib pre-
sented a significant clinical improvement in patients with MM, but when they are associated
with other medications patients have even better responses [125,126]. Since trametinib is
a drug also used to treat melanoma, its mechanism is based on MEK inhibition [127] and
afuresertib is an AKT inhibitor that can also be used in the treatment of ovarian cancer [128].
However, the association between these two kinase inhibitors for the treatment of refractory
MM patients performed in the study by Tolcher et al. [99] did not show such promising
results, because despite having obtained maximum tolerated dose (MTD) values, these
were compatible with subtherapeutic doses, thus, rending the maintenance of the drugs in
clinically significant concentrations for a long period of time impossible due to the AEs.

In the study carried out by Scheid et al. [101], the activity of dovitinib, which acts on
the fibroblast growth factor receptor 3 (FGFR3), was evaluated in MM patients. FGFR3 is an
RTK of the FGFR family that is responsible for cell growth, differentiation, and migration
in a wide variety of cell types and is present in MM and a variety of cancers. Upon
ligand stimulation, a dimerization of the receptor occurs followed by transphosphorylation
of tyrosine residues in the intracellular domain signaling mainly through extracellular
signal-regulated kinase (ERK) 1 and 2 pathways, PI3K and PLC [129–134].

Better results from dovitinib were observed in patients with MM with the presence of t
(4;14). This translocation is associated with a worse prognosis, causing the overexpression of
the MMSET (multiple myeloma SET domain protein) and FGFR3 genes [135,136]. Thus, the
interaction between genetic abnormalities can be further explored, bringing new insights
into personalized therapy.

It was possible to perceive a wide variety of occurrences in the AEs manifested by
the patients participating in the analyzed studies. In general, the most recurrent AEs
were diarrhea, nausea, fatigue, dermal toxicity, anemia, leukopenia, thrombocytopenia,
infections, hypertension, and congestive heart failure [95–100].
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Due to many clinical difficulties in the treatment of refractory MM, it is important
to point out that the search for newer effective therapies extends also to the promising
use of TKIs, which demonstrated the positive ability to prevent the progression of the
disease in several studies described here. However, it is worth emphasizing the importance
of follow-up studies and clinical trials with different drug combinations to obtain better
clinical results and avoiding AEs [137].

A new alternative to this would be other BTK inhibitors that are already approved
by the FDA and even those in the study phase. Ibrutinib, despite its satisfactory results,
presents the problem, already discussed, regarding the AE profile and its susceptibility to
resistance pathways. However, since its mechanism of action demonstrates benefits, drugs
that act in a similar way appear as a good proposal for future research and treatment. An
example would be zanubrutinib and acalabrutinib, which are already approved by the FDA,
and despite having irreversible links in their sites of action, are able to be more selective
and show fewer problems related to platelet dysfunction and bleeding. Another proposal
that has been showing good prospects is the non-covalent, reversible BTK inhibitors, that,
among their advantages, have a greater selectivity for the site of action and are also effective
in patients with resistance to ibrutinib [138–141].

6. Conclusions

In this review, we observed that among the TKIs tested in the last 10 years for the
treatment of refractory MM, Ibrutinib was the most used and presented better clinical
results, manly when administered in association with other drugs to avoid the emergence
of resistance mechanisms that have already been found in other hematological neoplasms.
Although AEs emerging from TKI’s clinical administration is a major problem, when
properly addressed and managed, treatment-emergent AEs are not considered serious, and
the patient benefit versus risk ratio must be measured and taken into account individually
from case to case.
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Abstract: Glioblastoma (GBM) is the most common adult brain tumor and, although many efforts
have been made to find valid therapies, the onset of resistance is the main cause of recurrence.
Therefore, it is crucial to identify and target the molecular mediators responsible for GBM malignancy.
In this context, the use of Src inhibitors such as SI306 (C1) and its prodrug (C2) showed promising
results, suggesting that SI306 could be the lead compound useful to derivate new anti-GBM drugs.
Therefore, a new prodrug of SI306 (C3) was synthesized and tested on CAS-1 and U87 human GBM
cells by comparing its effect to that of C1 and C2. All compounds were more effective on CAS-1 than
U87 cells, while C2 was the most active on both cell lines. Moreover, the anti-survival effect was
associated with a reduction in the expression of epidermal growth factor receptor (EGFR)WT and
EGFR-vIII in U87 and CAS-1 cells, respectively. Collectively, our findings demonstrate that all tested
compounds are able to counteract GBM survival, further supporting the role of SI306 as progenitor of
promising new drugs to treat malignant GBM.

Keywords: glioblastoma; Src; pyrazolo [3,4-d]pyrimidine scaffold; EGFR

1. Introduction

Glioblastomas (GBM) are malignant and aggressive astrocytic tumors, classified grade
IV according to the World Health Organization [1]. They are the most common adult brain
tumors, with an annual incidence of about 1/33.330 and with a current median survival of
15 months [2].

Current therapy includes surgery, radiotherapy, and chemotherapy but, unfortunately,
in many cases such approaches are ineffective and facilitate the onset of relapse and the
development of therapy resistance [3]. Therefore, there is a great need to identify new
treatments capable of improving the prognosis of patients. In recent years, several genetic
alterations and pathways responsible for GBM malignancy were identified and indicated
as targets for new therapies [4–6]. In this context, Src-Family Kinases (SFKs), having a
key role in the development, tumorigenicity, invasion, and progression of GBM [7], have
received particular attention. In this regard, our research group has recently developed
new Src inhibitors endowed with a pyrazolo[3,4-d]pyrimidine scaffold [8–13]. Among this
series of compounds, SI306 (compound 1, C1, Figure 1) showed significant efficacy against
U87 human GBM cells [14–16]. Based on these successful results, we decided to study
this compound further by synthesizing prodrugs potentially endowed with improved
pharmacokinetic (PK) properties and testing them on U87 and CAS-1 GBM cells in order to
evaluate their efficacy.
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In particular, we selected compound 2 (C2, Figure 1), an SI306 prodrug that already
showed an improved activity in biological assays [13,16], and the ethylene glycol derivative
3 (C3, Figure 1) as a potential valuable prodrug of a new synthesis. Indeed, a careful analysis
of the literature highlighted that introducing a poly(ethylene glycol) (PEG) chain can
successfully modulate drug delivery [17]. As different studies pointed out that the activity
of many small molecules is improved by PEGylation [18], we synthesized compound 3
(Figure 1), which bears two ethylene glycol units on the carbamate moiety. We chose
this short PEG chain driven by the rationale to balance a feasible synthesis with the
chance to afford a compound characterized by improved ADME (Absorption, Distribution,
Metabolism, Excretion) properties. Compound 3, and previous analog compounds 1 and 2,
were tested on CAS-1 and U87 cells, and their activities were compared.

The obtained results showed that all tested compounds exhibited a more significant
anti-survival effect on CAS-1 than on U87 cells and that C2 was the most active on both
cancer cell lines.

Given that Src has been demonstrated to interact and activate epidermal growth factor
receptor (EGFR) [19,20], an oncogene frequently amplified and mutated in GBM [21–24],
the action of SI306 (C1) and its derivatives (C2 and C3) on the expression of both wild type
(wt) and mutated (vIII) EGFR was evaluated. In this regard, our results showed that CAS-1
cells express EGFR-vIII while U87 cells express EGFRWT. Moreover, 48 h exposure to the
highest dose (10 µM) of all inhibitors markedly reduced the expression of EGFRWT and
EGFR-vIII in U87 and CAS-1 cells, respectively.

Collectively, our findings demonstrate that SI306 and its prodrugs are able to coun-
teract GBM survival by inhibiting Src, as expected. Moreover, for the first time to our
knowledge, we have shown that this event is accompanied by a reduction in EGFRWT and
EGFR-vIII expression.

2. Materials and Methods
2.1. Chemistry

All commercially available chemicals were used as purchased from Sigma-Aldrich
(St. Louis, MO, USA). DCM was dried over molecular sieves (3 Å, 10% m/v). TLC was
carried out using Merck TLC silica gel 60 F254. Chromatographic purifications were
performed on columns packed with Merck silica gel 60, 23−400 mesh, for flash technique.
1H-NMR and 13C-NMR spectra were recorded on a JEOL JNM ECZ-400S/L1 FT (400 MHz).
Chemical shifts were reported relative to tetramethylsilane at 0.00 ppm. Elemental analysis
for C, H, N, and S was determined using Thermo Scientific Flash 2000 and results were
within ±0.4% of the theoretical value. All target compounds possessed a purity of ≥95%
verified by elemental analysis. Compounds 1 and 2 were previously synthesized by
us [13,25,26].

2.2. Synthesis of 2-(2-hydroxyethoxy)ethyl (3-bromophenyl)(1-(2-chloro-2-phenylethyl)-6-((2-
morpholinoethyl)thio)-1H-pyrazolo[3,4-d]pyrimidin-4-yl)carbamate (C3)

A solution of triphosgene (0.45 mmol, 133 mg) in anhydrous CH2Cl2 (8 mL) was
added dropwise to a mixture of NaHCO3 (2.25 mmol, 189 mg) and N-(3-bromophenyl)-1-(2-
chloro-2-phenylethyl)-6-((2-morpholinoethyl)thio)-1H-pyrazolo[3,4-d]pyrimidin-4-amine 1
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(0.45 mmol, 258 mg) in anhydrous CH2Cl2 (8 mL) precooled at 0 ◦C in an ice bath. After
30 min, the reaction was allowed to warm to room temperature and stirred for 5 h. Then,
a solution of ethylene glycol (20.00 mmol, 1.9 mL) in anhydrous CH2Cl2 (8 mL) was
added and the mixture stirred at room temperature for 16 h. Cold water (25 mL) was
added, and the two phases were separated. The aqueous phase was extracted twice
with CH2Cl2 (2 × 25 mL). The organic phase was dried over anhydrous Na2SO4 and
evaporated. The crude oil was purified through two flash chromatographies on silica
gel, eluting first with THF/EP 1:1 and then with ethyl acetate/acetone (1:1) affording the
desired C3 as a pure light amber oil. Yield 54%. 1H-NMR (CDCl3): δ 2.48–2.57 (m, 6H,
2CH2N morph + NCH2CH2), 298–3.13 (m, 2H, CH2S), 3.47 (t, J = 8 Hz, 2H, HOCH2CH2O),
3.64–3.72 (m, 8H, 2CH2O morph + HOCH2 + COO-CH2CH2), 4.41 (t, J = 4 Hz, 2H, COO-
CH2), 4.68–4.72 and 492–4.98 (2m, 2H, CH2N pyraz), 5.48–5.52 (m, 1H, CHCl), 7.16–7.18 (m,
1H Ar), 7.25–7.34 (m, 4H Ar), 7.41–7.43 (m, 3H Ar), 7.49–7.51 (m, 1H Ar), and 7.98 (s, 1H,
H-3). 13C-NMR (CDCl3): δ NMR (101 MHz,) δ = 31.87, 53.45, 53.93, 54.32, 57.66, 60.29, 61.70,
66.58, 66.82, 68.74, 72.62, 76.85, 77.16, 77.48, 103.66, 122.36, 127.44, 127.56, 128.88, 129.17,
130.49, 131.33, 131.93, 135.39, 137.88, 140.98, 153.45, 154.27, 156.07, and 168.36. Anal. calcd.
for C30H34N6O5SClBr: C 51.03, H 4.85, N 11.90, and S 4.54; found: C 50.77, H 5.19, N 11.57,
and S 4.09.

2.3. Cell Cultures

U87 and CAS-1 human GBM cell lines were obtained from Ospedale Policlinico San
Martino (Genova, Italy). Cells were periodically tested for mycoplasma contamination
(Mycoplasma Reagent Set, Aurogene s.p.a, Pavia, Italy). Cells were maintained in DMEM
low glucose medium (Euroclone SpA, Pavia, Italy) supplemented with 10% fetal bovine
serum (FBS; Euroclone), 2 mM of glutamine (Euroclone).

2.4. Treatments

U87 and CAS-1 cells were treated with C1, C2, and C3 for 24, 48, and 72 h with
increasing concentrations (1–10 µM) of each compound. The stock solutions of the three
compounds were prepared in DMSO (Sigma-Aldrich Co., Saint Louis, MO, USA) and pilot
experiments demonstrated that final DMSO doses did not affect any cell response analyzed.

2.5. Cell Viability Assay

Cell viability was determined by using the CellTiter 96® AQueous One Solution Cell
Proliferation Assay (Promega, Madison, WI, USA), as previously described [27]. Briefly,
cells (9 × 104 cells/well) were seeded in 96-well plates (Corning Incorporate, Corning,
NY, USA) and then treated. Next, the cells were incubated with MTT solution according
to manufacturer’s instructions and the absorbance at 570/630 nm was recorded using a
microplate reader (EL-808, BIO_TEK Instruments Inc., Winooski, VT, USA). The relative
IC50 values for were calculated by non-linear regression analysis using GraphPad Prism
6.0 software (GraphPad Software, La Jolla, CA, USA).

2.6. Blot Analyses

Immunoblots were performed according to standard methods [28] using rabbit an-
tibody anti-human anti-Src (#2109), anti-Phospho-Src (Tyr527, #2105) corresponding in
humans to tyrosine 530 residue, anti-Phospho-Src (Tyr416, #2101) corresponding in hu-
mans to tyrosine 419 residue, anti PARP (#9542), anti-EGFR (#4267), and anti-EGFR-vIII
(#2232; Cell Signaling Technology Inc., Danvers, MA, USA, Upstate, Lake Placid, NY,
USA). Anti-rabbit secondary antibody coupled with horseradish peroxidase (Cell Signaling
Technologies, Danvers, MA, USA) was utilized.
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2.7. Statistical Analyses

Data are expressed as means ± S.E.M. Statistical significance of differences was deter-
mined by one-way analysis of variances (ANOVA) followed by Tukey’s test. p < 0.05 was
considered statistically significant.

3. Results
3.1. Chemistry

Synthesis of C1 and C2 was already reported by us [13,25,26]. C3 was synthesized
starting from SI306 with a one-pot two-step procedure. First, trisphosgene was added to a
pre-cooled solution of SI306, then ethylene glycol was added, and the reaction was stirred
at room temperature affording C3 with good yield (Figure 2).
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3.2. U87 Cells Are Less Sensitive Than CAS1 to the Effect of SI306- and SI306-Derived Drugs and
Show a Major Susceptibility to Compound 2

In order to compare the effects of C2 and C3 with those of SI306, two human GBM cell
lines (U87 and CAS-1) were exposed to increasing concentrations of compounds for 24–72 h.

The analysis of cell viability showed that all compounds, at the same doses and time
exposure, induced a major anti-survival effect on CAS-1 cells. In fact, as reported in Table 1,
the IC50 of all three compounds was lower in CAS-1 than in U87 cells. Moreover, C2 was
the most effective on both cell lines, while C3 exerted a lower activity (Table 1).

Table 1. IC50 evaluated in CAS-1 and U87 cell lines treated with increasing doses (1–10 µM) of
C1 (SI306), C2, and C3 for 24, 48, and 72 h. The data are the means ± S.E.M. of five indepen-
dent experiments. Statistical significance of differences was determined by ANOVA followed by
Tukey’s test. ** p < 0.01 vs. C1; *** p < 0.001 vs. C1; **** p < 0.0001 vs. C1;

◦◦◦
p < 0.001 vs. C2;

and
◦◦◦◦

p < 0.0001 vs. C2.

CAS-1 U87

Compound 24 h 48 h 72 h 24 h 48 h 72 h

C1 11.74 ± 0.34 3.88 ± 0.15 3.03 ± 0.1 52.46 ± 1.24 18.63 ± 0.32 5.28 ± 0.35

C2 6.05 ± 0.15 *** 3.66 ± 0.28 *** 3.13 ± 0.16 *** 46.46 ± 0.8 *** 9.24 ± 0.14 **** 3.77 ± 0.15 **

C3 13.92 ± 0.42
◦◦◦◦

6.97 ± 0.27 ***/◦◦◦ 4.47 ± 0.2 ***/◦◦◦ 54.51 ± 1.16
◦◦◦◦

28.36 ± 0.2 ****/◦◦◦◦ 5.79 ± 0.11
◦◦◦

In detail, SI306 induced a concentration-dependent decrease in the viability of CAS-
1 cells, reaching a 40% reduction at 10 µM after 24 h-exposure (Figure 3a, left panel).
Instead, no effects on cell viability of U87 were induced by 24 h-treatment with SI306
(Figure 3a, right panel). Analyzing the viability at 48 h, the highest doses of SI306 (8 µM and
10 µM) reduced the viability of CAS1 and U87 by 85% and 25%, respectively (Figure 3b,c,
respectively). Moreover, after 72 h, the highest doses decreased the viability of U87 cells by
over 70% (Figure 3c), while no further changes were observed in CAS-1 in respect to those
observed after 48 h.
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Figure 3. U87 cells are less sensitive than CAS1 to the anti-survival effect of SI306- and SI306-derived
drugs. CAS-1 (left panels) and U87 (right panels) cells were exposed to increasing concentrations
(1–10 µM) of compound 1 (C1, SI306), compound 2 (C2), and compound 3 (C3) for 24 h (a), 48 h (b),
and 72 h (c). Cell viability was evaluated by MTS assay. Histograms summarize quantitative data
of the means ± S.E.M. of five independent experiments. Statistical significance of differences was
determined by ANOVA followed by Tukey’s test. ◦ p < 0.05 vs. untreated cells; ◦◦ p < 0.01 vs.
untreated cells; ◦◦◦ p < 0.001 vs. untreated cells; ◦◦◦◦ p < 0.0001 vs. untreated cells; * p < 0.05 vs.
compound 1; ** p < 0.01 vs. compound 1; *** p < 0.001 vs. compound 1; **** p < 0.0001 vs. compound 1;
§ p < 0.05 vs. compound 2; §§§ p < 0.001 vs. compound 2; and §§§§ p < 0.0001 vs. compound 2.

With regard to SI306-derived drugs, in both cell lines it has been observed that C2 had
a major anti-survival action than SI306 (Figure 3), whilst C3 was less active than SI306 and
C2 (Figure 3). In detail, after 24 h-treatment, the highest doses (8 µM and 10 µM) of C2
were able to reduce cell viability more effectively than SI306 (Figure 3b, right panel).
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Instead, after 48 and 72 h, the highest doses of C2 and SI306 analogously decreased
CAS1 cell viability by 85% and 92%, respectively (Figure 3b,c, respectively, left panels). The
viability of U87 cells was significantly impaired after 48 h and, in particular, C2 was more
active than SI306 and C3. Interestingly, after 72 h, the highest doses (8 µM and 10 µM) of
C2 reduced U87 cell viability by about 90% (Figure 3, right panels).

Moreover, C3 at these highest doses (8 µM and 10 µM) exerted an anti-survival
effect on U87 cells comparable to that of SI306, while it was found less effective on CAS1
(Figure 3).

In order to shed light on the kind of cell death, the levels of full length (116 kDa) and
cleaved (89 kDa) PARP, a known marker of apoptosis [29], were evaluated. As reported in
Figure 4, C1, at 10 µM, and C2 and C3, at 4 and 10 µM, induced apoptosis of U87 cells after
24 and 48 h. The same treatments did not induce PARP cleavage in CAS-1 cells (Figure 4).
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Figure 4. C2 and C3 induce apoptotic death of U87 cells. The expression levels of full length (116 kDa)
and cleaved (89 kDa) PARP were evaluated in CAS-1 (left panels) and U87 (right panels) cells exposed
to 4 µM and 10 µM of compound 1 (SI306, C1), compound 2 (C2), and compound 3 (C3) for 24 h (a)
and 48 h (b). Immunoblots shown are representative of three independent experiments. Tubulin is
the internal loading control.

3.3. SI306 Derivatives Inhibit Src Activity in U87 Cells

Considering that SI306 [25,30] is a Src inhibitor [8,10,11,14–16], the inhibitory ability
of its derivatives was tested by evaluating the expression levels of Src phosphorylated
at Tyr530, a marker of Src inactivation [31], and at Tyr416 (Tyr419 in humans), a marker
of Src activation [32]. As shown in Figure 5, in U87 cells, C2 (10 µM) increased the
p-Tyr530/Src ratio by 15% and by 20% at 24 and 48 h, respectively (Figure 5, right panels),
while C3 (10 µM) induced a 15% increase after 24 h. The analysis of the expression of
Src phosphorylated at Tyr416 (Tyr419) showed that 24 h-treatment of U87 cells with all
compounds at 4 µM reduced the p-Src/Src ratio by 45% (Figure 5a, left panel). After 48 h,
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only C1 and C3 reduced the ratio by 20% (Figure 5b, left panel). No significant changes
were observed in CAS-1 cells exposed to 4 µM C1, C2, or C3 (Figure 5a,b, left panels).
However, 10 µM C1 or C3 reduced the p-Src/Src ratio by 55% in CAS-1 cells treated for
24 h, while only C3 reduced the ratio in U87 cells by 35% (Figure 5a, right panel). After
48 h, C1 and C2 also decreased the p-Src/Src ratio by 30% in U87 cells, while no significant
changes were found in CAS-1 cells (Figure 5b, right panel).
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Figure 5. SI306 derivatives inhibit Src activity in U87 cells. Src inactivation was evaluated by
immunoblot analyses of p-Src (Tyr530 and Tyr419) and total Src. The expression levels of p-Src
and Src were evaluated in CAS-1 (left panels) and U87 (right panels) cells exposed to 4 µM and
10 µM of compound 1 (SI306, C1), compound 2 (C2), and compound 3 (C3) for 24 h (a) and 48 h (b).
Immunoblots shown are representative of three independent experiments. GAPDH is the internal
loading control. Histograms summarize quantitative data of means ± S.E.M. of three independent
experiments. Statistical significance of differences was determined by ANOVA followed by Tukey’s
test. Data are expressed as a ratio of the levels of p-Src to the levels of total Src. ◦ p < 0.05 vs. untreated
cells; ◦◦ p < 0.01 vs. untreated cells; and ◦◦◦ p < 0.001 vs. untreated cells.
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3.4. CAS-1 Cells Express EGFR-vIII While U87 Cells Express EGFRWT and the Exposure to SI306
or Its Derivatives Has a Different Impact on Their Expression Levels

As it has been demonstrated that progression of GBM is related to Src up-regulation [33]
and it is also a consequence of EGFR mutations [34], the expression of both wild type EGFR
(EGFRWT) and EGFR-vIII, the most common mutant found in GBM, was investigated.
Firstly, as shown in Figure 6, EGFRWT was found in U87 while EGFR-vIII was detected in
CAS-1 cells.
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Figure 6. CAS-1 and U87 cells show a different type of EGFR, and treatment with SI306
or its derivatives differently alters their expression levels. The expression of EGFRWT or
EGFR-vIII was evaluated by immunoblot analyses performed on protein extracts obtained
by CAS-1 (left panels) and U87 (right panels) cells exposed to 4 µM and 10 µM of com-
pound 1 (SI306, C1), compound 2 (C2), and compound 3 (C3) for 24 h (a) and 48 h (b). Im-
munoblots shown are representative of three independent experiments. GAPDH is the inter-
nal loading control. Histograms summarize quantitative data of means ± S.E.M. of three in-
dependent experiments. Statistical significance of differences was determined by ANOVA fol-
lowed by Tukey’s test. ◦◦ p < 0.01 vs. untreated cells; ◦◦◦ p < 0.001 vs. untreated cells;
◦◦◦◦ p <0.0001 vs. untreated cells.
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Notably, 24 h-treatment with 4 µM of C2 or C3 increased the expression of EGFRWT in
U87 cells by 10%, while it enhanced EGFR-vIII levels in CAS-1 by about 15%, in respect
to control cells (Figure 6a, left panels). However, 48 hour-exposure to C3 induced a 30%
increase in EGFR-vIII protein levels in CAS-1 cells (Figure 6b, left panel), while 24 h-
treatment with 4 µM of SI306 did not significantly change the expression of either EGFRWT

or EGFR-vIII in ether cell population (Figure 6a,b, respectively, left panels).
Surprisingly, all compounds at the dose of 10 µM reduced the expression of EGFR-vIII

in CAS-1 cells by 70% and 95% after 24 and 48 h, respectively (Figure 6b, right panels), and
a 30–35% decrease in EGFRWT protein levels was observed in U87 cells only after 48 h of
treatment (Figure 6b, right panels).

4. Discussion

Despite ongoing efforts to find valid therapies, GBM remains a highly aggressive
tumor with low recovery expectations. In fact, today, the standard cure for GBM is surgery,
followed by radiotherapy and/or chemotherapy [2]. However, such approaches are not
currently curative, and the onset of resistance is the main cause of recurrence. Therefore, it
is crucial to identify the molecular mediators responsible for therapeutic resistance in order
to develop targeted strategies capable of overcoming this obstacle. In this regard, several
studies have attributed a crucial role to the Src family, both in GBM carcinogenesis and
in the mechanisms involved in therapeutic failure [14,35,36]. This evidence suggests that
targeting Src could be a valuable approach to improve the life expectancy of GBM patients.
Most of the Src inhibitors available today are non-specific and offer cross-reactivity [37].
Moreover, the particular location of GBM makes necessary to develop drugs able to cross
the Blood–brain barrier (BBB), and to over-express ATP-binding cassette (ABC) transporters,
preventing the drug supply and accumulation in the brain. Many FDA-approved drugs are
directed towards these transporters [7] but, although they induce an adequate intake of the
drug to the brain, are not effective for GBM treatment [38–40].

Therefore, based on these considerations, an effective therapy must hit GBM acting on
several fronts and target the molecular pathways involved in the resistance. In recent years,
our research team developed an extensive library of pirazolo[3,4-d]pyrimidines able to cross
the BBB [9,10]. Among these compounds, SI306 (namely C1 in the paper), by inhibiting
Src [41,42] and the ABC transporter Pgp [9,10], has demonstrated a powerful antitumor
action in vitro and in vivo, both as monotherapy and combined therapy [8,10,13,14]. Similar
results were obtained with the prodrug of SI306 (namely C2) [10,13]. Starting from these
promising results, a new SI306 derivative (namely C3) was designed and synthesized in
order to extend our knowledge on the effect of a different polar chain on the carbamate
moiety. C3 was decorated with an ethylene glycol unit in place of the N-methyl piperazine
fragment present in C2. Both prodrugs were tested on two human GBM cell lines and
their effects compared with those of the parent drug SI306. The obtained results herein
demonstrate that the anti-survival action of SI306 and its derivatives is both time- and
concentration-dependent. In fact, the lowest doses (2 and 4 µM) of all compounds were
able to reduce cell survival after 48 h while the highest ones (8 and 10 µM) decreased cell
survival already at 24 h with a progressive reduction at 48 and 72 h.

However, although an MTT test revealed that U87 cells are less sensitive than CAS-1,
PARP cleavage, as a recognized marker of apoptosis [43], was detected only in U87 treated
cells, suggesting that in CAS-1 cells other death pathways occur and further investigation
is needed. Interestingly, the pro-apoptotic effect of these compounds on U87 cells is
accompanied by Src inactivation measured by evaluating the phosphorylation of Tyr530
and 416 (Tyr419 in humans) [31,32].

With regard to CAS-1 cells, the reduction in cell viability is not related to Src activity
and might be due to other mechanisms that deserve further investigation. However, the
data demonstrates that Src phosphorylation status does not predict the drug sensitivity
in agreement with a recent study reporting that patients with different GBM subtypes
expressed similar levels of the unphosphorylated and phosphorylated Src [44]. In the
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present study, the different sensitivity of two GBM cells to the tested compounds could
be related to their pharmacokinetic profile, but also to the fact that CAS-1 cells express
EGFR-vIII while U87 cells express EGFRWT. This result is in contradiction with a previous
data reporting that U87 cells express EGFR-vIII [45] and we believe that this discrepancy
could be due to the different specificity of the antibody used in Western blotting analysis.

However, to investigate if all tested compounds are effective on GBM with a different
status of EGFR could have important therapeutic implications. In fact, considering that pa-
tients with EGFR-vIII have a reduced survival rate [46] and that EGFR-vIII is not expressed
in healthy tissues, EGFR-vIII could be considered an excellent target for therapy [47]. To
date, drugs developed to treat patients with EGFR-vIII or EGFR have proven to be inef-
fective due to the inability of such drugs to overcome the BBB, to tumor heterogeneity,
and to the activation of compensatory pathways such as Src [21–24]. Although further
investigations are needed, our studies demonstrate that SI306 and its derivatives impact
GBM cell survival and that this event is accompanied by a reduction in the expression of
EGFRWT and EGFR-vIII in U87 and Cas-1 cells, respectively. These results lead us to believe
that these compounds could represent a promising alternative approach to treat GBM.
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Abstract: Lung cancer is one of the main causes of death in developed countries, and non-small cell
lung cancer (NSCLC) is the most frequent type (80% of patients). In advanced NSCLC, platinum-
based chemotherapy is the frontline palliative treatment, but less than 5% of patients achieve pro-
longed survival. Immunotherapy has recently been proposed as the standard of care (SoC) as either
monotherapy or in combination with chemotherapy for advanced NSCLC. The levels of expression
of PD-L1 are the only predictive biomarkers for patient assessment. Although around 30% of patients
receiving immunotherapy achieve 5-year survival, a significant number does not benefit from this
novel therapeutic approach. Therefore, there is a need for novel strategies to improve clinical out-
comes. The expression level of choline kinase α (ChoKα) is increased in a large number of human
tumors, including NSCLC tumors, and constitutes an independent prognostic factor for early-stage
NSCLC patients. Thus, ChoKα has been postulated as a new target drug in cancer therapy. The
combination of cisplatin with novel targeted drugs such as choline kinase inhibitors may improve
both the survival rates and the quality of life of NSCLC patients and may serve as the basis for
the development of new therapeutic approaches. To that aim, we developed several in vitro and
in vivo approaches to assess the antitumor activity of a novel combination regimen using cisplatin
and ChoKα inhibitors. Our results suggest that a proper combination of specific inhibitors of the
NSCLC prognostic factor ChoKα and platinum-based conventional chemotherapy might constitute
a new, efficient treatment approach for NSCLC patients. This novel approach may help reduce the
toxicity profile associated with cisplatin since, despite the advances in NSCLC management in recent
years, the overall 5-year survival rate is still poor.

Keywords: choline kinase; lipid metabolism; cisplatin; lung tumors; combinatorial chemotherapy

1. Introduction

Over 2.2 million cases of lung cancer are diagnosed each year worldwide, constituting
the leading cause of cancer-related mortality, with 1.8 million deaths in 2020 (Globocan, 2020;
see https://gco.iarc.fr/today/online-analysis-table?v=2020&mode=cancer&mode_population=
continents&population=900&populations=900&key=asr&sex=0&cancer=39&type=1&statistic=5&
prevalence=0&population_group=0&ages_group%5B%5D=0&ages_group%5B%5D=17&group_
cancer=1&include_nmsc=0&include_nmsc_other=1, accessed on 23 May 2022). Over 80% of all
lung cancers belong to the “non-small cell” histological subgroup, known as non-small cell lung
cancer (NSCLC). A total of 20–25% of NSCLC patients present with stage III, and 35–40% are
stage IV. For this advanced disease, firstline treatment options have evolved in recent years with
immunotherapy in patients with high levels of PD-L1. This approach has rendered an impressive
30% survival rate at 5 years; however, the remaining 70% experience no benefit, and the mainstay
still consists of platinum-based chemotherapy doublets. Furthermore, concurrent chemoradio-
therapy is still the therapeutic approach used in patients with unresectable stage III and good
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performance status. However, a wide range of side effects are associated with this regimen,
including nausea, vomiting, and myelosuppression, as well as oto-, neuro-, and nephro-toxicity,
accounting for a strong decrease in quality of life [1,2].

In order to reduce the toxicity profile of cisplatinum-based regimens, the use of new
generations of platinum drugs, including carboplatin and oxaliplatin, has been introduced
in the backbone of systemic chemotherapy in NSCLC, but adverse events still display a
relevant impact on the quality of life of these patients. Subsequently, the introduction
of third-generation cytotoxic drugs to platinum agents (known as doublets), including
paclitaxel, docetaxel, gemcitabine, pemetrexed, and vinorelbine, has yielded higher re-
sponse rates, maintaining the use of platinum doublets as standard therapy for NSCLC
treatment [3,4].

More recently, new targeted, personalized therapies based on identified oncogenic
drivers usually alone, but also combined with platinum doublets, with the introduction
of patient selection procedures, have been explored with the main goals of improving
clinical outcomes and minimizing side effects of treatments within drug optimization.
Among these, interferences with EGFR, ALK, ROS 1, BRAF, NTRK, RET, and MET sig-
naling have provided improved outcome in these patients [5]. Finally, the advent of
immunotherapy based on specific antibodies against the programmed death (PD-1) recep-
tor, the programmed death-ligand 1 (PD-L1), and the cytotoxic T-lymphocyte–associated
protein 4 receptor (CTLA-4) has had a great impact on survival for some NSCLC patients.
In metastatic tumors, recent clinical trials favored the use of these immune checkpoint
inhibitors (ICIs) as first- or second-line treatments alone or in combination with chemother-
apy [6]. The levels of expression of PD-L1 in tumor cells are the reference biomarkers for
patient assessment of this approach. However, despite these advances, a significant number
of patients cannot benefit from these therapies. Therefore, there is still a need for testing
new targets and new combinatorial regimens.

Choline kinase alpha (ChoKα), the first enzyme of the Kennedy pathway for the
biosynthesis of the major phospholipid of the plasma membrane, phosphatidylcholine
(PC), has been described as a novel oncogene [7] whose gene expression levels constitute
a new prognostic factor in NSCLC patients [8]. Consequently, ChoKα-specific inhibitors
have been designed and showed strong in vitro antiproliferative activity against human
lung-cancer-derived models, as well as efficient antitumor activity in vivo in nude mice
against different human xenografts [9]. These results were further confirmed using siRNA-
driven interference molecules [10–12]. The development of RSM-932A/TCD-717, a highly
specific ChoKα inhibitor [13] allowed entrance into a Phase I clinical trial as a new “first in
class” targeted therapy (http://clinicaltrials.gov/ct2/show/NCT01215864; accessed on
6 April 2022). Here, we present in vitro and in vivo approaches to assess the antitumor
activity of a novel combination regimen using cisplatin and ChoKα inhibitors.

2. Materials and Methods
2.1. Patients

Specimens of lung cancer tissue from 63 randomly selected patients who underwent
surgical resection for NSCLC between 2001 and 2004 and who were followed up on by
the Medical Oncology division at La Paz Hospital in Madrid were used for this analysis.
No adjuvant therapy was administrated to these patients. The institutional review board
of the hospital approved the study, and written informed consent was obtained from all
the patients.

2.2. Primary Cultures of NSCLC Tumors

The resected tissues from the NSCLC patients were enzymatically and chemically
dissociated (Cell dissociation sieve-tissue grinder Kit, SIGMA-Aldrich, Madrid, Spain), and
the obtained cells were seeded into 96-well plates (BD, Falcon, Bioscience, San Jose, CA,
USA), as previously described [14]. The cells were treated with increasing concentrations
(0, 0.5, 1, 5, 10, and 20 µM) of cDDP, taxol, vinolrelbine, gemcitabine, or MN58b for 10 days
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in DMEM:F12HAM (Ref:D8437, SIGMA-Aldrich) supplemented with 10% fetal bovine
serum (FBS) (Life Technologies, Grand Island, NY, USA). The final persistent population in
each well was quantified with an Alamar blue assay, as previously described [14]. Alamar
blue was added directly into the culture media at a final concentration of 10%, and the
plate was returned to the incubator. The optical density of the plate was measured at
570 and 600 nm with a standard spectrophotometer at 3 h after adding Alamar blue. The
cell viability was calculated according to the manufacturer’s protocol (Biosource Europe,
Nivelles, Belgium).

2.3. Cell Lines and Chemicals

All the cell lines used in this study were maintained under standard conditions of
temperature (37 ◦C), humidity (95%), and carbon dioxide (5%). Epithelial non-small lung
cancer H460 cells (generated from a pleural effusion of a patient with large cell lung
cancer) and H1299 cells (derived from an NSCLC carcinoma) were maintained in RPMI
supplemented with 10% fetal bovine serum (FBS) (Life Technologies, Grand Island, NY,
USA). Cell lines resistant to the ChoKα-specific inhibitors MN58b or RSM-932A/TCD-717
were generated by prolonged continuous exposure to increasing concentrations of each
drug and were maintained in RPMI supplemented with 10% FBS. A parallel control (H460
stock) of the cell line in the absence of the compounds was kept in culture for the same time.
In-house-generated MN58b and RSM-932A/TCD-717 were dissolved in PBS and DMSO:
PBS 2:1, respectively. Cisplatin was obtained from Ferrer Farma (EGF speciality).

2.4. Cell Proliferation Assays and Combined Index Evaluation

An amount of 6000 cells/well was seeded into 96-well flat-bottomed plates (BD, Falcon,
Bioscience, San Jose, CA, USA) and incubated for 24 h under standard conditions. The
cells were then treated with different concentrations of ChoKα inhibitors and cisplatin
either concomitantly or in a sequential manner, with cisplatin for 5 h followed by a ChoKα

inhibitor (MN58b or RSM-932A/TCD-717) for the next 40 h. Quantification of the number
of cells remaining in each well was carried out using the MTT (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide) method. The absorbance was read at 560 nm with a
VersaMax Microplate Reader (Molecular Devices, Sunnyvale, CA, USA). Drug interaction
between the ChoKα inhibitors and cisplatin was assessed using a combination index
(CI) [15] where CI < 1, CI = 1, and CI > 1 indicated synergistic, additive, and antagonistic
effects, respectively. The CI value was calculated as CI = D1/Df1 + D2/Df2, where Df1 and
Df2 are the concentrations of MN58b or RSM-932A/TCD-717 and cisplatin, respectively,
required to inhibit cell growth by 50%, and D1 and D2 are the drugs’ concentrations in
the combination treatment that also inhibited cell growth by 50%. The data analysis was
performed with Calcusyn software (Biosoft, Oxford, UK).

2.5. Flow Cytometric Assay

The cell cycle distribution was determined by DNA content analysis after propidium
iodide staining. The cells were treated with ChoKα inhibitors and cisplatin alone or in
combination for 45 h. The cells were then harvested, stained, and incubated with 50 µL
detergent and 1 mL IP (50 µg/mL) containing RNase (20 µg/mL). The DNA content of
approximately 4 × 105 stained cells was analyzed using a Coulter XL-MZL flow cytometer.
The fractions of cells in apoptosis, G0-G1, S, and G2-M phases were analyzed with DNA
program software.

2.6. Western Blot Analysis

The cells were incubated with ChoKα inhibitors and cisplatin alone or in combination.
Equal amounts of protein (30 µg) were loaded into 15% SDS-PAGE acrylamide gels, and
the resolved proteins were transferred onto nitrocellulose membranes. The following
antibodies were used: anti-p-JNK (Promega, v7932), anti-p-p38 (Cell Signaling 9211S), and
anti-P38 (Santa Cruz sc-535), with anti-α-tubulin (Sigma T9026) as a load control.
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2.7. In Vivo Antitumoral Assays

Female athymic BALB/C nude mice were supplied by Jackson. The animal care
and surgery protocols were approved by the Animal Care Committee. The mice were
maintained with autoclaved water and sterile food ad libitum. The mice were inoculated
subcutaneously with injections of 1 × 106 H460 cells in the flank of each mouse mixed
1:1 with matrigel (354234, BD Bioscience, Haryana, India). The tumor sizes were deter-
mined using micrometer calipers, and when the size of the tumors was approximately
0.1 cm3, the mice were divided into 8 different groups: control (vehicle); 2 mg MN58b/kg
for 3 days/week; 1 mg cisplatin/kg for 2 days/week; 2 mg RSM-932A/TCD-717/kg for
2 days/week; and MN58b-cisplatin or RSM-932A/TCD-717-cisplatin combinations follow-
ing both a sequential and concomitant schedule. MN58b and cisplatin were dissolved in
PBS and injected i.p. in the amount of 0.1 mL/mouse. RSM-932A/TCD-717 was dissolved
in DMSO:PBS 2:1 and diluted with PBS to give appropriate concentrations. The tumor sizes
were measured twice a week at their greatest lengths and widths, and the volumes were
calculated as (tumor width2 × tumor length)/2.

2.8. Statistical Analysis

The correlations in responsiveness to the different treatments in the tumor samples of
patients with NSCLC were performed following Pearson’s correlations (r) to measure the
linear correlation between two different treatments. This is achieved by determining the
ratio between their covariance and the product of their standard deviations according to
the following formula:

rx,y = COV (x,y)/σxσy

where COV is the covariance, σx is the standard deviation of x, and σy is the standard
deviation of y. This rendered a normalized measurement of the covariance, such that the
result always had a value between −1 and +1. A Pearson’s correlation of (r = −1) meant
a negative perfect correlation, while (r = 1) was a perfect positive alignment. A value of
0 implied that there was no linear dependency between the variables. The values for r
represented comparisons between pairs of the drugs used in the study and are reflected in
Figure 1. The dispersion graphics are also reported.

Comparisons in the tumor volumes between the untreated and treated groups were
performed using a nonparametric Mann–Whitney test. Two-sided p-values less than 0.05 were
considered statistically significant. All the calculations were performed using SPSS software,
version 20.0 (SPSS Inc., Chicago, IL, USA).

3. Results
3.1. Cisplatin-Intrinsic-Resistant NSCLC Tumors Are Sensitive to ChoKα Inhibition

The primary cultures from 63 resected NSCLC tumors were established and cultivated
for 10 days, during which they were treated with increasing concentrations of the ChoKα-
specific inhibitor MN58b, cisplatin (cDDP), taxol, vinorelbine, or gemcitabine. Considering
resistance when nearly 100% of the cells remained alive for the maximum concentration of
the drug at day 10, different resistance rates to the treatments were found. As shown in
Table 1, more than 50% of the samples were resistant independently to the treatment, in
keeping with the lack of response to chemotherapy observed in the clinic.

A correlation analysis of the responsiveness of these tumors to the different treatments
was then performed (Figure 1). Pearson’s correlation indicated significant cross-resistance
among cisplatin, taxol, vinorelbine, and gemcitabine. By contrast, MN58b showed no
significant cross-resistance to any of the chemotherapeutic drugs tested, consistent with its
different mechanism of action [16,17].
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Table 1. Responsiveness of NSCLC primary cultures to different antitumor agents. Resected tissues
from NSCLC patients were dissociated to obtain primary cultures that were treated for 10 days with
different concentrations of the indicated drugs. Cell viability was determined by Alamar blue. The
number of total samples examined in each case and the number of samples sensitive or resistant to
each treatment are reported with their proportions (%).

Drug NSCLC Samples Sensitive (%) Resistant (%)
MN58b 63 35 (55.6) 28 (44.4)

cDDP 62 31 (50.0) 31 (50.0)

Taxol 62 27 (43.5) 35 (56.5)

Vinorelbine 39 15 (38.5) 24 (61.5)

Gemcitabine 52 18 (34.6) 34 (65.4)Pharmaceutics 2022, 14, x FOR PEER REVIEW 5 of 14 
 

 

MN58b 
r 1     

s       

n 63     

cDDP 
r −0.096 1    

s 0.46      

n 62 62    

Taxol 
r −0.09 0.319(*) 1   

s 0.488 0.012     

n 62 62 62   

Vinorelbine 
r −0.124 0.469(**) 0.421(**) 1  

s 0.45 0.003 0.008    

n 39 39 39 39  

Gemcitabine 
r 0.133 0.074 0.364(**) 0.174 1 
s 0.346 0.603 0.008 0.304   
n 52 52 52 37 52 

  MN58b cDDP Taxol Vinorelbine Gemcitabine 

 
Figure 1. Pearson’s correlation analysis of intrinsic resistance of primary tumors of patients with 
NSCLC to different antitumoral agents. Upper panel: the statistical analysis was performed as in-
dicated in Material and Methods for the response rate of the samples to the different treatments. 
MN58b was the only drug whose response did not correlate in responsiveness to any other agent. r: 
Pearson´s correlations coefficient; s: significant correlation, bilateral (* p ≤ 0.05; ** p ≤ 0.01); n: 
number of primary tumors analyzed. Lower panel: dispersion graphs for each pair of drugs. 

3. Results 
3.1. Cisplatin-Intrinsic-Resistant NSCLC Tumors Are Sensitive to ChoKα Inhibition 

The primary cultures from 63 resected NSCLC tumors were established and culti-
vated for 10 days, during which they were treated with increasing concentrations of the 
ChoKα-specific inhibitor MN58b, cisplatin (cDDP), taxol, vinorelbine, or gemcitabine. 
Considering resistance when nearly 100% of the cells remained alive for the maximum 

Figure 1. Pearson’s correlation analysis of intrinsic resistance of primary tumors of patients with
NSCLC to different antitumoral agents. Upper panel: the statistical analysis was performed as
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To further confirm the absence of cross-resistance between ChoKα inhibitors and
cisplatin, resistant H460 cells were generated by exposure to increasing doses of MN58b
or RSM-932A/TCD717. The cell lines acquired drug resistance over a long-term period
of 9–10 months, after which their sensitivity to both ChoKα inhibitors and cisplatin was
determined (Table 2). The fold resistance was from 7–8 for RSM-932A/TCD-717 and from
49–73 for MN58b. A control cell line (H460 stock) was maintained in culture for the same
time without treatment and was included as a comparison with the parental cell line. As a
consequence of the similar mechanisms of action of the two ChoKα inhibitors, resistant
cells to either MN58b (H460 MN58R) or to RSM-932A/TCD-717 (H460 TCD717R) showed
an important cross-resistance between them. By contrast and consistent with a different
mechanism of resistance acquisition, a significant lack of cross-resistance was found with
cisplatin in both cases. In fact, cells resistant to the ChoKα inhibitors were slightly more
sensitive to cisplatin.

Table 2. Absence of cross-resistance between cisplatin and ChoKα inhibitors. NSCLC H460 cells
and H460 cells made resistant to ChoKα inhibitors MN58b (H460 MN58R) or RSM-932A/TCD-717
(H460 TCD717R) were treated with different concentrations of MN58b, RSM-932A/TCD-717, and
cisplatin. The concentration where 50% of the cell proliferation was inhibited (IC50) was determined
by MTT method. Data represent the mean ± SD of 3 to 9 independent experiments, each performed
in quadruplicate. The fold induction of resistance is shown within parentheses.

Cell Line IC50 MN58b (µM) IC50 TCD-717 (µM) IC50 cDDP (µM)
H460 0.28 ± 0.12 1.11 ± 0.4 16.60 ± 1.8

H460 Stoc 0.39 ± 0.19 1.32 ± 0.43 14.95 ± 2.6

H460 MN58R 19.2 ± 2.6 (49) 9.5 ± 1.19 (7) 6.60 ± 1.2 (0.4)

H460 TCD717R 28.8 ± 10.5 (73) 10.8 ± 2.26 (8) 4.98 ± 0.9 (0.3)

3.2. Synergism of Cisplatin and ChoKα Inhibitors against NSCLC Cells

The results shown above suggest the putative effectiveness of combined therapy
between cisplatin and ChoKα inhibitors. In order to address this issue, the cytotoxic effects
of combinations of cisplatin and the ChoKα inhibitors MN58b or RSM-932A/TCD-717
were determined in the human NSCLC H460 cell line (Figure 2A,B). To this end, cell
viability was determined after treatment with different drug concentrations and schedules.
Strong synergism (combination index, CI ≤ 0.4) was observed when the cells were treated
following a sequential treatment initiated with cisplatin for a short period of time (5 h),
followed by treatment with RSM-932A/TCD-717 (Figure 2A) or MN58b (Figure 2B) for
longer times. Synergism was observed in the different timepoints analyzed, treating with
ChoKα inhibitors from 24 to 72 h. A moderate synergistic effect was also found with both
agents following a concomitant treatment (CI = 0.5–0.8) (data not shown). These results
were confirmed using a second NSCLC cell line, H1299 (Figure 2C,D).

With the aim of further validating these results, we investigated the effect of this
combination on cell cycle distribution using flow cytometry analysis. As shown in Figure 2,
the combination of these agents displayed a stronger antiproliferative effect than when
treating with these drugs separately. Furthermore, the promotion of cell death mediated
by the combination was observed even under conditions when these agents separately
displayed a minimum effect.

With the aim of elucidating the mechanism of this synergism, the putative modulation
mediated by ChoKα inhibitors of JNK and p38 known to be involved in cell death induced
by cisplatin [18] was investigated. As shown in Figure 3A, a two-fold activation of JNK
was promoted by cisplatin after 12 h of treatment. ChoKα inhibitors induced a significant
greater increase of activation of this pathway (3–4 fold). However, the major effect was
observed after the combination of cisplatin and RSM-932A/TCD-717, increasing basal
levels of p-JNK up to seven-fold induction. On the other hand, the p38 pathway was
significantly more affected by cisplatin than by the ChoKα inhibitors (Figure 3B), also
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with greater effects after combination. These results suggested that the p38 pathway is
mainly activated by cisplatin, whereas JNK is mostly modulated by the ChoKα inhibitors,
suggesting that the synergistic effect may be a consequence of a complementary increase in
both pathways of the combinatory regimen.
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Figure 2. Synergistic effect of ChoKα inhibitors and cisplatin in H460 and H1299 cells. (A,B) H460 cells
were exposed to cisplatin for 5 h. Then, cells were treated with RSM-932A/TCD-717 (A) or MN58b
(B) for 40 h. Cytotoxicity was evaluated by MTT assay (left panels). Combinations of the two drugs
was also tested using flow cytometry analysis (right panels). (C,D) H1299 cells were treated as
indicated for H460 cells with either RSM932A/TCD-717 (C) or MN58b (D). Represented CI value in
each case is the mean of three independent experiments for each concentration in quadruplicate. As
shown for both drugs, a CI < 1 indicated a strong synergistic effect. Furthermore, combination of the
two drugs increased cell death compared to the two drugs alone, as determined by flow cytometry
analysis. As shown, similar results were obtained with both cell lines.
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3.3. ChoKα Inhibitors Potentiate the Antitumoral Efficacy of Cisplatin In Vivo against NSCLC
Xenografts, Reducing the Toxicity Associated with Cisplatin Treatment

Cisplatin is still used in firstline chemotherapeutic regimens for NSCLC patients. As
shown above, synergistic effects were observed when this agent was combined with ChoKα

inhibitors in vitro in NSCLC cells. In order to further evaluate the potential therapeutic
effect of these combinations, a series of experiments was carried out in vivo using hu-
man NSCLC H460 xenografts. Mice were inoculated subcutaneously with an injection of
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1 × 106 H460 cells in the flank mixed with Matrigel, as described in Material and Methods.
When tumor volumes reached 0.1 cm3, the animals were randomly distributed in groups
(n = 8), and treatments were assayed according to the in vitro regimens. The schedules
of the treatments were determined when the maximum efficacy was reached following
sequential treatment regimes initiated by cisplatin. A schematic representation of the fol-
lowed treatments is shown in Table 3. Treatment of the NSCLC H460 tumors with ChoKα

inhibitors in combination with cisplatin resulted in a significant reduction in tumor growth
compared to these drugs alone (Figure 4).

Table 3. Synergistic antitumoral effect of cisplatin and ChoKα inhibitors in vivo. The antitumoral
effect of the combination of cisplatin and MN58b or RSM932A/TCD-717 was evaluated in vivo using
NSCLC xenografts. H460 cells were injected in nude mice, and when tumor volumes reached 0.1 cm3,
animals were randomly distributed in groups (n = 8) to start treatments according to the schedules
described in Material and Methods (indicated as the days treatment was performed for each drug or
vehicle (DMSO)). Tumor growth inhibition, mean body weight, and statistical significance are shown.
More similar efficacy was observed with the combinations than with much higher concentrations of
cisplatin alone, significantly reducing toxicity. * statistical significance p < 0.05.

MN58b Drug Schedule (Days) Mean Body Weigth
(Day 22)

Tumor Gowth
Inhibition (Day 22) p

Control-1 Vehicle 1,3,4,5,8,10,11,12,15,17,18,19 23.4

cDDP cDDP (1 mg/kg) 1,4,8,11,15,18 23 33% 0.3

MN58b MN58b (2 mg/kg) 1,3,5,8,10,12,15,17,19 24.4 35% 0.09

Sequential
cDDP (1 mg/kg) 1,4

23.9 67% 0.017 *
MN58b (2 mg/kg) 8,10,12,15,17,19

Concomitant
cDDP (1 mg/kg) 1,4,8,11,15,18

22.5 66% 0.160 *
MN58b (2 mg/kg) 1,3,5,8,10,12,15,17,19

Control cDDP cDDP (4 mg/kg) 1,3,5,8,10,12,15,17,19 17.4 * 69% 0.014 *

TCD-717 Drug Schedule (Days) Mean Body Weigth
(Day 22)

Tumor Gowth
Inhibition (Day 22) p

Control-2 Vehicle 1,4,8,11,15,18 20.6

cDDP cDDP (1 mg/kg) 1,4,8,11,15,18 20.9 24% 0.4

TCD-717 TCD717 (2 mg/kg) 1,4,8,11,15,18 19.9 31% 0.16

Sequential
cDDP (1 mg/kg) 1,4

21.2 51% 0.03 *
TCD717 (2 mg/kg) 8,11,15,18

Concomitant
cDDP (1 mg/kg) 1,4,8,11,15,18

20.1 55% 0.04 *
TCD717 (2 mg/kg) 1,4,8,11,15,18

With this combination therapy, no external signs of toxicity were observed during the
treatment, as indicated by the maintenance of body weight. The concomitant treatment of
MN58b reached the same efficacy as that of the sequential group, but much higher doses of
cytotoxic agents were required. By contrast, to obtain similar effectiveness in the inhibition
of tumor growth (65%) using cisplatin as a single agent, its dosage had to be increased
from 1 to 4 mg/kg, conditions in which clear signs of toxicity were observed, including
a significant reduction in body weight (Table 3). Similar results were obtained when the
RSM-932A/TCD-717 inhibitor was used (Table 3).
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717 and cisplatin. H460 cells were injected in nude mice, and when tumor volumes reached 0.1 cm3,
animals were randomly distributed in groups (n = 8) to start treatments. Mice were treated with the
indicated ChoKα and cisplatin (cDPP) either alone or following sequential or concomitant schedules.
A significant synergistic effect was observed with the combined therapy in both cases: MN58b (upper)
and RSM-932A/TCD-717 (lower).

4. Discussion

NSCLC accounts for 80–85% of all bronchogenic malignancies. Included in this cate-
gory are squamous cell carcinoma (25%), adenocarcinoma (40%), and large cell carcinoma
(10%). Extensive research has been performed in the last decade using newly developed
drugs as an important attempt to improve clinical outcomes, aiming at achieving higher
responses and longer survival rates. In this sense, although the introduction of new, active
agents, including paclitaxel, docetaxel, gemcitabine, pemetrexed, and vinorelbine, was
promising, the finding of strong cross-resistances is a serious drawback [4]. Furthermore,
cancer embraces different diseases, and specific drugs and regimens are required for each
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specific tumor type. Currently, among the different drugs approved by the FDA as anti-
cancer agents, only a few are related to NSCLC. Bevacizumab, a monoclonal antibody that
binds to the vascular endothelial growth factor (VEGF), blocking interaction with its recep-
tors on endothelial cells, prevents the initiation of new blood vessel growth. Some studies
have demonstrated that the addition of bevacizumab to platinum-based chemotherapy in
addition to gemcitabine or paclitaxel improves chemotherapy response, progression-free
survival, and overall survival. The use of the tyrosine kinase inhibitor gefitinib first and,
more recently, osimertinib proved to be efficient as a first therapy for NSCLC habouring
EGFR mutations [5].

Efforts have been dedicated in recent years to immunotherapy based on specific
antibodies against PD-1, its ligand (PD-L1), and CTLA-4. This effort has translated into
improved survival for NSCLC patients. Both first- and second-line treatments have been
intensively explored, either alone or in combination with diverse chemotherapy treatments.
As a result of this search for improved protocols and regimens, the use of these ICIs along
with chemotherapy seems to be most promising and has translated into improved survival
for NSCLC patients [6]. However, for 70% of these NSCLC patients, the OS is still in very
poor figures and makes it necessary to investigate further alternative targets and new
combinatorial regimens. Keeping with this, the use of drugs with different mechanisms
of action may be useful for overcoming drug resistance to individual treatments. Here,
we reported the successful combination of platinum-based chemotherapy with a novel
targeted therapy approach as an innovative strategy against solid tumors, such as inhibition
of an enzyme that is critical for phospholipid metabolism.

Both primary and acquired resistance is one of the major problems in cancer treat-
ment. The mechanism of action for cisplatin consists of the interaction with N7 sites of
purine bases to form inter- and intrastrand crosslinks. The main mechanisms of resis-
tance to cisplatin are reduction in the accumulation of cisplatin by changing uptake or
efflux; inactivation of the drug by glutathione, metallothionein, or other sulphur-containig
molecules; increased repair of adducts; and increased cisplatin adduct tolerance [19–23]. In
contrast, the mechanism of action for ChoKα has been related to the metabolic disbalance
produced by the inhibition of phosphatdylcholine synthesis. The inhibition of this enzyme
by pharmacological or siRNA approaches produces a loss of mitochondrial potential and
cytochrome c release, increased ceramide production, ER stress, unfold protein response
(UPR), and ROS homeostasis via glutathione levels. Additional effects due to mitochondria
function render a reduction in citrate synthase expression and AMPK activation. Finally,
this cascade of events induces an increase in glucose and acetate uptake to overcome the
metabolic stress. All these events induce apoptosis or necrosis, specifically in cancer cells
(reviewed in [9]).

Resistance to ChoKα has been related to an increase in acid ceramidase, which drains
the elevated levels of ceramides and allows cancer cells to keep proliferating [16]. This
effect was found in primary NSCLC cultures and in ChoKα-resistant H460 cells, and it
was reverted by acid ceramidase inhibitors [24]. However further studies are needed
to define precisely a complete set of biomarkers to define ChoKα inhibitor resistance.
This will allow efficient selection for NSCLC patients who are potentially resistant to the
proposed combination.

In this study, we demonstrated that neither cisplatin nor other drugs usually taking
part in platinum-based chemotherapy of NSCLC patients displayed cross-resistance with
ChoKα inhibitors. These results may be explained by the differential mechanisms of action
of these novel drugs, whose activities rely on inhibiting ChoKα, the first enzyme of the
biosynthesis of the major phospholipid component of cell membranes [16,17], or interfering
with the replication of DNA [20]. This effect is reflected in the responsiveness of primary
tumors from NSCLC patients, and also in tumor-derived cell lines [24]. Therefore, when
cells are promoted to division, they are simultaneously blocked at two different phases of
the cell cycle, increasing the possibilities to overcome resistance to any of these agents when
used alone. This is further supported by the evidence presented in our study where the
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p38 and the JNK pathways were differentially activated by cisplatin and ChoKα inhibitors,
while the combination of both drugs triggered a complementary increase in both pathways.

We also demonstrated here, both in vitro and in vivo, that the use of this combined
therapy achieved another important aim of a combination regimen: obtaining similar
efficacy using lower concentrations of the chemotherapeutic agents and, therefore, reducing
their associated toxicities. ChoKα inhibitors have entered Phase I clinical trials, in part
based on the involvement of this enzyme and the effect of its inhibitors on NSCLC. In this
sense, ChoKα gene expression levels are independent prognosis factors for early-stage
NSCLC patients [8], suggesting an easy molecular method for identifying patients that
could benefit from this treatment. Therefore, since platinum-based chemotherapy continues
to constitute a key tool in the management of NSCLC and ChoKα inhibition constitutes
a “first in class” targeted therapy for NSCLC patients, our study provides the basis for a
promising new alternative of combination treatment therapy for patients with this disease.

5. Conclusions

Cancer is a multifactorial disease with a large diversity of clinical manifestations.
Lung cancer represents one the most devastating types of cancer, being responsible for
over 1.8 million deaths every year worldwide. NSCLC represents over 80% of all lung
cancers. Significant improvements in clinical management have been achieved in the last
decade with the introduction of third-generation cytotoxic drugs, targeted personalized
therapies, and immune checkpoint inhibitors (ICIs). However, the clinical outcome of a
5-year survival rate is still poor. New therapeutic approaches are urgently needed for these
patients. We provided evidence that ChoKα is a bona fide new target for NSCLC patients
and that its inhibitors are potent therapeutic agents that can be efficiently combined with
cisplatin-based chemotherapeutic regimens. A limitation of our study is that we presented
this effect in two established NSCLC cell lines, H460 (derived from a large cell lung cancer)
and H1299 (derived from a carcinoma), which represent only 50% of the NSCLC types.
This novel strategy requires confirmation in appropriate Phase II clinical trials.
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Abstract: Janus kinase (JAK) is a family of cytoplasmic non-receptor tyrosine kinases that includes
four members, namely JAK1, JAK2, JAK3, and TYK2. The JAKs transduce cytokine signaling through
the JAK-STAT pathway, which regulates the transcription of several genes involved in inflammatory,
immune, and cancer conditions. Targeting the JAK family kinases with small-molecule inhibitors
has proved to be effective in the treatment of different types of diseases. In the current review,
eleven of the JAK inhibitors that received approval for clinical use have been discussed. These
drugs are abrocitinib, baricitinib, delgocitinib, fedratinib, filgotinib, oclacitinib, pacritinib, peficitinib,
ruxolitinib, tofacitinib, and upadacitinib. The aim of the current review was to provide an integrated
overview of the chemical and pharmacological data of the globally approved JAK inhibitors. The
synthetic routes of the eleven drugs were described. In addition, their inhibitory activities against
different kinases and their pharmacological uses have also been explained. Moreover, their crystal
structures with different kinases were summarized, with a primary focus on their binding modes and
interactions. The proposed metabolic pathways and metabolites of these drugs were also illustrated.
To sum up, the data in the current review could help in the design of new JAK inhibitors with
potential therapeutic benefits in inflammatory and autoimmune diseases.

Keywords: JAK; synthesis; kinase inhibitory activity; pharmacological uses; binding mode/interactions

1. Introduction

Janus kinases (JAKs) are intracellular, non-receptor tyrosine kinases [1]. The JAK
family consists of four members, including JAK1, JAK2, JAK3, and TY2K. Since the first
discovery of JAKs by Wilks thirty years ago [2], great efforts have been made to understand
their structure and functions. The four JAKs play an essential role in the transduction of
the cytokine-mediated signals, which takes place through the JAK-signal transducers and
activators of the transcription (STAT) pathway [3]. Four members of the JAK family have
emerged as potential drug targets in different types of diseases [4].

In the current review, we aimed to provide an integrated overview of the chemical
and pharmacological data of the globally approved JAK inhibitors that were approved for
the treatment of inflammatory, autoimmune, and myeloproliferative diseases. Highlighting
the differences in chemical structure, binding interactions, kinase inhibitory activities,
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pharmacological activities, and metabolic pathways of these drugs could help in the design
of new, more potent, and safer JAK inhibitors.

1.1. Structure of JAKs

The structure of JAKs (Figure 1) consists of 7 domains, JH1-JH7 [5]. The four JAKs
have the same domains with an overall similarity of 48% [6]. The first domain is JH1,
which exists at the C-terminal. This domain is also called the kinase domain because it
is responsible for the enzymatic activity of the kinase. The second domain, JH2, is the
pseudo-kinase domain, which lacks the tyrosine kinase activity [7]. However, JH2 plays
an important role in the regulation of kinase activity [8]. JAKs also include two domains,
JH3-JH4, which share homology with the Src-homology-2 (SH2) domain, while the fourth
region of JAKs is the FERM domain, which exists at the N-terminal and plays a role in the
binding of JAKs with cytokine receptors [9].
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1.2. JAK-STAT Pathway

Several ligands such as cytokines and growth factors have been reported to activate
the JAK-STAT pathway [10]. Following the activation of JAKs, phosphorylation and
dimerization of STATs take place (Figure 2). The phosphorylated STATs enter the nucleus,
where they initiate a suitable transcriptional response in the genes that regulate immunity,
inflammation, and hematopoiesis [10–12].
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1.3. Therapeutic Potential of JAK Inhibition

The JAK-STAT pathway is responsible for the transduction of cytokines and growth
factor signals that play a crucial role in inflammation and autoimmune diseases [13].
Among these kinases, JAK1 seems to play a crucial role in pruritic dermatitis [14], allergic
rhinitis [15], asthma [16], and inflammatory bowel disease [17]. Targeting JAK1 with small-
molecule inhibitors has proved efficacy in the treatment of these diseases [16,18,19]. More-
over, several small molecules with JAK1 and JAK2 inhibitory activity have also provided
therapeutic benefits in the treatment of rheumatoid arthritis, psoriasis, and pruritis [20].
In addition, several JAK3 selective inhibitors have been evaluated for their efficacy in the
treatment of rheumatoid arthritis [20]. In addition, JAK1/TYK2 dual inhibitors have also
been developed with potential therapeutic options in inflammatory diseases [21]. Fur-
thermore, TYK2 selective inhibitors may also be useful in the treatment of autoimmune
diseases [20,22].

On the other hand, excessive activation of JAKs has also been reported in different
types of cancer [23]. The JAK/STAT3 pathway plays an important role in the proliferation
and angiogenesis of solid tumors [23]. In 2005, the discovery of JAK2 mutation (JAK2V617F)
in myeloproliferative neoplasms has attracted much attention [24,25]. This discovery led
to a better understanding of these diseases. In addition, JAK2V617F has emerged as a
potential therapeutic target for myeloproliferative neoplasms [26,27]. In addition, the
JAK1/JAK2 inhibitor, ruxolitinib, has also been approved for the treatment of myelofibrosis
and polycythemia vera [28,29]. Moreover, the dual inhibition of JAK2 and FLT3 could
also provide therapeutic option in the treatment of acute myelogenous leukemia and
myeloproliferative neoplasms [30–32].

1.4. Classification of JAK Inhibitors

JAK inhibitors can be divided into two generations [33]. The first-generation includes
small molecules such as baricitinib and tofacitinib, which act as non-selective inhibitors
of JAKs. On the other hand, second-generation drugs such as filgotinib and upadacitinib
have selective inhibitory activity against JAKs [33]. This difference in the selectivity of the
two generations is associated with some differences in their safety and efficacy.

One the other hand, JAK inhibitors may also be classified based on their binding mode
and the type of interactions with the amino acids in JAKs into reversible (competitive) and
irreversible (covalent) inhibitors (Figure 3).
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1.4.1. Reversible JAK Inhibitors

Competitive JAK inhibitors form reversible (non-covalent) binding interactions with
the amino acids in the four JAKs. The binding interactions formed by this type of JAK
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inhibitors include hydrogen bonds and hydrophobic interactions. The class of reversible
JAK inhibitors can also be classified into two sub-classes.

ATP-Competitive Inhibitors

The mechanism of action of these inhibitors depends on their competition with ATP
for the catalytic ATP-binding site in JAKs [27,34]. These inhibitors may also be classified
based on the conformation of the kinase domain to which they bind:

• Type I JAK Inhibitors

These inhibitors bind to the ATP-binding site of the JAKs under the active confor-
mation of the kinase domain [27,34]. This includes clinically approved drugs such as
filgotinib, which acts and is classified as a selective JAK1, while fedratinib exhibits the
selective inhibition of JAK2 [20,35]. On the other hand, tofacitinib and peficitinib act by
blocking multiple JAKs [20,36]. The ability of type I JAK inhibitors to bind to multiple
kinases and act as non-selective inhibitors could be due to the highly conserved structure
of the ATP-binding site in the four JAKs [18].

• Type II JAK Inhibitors

Type II JAK inhibitors also bind to the ATP-binding site of the kinase domain in
the inactive conformation of JAKs [27,34]. NVP-BBT594 and NVP-CHZ868 (Figure 4) are
representative examples of type II inhibitor, which target JAK2 [37,38].
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• Allosteric JAK Inhibitors

The allosteric JAK inhibitors (Figure 5) include small molecule inhibitors that bind to
a site other than the ATP-binding site in JAKs [27,34]. Among these inhibitors, deucravaci-
tinib (BMS-986165) act as a selective allosteric inhibitor of TYK2 [39]. In addition, LS104,
and ON044580 are examples of JAK2 allosteric inhibitors [34,40–42].

Pharmaceutics 2022, 14, x FOR PEER REVIEW 5 of 68 
 

 

• Allosteric JAK Inhibitors 
The allosteric JAK inhibitors (Figure 5) include small molecule inhibitors that bind to 

a site other than the ATP-binding site in JAKs [27,34]. Among these inhibitors, deu-
cravacitinib (BMS-986165) act as a selective allosteric inhibitor of TYK2 [39]. In addition, 
LS104, and ON044580 are examples of JAK2 allosteric inhibitors [34,40–42]. 

 
Figure 5. Allosteric JAKs inhibitors. 

1.4.2. Irreversible JAK3 Inhibitors 
This class of irreversible JAK inhibitors (Figure 6) that target JAK3 was also reported 

[43–45]. The mechanism of action of these inhibitors depends on the covalent interaction 
with the unique Cys909 residue in JAK3 [43]. The chemical structure of these inhibitors 
has a covalent-bond forming group such as acrylamide and α-cyanoacrylamide, which 
can bind covalently with Cys909 residue (Figure 6). 

 
Figure 6. JAK3 covalent inhibitors. 

Compound 1 was reported among a series of cyanamide-based JAK3 covalent inhib-
itors [43]. Moreover, compounds 2 (IC50 = 0.003 μM) and 3 (IC50 = 154 pM) were also re-
ported with potent and selective inhibitory activity against JAK3 [44,45].  

Ritlecitinib (Figure 6) is an irreversible inhibitor of JAK3, which is currently under 
evaluation in clinical trials in humans [43,46]. The inhibitory activity of ritlecitinib was 
mediated by a covalent interaction with Cys909 residue in JAK3 [43]. The binding mode 
and interaction of ritlecitinib in JAK3 (pdb: 5TOZ) are visualized in Figure 7. The crystal 
structure was downloaded from the protein data bank (https://www.rcsb.org/, accessed 
on 11 November, 2021). In this work, the crystal structures of JAK kinases were visualized 
using the Discovery Studio Visualizer [47]. The crystals were prepared by removing water 
molecules following the previous reports [48,49]. Moreover, 2/3D binding modes of the 

Figure 5. Allosteric JAKs inhibitors.

1.4.2. Irreversible JAK3 Inhibitors

This class of irreversible JAK inhibitors (Figure 6) that target JAK3 was also re-
ported [43–45]. The mechanism of action of these inhibitors depends on the covalent
interaction with the unique Cys909 residue in JAK3 [43]. The chemical structure of these
inhibitors has a covalent-bond forming group such as acrylamide and α-cyanoacrylamide,
which can bind covalently with Cys909 residue (Figure 6).
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Figure 6. JAK3 covalent inhibitors.

Compound 1 was reported among a series of cyanamide-based JAK3 covalent in-
hibitors [43]. Moreover, compounds 2 (IC50 = 0.003 µM) and 3 (IC50 = 154 pM) were also
reported with potent and selective inhibitory activity against JAK3 [44,45].

Ritlecitinib (Figure 6) is an irreversible inhibitor of JAK3, which is currently under
evaluation in clinical trials in humans [43,46]. The inhibitory activity of ritlecitinib was
mediated by a covalent interaction with Cys909 residue in JAK3 [43]. The binding mode
and interaction of ritlecitinib in JAK3 (pdb: 5TOZ) are visualized in Figure 7. The crystal
structure was downloaded from the protein data bank (https://www.rcsb.org/, accessed
on 11 November, 2021). In this work, the crystal structures of JAK kinases were visualized
using the Discovery Studio Visualizer [47]. The crystals were prepared by removing water
molecules following the previous reports [48,49]. Moreover, 2/3D binding modes of the
JAK inhibitors into the co-crystallized kinases were visualized according to the previous
report [50].
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Figure 7. JAK3 (pdb: 5TOZ) bound to ritlecitinib: (A) 3D representation of JAK3 bound to ritlecitinib
(shown as CPK); (B) 3D binding mode of ritlecitinib showing one covalent bond with Cys909,
hydrogen bonds (shown as green-dotted lines), and multiple hydrophobic interactions, this figure
was generated using Discovery Studio Visualizer (V16.1.0.15350).
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1.5. Mutation of JAKs

Besides the role of wild-type of JAKs in autoimmune and inflammatory diseases,
JAK mutants also play crucial roles in myeloproliferative, lymphomas, and leukemias
diseases [6]. JAK1 mutation has been found in acute lymphoblastic leukemia [51]. In
addition, JAK2 mutation (JAK2V617F) has been associated with the incidence of myelopro-
liferative neoplasms [24,52]. The occurrence of JAK2 mutation was reported in nearly all
patients with polycythaemia vera (PV) [53].

Moreover, the expression of the JAK3 mutant was associated with the induction of
leukemia in mice [54]. JAK3 mutation was also reported in small percent of patient with
T-cell acute lymphoblastic leukemia. It was also associated with the occurrence of severe
combined immunodeficiency [55].

On the other hand, TYK2 mutations were also associated with immunodeficiency with
T-cell lymphopenia [56]. It was also associated with increased susceptibility to bacterial
and/or viral infections. The deficiency of TYK2 was associated with recurrent respiratory
infection [57].

1.6. Crystal Structure of JAKs

The advances in X-ray crystallography have provided a lot of data about the structure
and function of different members of the JAK family. This data has helped in the design of
selective JAK inhibitors [58]. Many of the crystal structures of different JAKs are available
from the protein data bank (https://www.rcsb.org/). Visualization of the binding modes
and interactions of the different small molecules inhibitors into the four JAKs was done
using the Discovery Studio Visualizer [47].

The binding mode and interactions of KEV, a pyrazolopyridine inhibitor with JAK1
kinase (pdb: 6N7A) [19], were visualized in Figure 8. KEV displays hydrogen bond
interactions with Glu957 and Leu959 in the hinge region of JAK1.
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Figure 8. JAK1 (pdb: 6N7A) and JAK2 (pdb: 2B7A) kinases bound to small-molecule inhibitors:
(A) 3D representation of JAK1 bound to KEV (shown as CPK); (B) 3D binding mode of KEV into
JAK1 showing the hydrogen bond interactions; (C) 3D representation of JAK2 bound to IZA (shown
as CPK); (D) 3D binding mode of IZA into JAK2, hydrogen bonds are shown as green-dotted lines,
this figure was generated using Discovery Studio Visualizer (V16.1.0.15350).
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In addition, many small molecules of divers chemical nature were reported as co-
crystallized ligands with JAK2 [59,60]. Among these ligands, IZA is an isoquinoline
derivative with potent and pan-JAK inhibitory activity. The binding interactions of IZA
show two conventional hydrogen bonds with Leu932 and Glu930 in the hinge region in
JAK2 (Figure 8).

The crystal structure of JAK3 (pdb: 3PJC) in complex with PJC, a pyrazolopyridine
inhibitor [61] was visualized in Figure 9. PJC shows hydrogen bond interactions with
Leu905 and Glu903. On the other hand, the crystal structure of TYK2 kinase (pdb: 6VNX) in
complex with R4V, a pyrimidine inhibitor [62] was also visualized in Figure 9. R4V shows
one conventional hydrogen bond with Asp1041.
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1.7. JAK Inhibitors Approved for Clinical Use

In 1996, Meydan et al. reported AG-490 (Figure 10), a JAK2 inhibitor with antileukemic
activity [63]. Following this discovery, great efforts have been made in the last two decades
to develop potent and selective JAK inhibitors.

In 2011, the FDA-approved ruxolitinib (Figure 10) became the first JAK inhibitor [64].
One year later, tofacitinib was also approved for the treatment of rheumatoid arthritis [64].
In 2017, baricitinib was approved by the FDA for rheumatoid arthritis [65]. However, in
2019, three JAK inhibitors were approved for clinical use [66–68]. These drugs include
fedratinib and upadacitinib, which were approved by the FDA, whereas peficitinib had
already been approved in Japan for rheumatoid arthritis. In 2020, delgocitinib and filgotinib
were also approved in Japan for the treatment of atopic dermatitis and rheumatoid arthritis,
respectively [69,70].
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1.7.1. Abrocitinib
Approval History

Abrocitinib (Figure 11) is a JAK1 kinase inhibitor [71,72]. It was approved by the FDA
in January 2020 for the treatment of refractory, moderate-to-severe atopic dermatitis [72].
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Figure 11. Chemical structure/name/synonyms of abrocitinib.

Synthesis

Vazquez et al. [59] have reported the synthesis of abrocitinib from cyclobutyl carbamate
4, Scheme 1. The ketone group in 4 was condensed with methylamine and reduced with
sodium borohydride to give 5. The coupling of 6 with the cis-isomer of 5 afforded 7, which
underwent the acid-catalyzed hydrolysis of the carbamate group to give 8. The base-
catalyzed sulfonylation of 8 with propane-1-sulfonyl chloride afforded 9, which underwent
deprotection to remove the tosyl moiety and give abrocitinib.
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Scheme 1. Synthesis of abrocitinib (route 1).

Connor et al. [71] have also developed a commercial route for the synthesis of abroc-
itinib. The synthesis takes place through a nitrene-type rearrangement, Scheme 2. Com-
pound 10 underwent biocatalytic reductive amination using the wild-type SpRedAm
enzyme from S. purpureus, which gave the cis-amino ester compound 11 in 74% yield.
The reaction of 11 and 12 afforded the isopropyl ester 13. The reaction of 13 with hydrox-
ylamine hydrochloride afforded the hydroxamic acid derivative 14, which underwent
Lossen rearrangement on the reaction with 1,1-carbonyldiimidazole (CDI) to give 15. The
sulfonylation of 15 was achieved using the triazole derivative 16 to avoid the sulfonylation
of the pyrrole nitrogen.
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Scheme 2. Synthesis of abrocitinib (route 2).

Target Kinases

The inhibitory activity of abrocitinib against JAK kinases was evaluated by Vazquez
et al. [59]. The results revealed inhibitory activity against JAK1 and JAK2 at IC50 values of
0.029 and 0.803 µM, respectively (Figure 12).
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Figure 12. JAKs inhibitory activities of abrocitinib.

Crystal Structures

Abrocitinib exists as a co-crystallized ligand in two crystal structures, including its
crystal structure with JAK1 (pdb: 6BBU) and JAK2 (pdb: 6BBV) [59].

The binding mode of abrocitinib in the active site of JAK1 is illustrated in Figure 13.
Abrocitinib shows three conventional hydrogen bonds with Glu957, Leu959, and Asn1008.
In addition, abrocitinib shows three carbon–hydrogen bonds with LEU881 and Leu959.
Several hydrophobic interactions were also observed between abrocitinib and amino acids
in JAK1.
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Figure 13. Binding modes of abrocitinib (shown as sticks) into JAK1 (pdb: 6BBU): (A) 3D binding
mode, receptor shown as a hydrogen bond surface; (B) 2D binding mode showing different types of
binding interactions with amino acids in JAK1; this figure was generated using Discovery Studio
Visualizer (V16.1.0.15350).

On the other hand, abrocitinib exhibited four conventional hydrogen bonding inter-
actions with Glu930, Leu932, Arg980, and Asn981, Figure 14. The binding interactions of
abrocitinib also included one carbon–hydrogen bond with Leu932 and several hydrophobic
interactions, with Leu855, Val863, Ala880, Val911, and Leu983.
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Figure 14. Binding modes of abrocitinib (shown as sticks) into JAK2 (pdb: 6BBV): (A) 3D binding
mode, receptor shown as a hydrogen bond surface; (B) 2D binding mode showing different types of
binding interactions with amino acids in JAK2; this figure was generated using Discovery Studio
Visualizer (V16.1.0.15350).

Pharmacological Activities and Uses

Abrocitinib combined with topical therapy displayed higher effectiveness in the
treatment of atopic dermatitis compared to the placebo [73]. In another clinical trial
(NCT03720470), abrocitinib showed higher therapeutic benefits regarding the symptoms of
atopic dermatitis compared to the placebo [74].

The abrocitinib-induced response in patients with moderate-to-severe atopic dermati-
tis was also evaluated by Blauvelt et al. [75]. The results revealed the effectiveness of the
induction treatment with abrocitinib, as most responders did not flare.

Metabolism

The metabolic study of abrocitinib in humans revealed the formation of several ox-
idative metabolites, in addition to the parent drug (26%) [76,77]. The results of the in vitro
metabolic study of abrocitinib revealed that it undergoes metabolism by several CYP450 en-
zymes, where CYP2C19 and CYP2C9 were the major metabolizing enzymes. Among these

456



Pharmaceutics 2022, 14, 1001

metabolites, the 3-hydroxypropyl M1 (PF-06471658) and the 2-hydroxypropyl metabolite
M2 (PF-07055087) were retrieved in 11% and 12%, respectively, Figure 15. Both M1 and
M2 exhibited JAK inhibitory activity similar to the parent drug with higher selectivity
toward JAK1 over the other JAKs. On the other hand, a third oxidative metabolite M4
(PF-07054874) that lacks JAK inhibitory activity was also isolated [77].
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1.7.2. Baricitinib
Approval History

Baricitinib (Figure 16) is an orally active small-molecule inhibitor of JAK1/2. It
was approved by the European Medicine Agency (EMA) in 2017 for the treatment of
rheumatoid arthritis [65]. In June, 2018, baricitinib was approved by the FDA for the
treatment of moderate-to-severe rheumatoid arthritis in adults [64]. Recently, the FDA
issued an emergency use authorization for the combination of baricitinib and remdesivir to
treat hospitalized patients with COVID-19 [78].

Synthesis

The original synthesis of baricitinib was reported by Rodgers et al. [79]. In the first
step, 3-oxoazetidine-1-carboxylate 18 underwent a Horner–Emmons reaction with diethyl
(cyanomethyl)phosphonate 17 to give 19, Scheme 3. Treatment of 19 with hydrochloric acid
resulted in the removal of the protective group and produced 20. The reaction of compound
20 with ethane sulfonyl chloride 21 afforded 22.
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On the other hand, protection of the pyrrole nitrogen in 12 was achieved on the reaction
of 12 with (2-(chloromethoxy)ethyl)trimethylsilane (SEM) 23, which gave 24. Compound
24 underwent Suzuki coupling with 4-(1,3,2-dioxaborolan-2-yl)-1H-pyrazole 25 to give
26, Scheme 3. The acid hydrolysis of 26 afforded 27, which was then reacted with 22 to
give compound 28. Compound 28 was treated with lithium tetrafluoroborate followed by
ammonia solution to give baricitinib.
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Xu et al. [80] have reported an efficient five-step synthetic route of baricitinib (Scheme 4)
with an overall yield of 49% compared to the eight-step method reported by Rodgers
et al. [79]. Both methods share the first 3 steps. In the fourth step of Xu et al.’s method, a
nucleophilic addition of 29 to the double bond in 22 afforded compound 30. Suzuki cou-
pling of 30 with compound 12 gave baricitinib. This method may be suitable for industrial
synthesis due to its low cost and simple operating requirements [80].
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Furthermore, several other methods have been reported, describing alternative syn-
thetic routes of baricitinib using the key intermediates 12 and 22 [81,82]. Among these
methods, Cui et al. [82] reported a green and facile synthesis of the azetidine intermediate
22 using inexpensive and environmentally friendly starting materials.

Target Kinases

The inhibitory activity of baricitinib against JAKs was evaluated by Clark et al. [83].
These results revealed high inhibitory activity against JAK1/2 (Figure 17). However,
baricitinib also exhibited moderate inhibitory activity against TYK2 (IC50 = 61 nM).
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Crystal Structures

Baricitinib is found in three crystal structures in the protein data bank. The first is the
crystal structure of baricitinib with BMP-2-inducible kinase (pdb: 4W9X) [84]. In addition
baricitinib also exists as a co-crystallized ligand in two crystal structures of JAK2 [85,86].
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The bone morphogenic proteins (BMPs) are involved in skeletal morphogenesis [87].
The binding mode of baricitinib int BMP-2-inducible kinase is visualized in Figure 18. The
binding interactions of baricitinib into BMP-2-inducible kinase include 3 conventional
hydrogen bonds with Ser63, Cys133 and Gln137. Baricitinib also shows one carbon hydro-
gen bond with Asp198 and one pi-sulfur interaction with Met130. Several hydrophobic
interactions could also be observed between baricitinib and the hydrophobic residues in
the kinase.
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Figure 18. Binding modes of baricitinib (shown as sticks) into BMP-2-inducible kinase (pdb: 4W9X):
(A) 3D binding mode, receptor shown as a hydrogen bond surface; (B) 2D binding mode showing
different types of binding interactions with amino acids in BMP-2-inducible kinase; this figure was
generated using Discovery Studio Visualizer (V16.1.0.15350).

Visualization of the binding mode/interactions of baricitinib into JAK2 JH1 (pdb:
6VN8) shows one conventional hydrogen bond with Leu932 [85]. Baricitinib also shows
three carbon hydrogen bonds with Ser862, Lys882, and Asp994 (Figure 19). Baricitinib also
shows one pi-sulfur interaction with Met929 and several hydrophobic interactions of the
pi-sigma and pi-alkyl types.
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In addition, the binding mode of baricitinib into human JAK2 JH1 was also reported in
another crystal structure (pdb: 6WTO) [86]. Visualization of the binding mode/interactions
(Figure 20) shows identical hydrogen bonds and hydrophobic interactions with those of
the above crystal (pdb: 6VN8), Figure 19.
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Pharmacological Activities and Uses

Baricitinib was the second JAK inhibitor to be approved for rheumatoid arthritis after
the approval of ruxolitinib. It showed rapid and long-lasting therapeutic benefits in the
treatment of rheumatoid arthritis [88].

Baricitinib also improved the signs and symptoms of systemic lupus erythematosus in
a double-blind study [89]. Moreover, baricitinib decreased inflammation/pruritus in atopic
dermatitis patients when used with topical corticosteroids [90].

On the other hand, The inhibition of JAK1/2 by baricitinib leads to the inhibition
of the JAK-STAT signaling pathway and subsequent inhibition of the production of the
pro-inflammatory cytokines that could be useful for patients with COVID-19 [91]. The
results of the clinical trial of baricitinib in combination with remdesivir (NCT04401579) re-
vealed superior activity in reducing the recovery period compared to remdesivir alone [92].
Similar results were also obtained when using a combination of dexamethasone with baric-
itinib/remdesivir [93]. Finally, the combination of baricitinib and remdesivir received an
Emergency Use Authorization (EUA) from the FDA to treat hospitalized patients with
COVID-19.

Metabolism

The in vivo metabolism of baricitinib was performed in mice, rats, and dogs us-
ing [14C]-baricitinib [94,95]. The metabolic pathways include mono- and bis-oxidation,
oxidative ring opening, and oxidative decarboxylation. The in vitro metabolism of barici-
tinib incubated with human liver enzymes was also very limited, with the formation of
four metabolites.

Baricitinib undergoes minor in vivo metabolic transformation mediated by the CYP3A4
enzyme [94,95]. Nearly 6–10% of baricitinib undergoes metabolism, producing four oxida-
tive metabolites (Figure 21). Accordingly, it is excreted mainly as an unchanged drug in
urine (69%) and feces (15%), while no circulating metabolites were identified in human
plasma. The proposed metabolite M3 was formed through oxidative ring opening of the
pyrrole ring, which undergoes oxidative decarboxylation giving M12. On the other hand,
mono- or bis-oxidation of baricitinib affords the oxidative metabolites M10 and M22, re-
spectively. The metabolic profile of baricitinib in animals was similar to that observed
in humans.
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1.7.3. Delgocitinib
Approval History

Delgocitinib (Figure 22) is a pan-JAK inhibitor that was approved for atopic dermati-
tis in 2020 in Japan [69]. Delgocitinib demonstrated inhibitory activity against the four
JAKs [96].
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Figure 22. Chemical structure/name/synonyms of delgocitinib.

Synthesis

Noji et al. have reported the original stereoselective synthesis of delgocitinib [96]. In
the first step, compound 31 was alkylated with t-butyl bromoacetate to give 32, Scheme 5.
The chlorination of 32 resulted in the formation of the reactive aziridinium intermediate 34,
which gave 35 on heating. Compound 35 underwent intramolecular cyclization to afford
36 as a single enantiomer. The protecting group in 36 was replaced by t-butyloxycarbonyl
protecting (Boc) in 37. Compound 37 underwent α-alkylation to give 38, which underwent
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ozonolysis and reductive amination to give 39. Removal of the Boc group and intramolecu-
lar cyclization of 39 afforded 40, which was reacted with di-tert-butyl dicarbonate to protect
the azetidine nitrogen, resulting in 41. The debenzylation of 41 followed by reaction with
4-chloro-7H-pyrrolo[2,3-d]pyrimidine 12 afforded 43, which underwent deprotection by
the removal of the Boc group, followed by cyanoacetylation, using 45 to give delgocitinib.
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In addition, Takiguchi et al. have also reported the stereocontrolled synthesis of del-
gocitinib [97]. The synthesis was started with 3-bromodihydrofuran-2(3H)-one 46, which
was converted to 49 in a three-step synthesis, Scheme 6. Compound 49 underwent in-
tramolecular cyclization catalyzed by Cs2CO3 to afford a diastereomixture of 50 and 51
in 98% and 2% yield, respectively. Compound 50 was isolated chromatographically and
reacted with potassium phthalimide, followed by esterification with ethyl iodide to give the
intermediate 52. Dephthaloylation of compound 52 gave the dilactam derivative 53. The
LiAlH4/TMSCl-catalyzed reduction of 53 afforded 54, which was isolated as a stereochem-
ically pure succinate salt in 86% yield. The reaction of 12 with 54 afforded compound 44,
which was reacted with the cyanoacetyl pyrazole derivative 45 to give delgocitinib.
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Scheme 6. Synthesis of delgocitinib (route 2).

Target Kinases

Noji et al. [96] have investigated the kinase inhibitory activity of delgocitinib. The
results (Figure 23) show potent activities against the four JAKs (IC50 = 2.6–58 nM). Delgoci-
tinib also exhibited inhibitory activity against lymphocyte-specific protein tyrosine kinase
(LCK) at IC50 value of 5.8 µM.
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Figure 23. Kinase inhibitory activity of delgocitinib.

Crystal Structures

One crystal structure of delgocitinib in complex with JAK3 (pdb: 7C3N) is available
on the protein data bank [96]. The binding mode of delgocitinib into JAK3 is visualized
in Figure 24. Delgocitinib shows one conventional hydrogen bond with Leu905 and an
electrostatic interaction (attractive charge) with Asp967.
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Pharmacological Activities and Uses

Delgocitinib displayed therapeutic efficacy in the treatment of patients with atopic
dermatitis [98]. Delgocitinib was approved in Japan for atopic dermatitis [69].

Due to its pan-JAK inhibitory activity, the pharmacological effects of delgocitinib
depend on the competitive inhibition of the four JAKs, which plays an important role in
the pathophysiology of chronic inflammatory skin diseases [69]. Delgocitinib also inhibited
the activation of inflammatory cells such as mast cells and T cells [99].

Delgocitinib was also evaluated for the treatment of psoriasis and chronic hand eczema
(CHE) [69]. After 8 weeks of topical treatment, delgocitinib showed clearance of CHE in a
significant number of patients compared to the vehicle [100]. On the other hand, the clinical
trial of delgocitinib for discoid lupus erythematosus (NCT03958955) was terminated [101].

Metabolism

The pharmacokinetic study of delgocitinib (JTE-052) revealed that it is excreted mainly
as the parent drug in urine, which indicates its stability to metabolism [102]. Delgocitinib
also has higher stability values in human cells compared to animal cells [96,103]. The
in vitro metabolic study performed using mouse, rat, rabbit, and dog hepatocytes revealed
the recovery of the parent drug in 95.5–97.7%. These results indicate that less than 5% of the
total dose was metabolized. The metabolic study was performed using animal microsomes
and revealed the formation of three metabolites, M1 (oxidative metabolites of the side
chain), M2, and M3 (oxidative metabolites of pyrrolopyrimidine), Figure 25.
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1.7.4. Fedratinib
Approval History

Fedratinib (Figure 26) is a competitive inhibitor of JAK2, BRD4, and FMS-like tyrosine
kinase 3 (FLT3) [35]. Fedratinib was approved by the FDA in August 2019 to treat patients
with intermediate-2 or high-risk primary or secondary myelofibrosis [66].
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Synthesis

The synthesis of fedratinib could be achieved by the reaction of the intermediates 58
and 61 [104]. Firstly, compound 58 was obtained from the reaction of p-nitrophenol 55
and 1-(2-chloroethyl)pyrrolidine 56 in the presence of CsCO3 according to the previous
report [105]. The reduction of the nitro group in 57 afforded the amino ether 58, Scheme 7.
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On the other hand, compound 61 was obtained in 98% yield from the Pd-catalyzed
coupling of 59 and 60 [104,106,107]. Compound 61 could also be prepared in 79% yield
from the reaction of 62 with 63 in methanol. The reaction of 58 and 61 in the presence of
sodium hydroxide followed by treatment with acidic isopropyl alcohol gave fedratinib,
Scheme 7.

Target Kinases

Wernig et al. investigated the kinase inhibitory activity of fedratinib [35]. The results
revealed the highest inhibitory activity against JAK2 and JAK2V617F at IC50 3 nM against
the two kinases, Figure 27. On the other hand, fedratinib exhibited weak inhibitory activity
against JAK3. Fedratinib also showed inhibitory activity against FLT3 and RET kinases
with IC50 values of 15 nM and 48 nM, respectively. In addition, fedratinib exhibited potent
bromodomain inhibitory activity at IC50 value in the nanomolar range [108].
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Crystal Structures

Three crystal structures of fedratinib are available on the protein data bank. Two of
these crystals are bromodomain of human dual kinase-bromodomain (BRD4) in complex
with fedratinib (pdb: 4OGJ and 4PS5) [108,109], while the third crystal is a complex of
fedratinib with JAK2 JH1 (pdb: 6VNE) [85].

The binding mode of fedratinib into human bromodomain BRD4 was visualized in
Figure 28. Fedratinib shows two conventional hydrogen bonds with Asn140 and multiple
hydrophobic interactions with BRD4.
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Figure 28. Binding modes of fedratinib (shown as sticks) into human bromodomain BRD4 (pdb:
4OGJ): (A) 3D binding mode, receptor shown as a hydrogen bond surface; (B) 2D binding mode
showing different types of interactions with BRD4; the figure was generated using Discovery Studio
Visualizer (V16.1.0.15350).
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On the other hand, fedratinib displays two conventional hydrogen bond and Asn140
into human bromodomain BRD4 (pdb: 4PS5). However, fedratinib also shows an additional
hydrogen bond with Pro82 (Figure 29).
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ent types of cancers [112]. Accordingly, the inhibition of BRD4 by fedratinib could con-
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Figure 29. Binding modes of fedratinib (shown as sticks) into human bromodomain BRD4 (pdb:
4PS5): (A) 3D binding mode, receptor shown as a hydrogen bond surface; (B) 2D binding mode
showing different types of interactions with BRD4; the figure was generated using Discovery Studio
Visualizer (V16.1.0.15350).

In addition, the binding mode of fedratinib into JAK2 JH1 was visualized in Figure 30.
Fedratinib exhibits two conventional hydrogen bonds with Leu932 in JAK2 JH1. Moreover,
two carbon hydrogen bonds could be observed with Leu855 and Glu930.
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Pharmacological Activities and Uses

Fedratinib has equal inhibitory activity against the wild-type JAK2 and its mutated
form, JAK2V617F [110]. It was approved for the treatment of myelofibrosis in adult
patients [66].

Moreover, fedratinib displayed inhibitory activity against other kinases such as FLT3
and RET kinases (Figure 27). The overexpression of FLT3 has been reported in acute
leukaemia [111]. In addition, the overexpression of BRD proteins has been reported in
different types of cancers [112]. Accordingly, the inhibition of BRD4 by fedratinib could
contribute to its pharmacological activity [110].
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Metabolism

Ogasawara et al. evaluated the metabolic transformation of [14C]-labeled fedratinib
in healthy subjects [113]. The results revealed that nearly 80% of the radioactivity in
plasma was due to the parent compound. Among the identified metabolites, SAR317981,
a metabolite obtained through oxidation of the pyrrolidine ring, was retrieved in 9.4%,
Figure 31. In addition, the N-butyric acid derivative (SAR318031) was retrieved at 5.7%.
Fedratinib and its metabolites are eliminated mainly through feces (50–70%) and partly
in urine (~3%). The amino ethanoic acid derivatives (M17 and M21b) were also detected
among 19 different metabolites identified in feces.
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1.7.5. Filgotinib
Approval History

Filgotinib (Figure 32) is classified as a selective, ATP-competitive inhibitor of JAK1 [70].
Filgotinib was approved by the European Medicines Agency (EMA) in September 2020, for
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adult patients with moderate to severely active rheumatoid arthritis [70]. Filgotinib was
also approved for the treatment of rheumatoid arthritis in Japan [70].
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Synthesis

The synthesis of filgotinib (Scheme 8) was achieved in a five-step synthesis [114,115].
Initially, compound 64 was reacted with thiomorpholine 1,1-dioxide 65 to give 66. On the
other hand, the triazolopyridine 70 was prepared from compound 67 in a two-step synthesis.
The first step involved the reaction of 67 with ethoxycarbonyl isothiocyanate 68 to give 69,
which underwent intramolecular cyclization with the hydrolysis of the carbamate group to
give compound 70. Acylation of the amino group in 70 with cyclopropanecarbonyl chloride
71 afforded 72. Finally, filgotinib was obtained from the reaction between 66 and 72.
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Target Kinases

The inhibitory activity of filgotinib was evaluated using recombinant JAKs and whole
blood assay [116,117]. The results revealed the highest inhibitory activity against JAK1
(IC50 = 10 nM), Figure 33. In addition, filgotinib exhibited 2.8-, 81-, and 116-fold selectivity
for JAK1 over JAK2, JAK3, and TYK2, respectively.
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Figure 33. Kinase inhibitory activity of filgotinib, * indicates the IC50 and index selectivity values
determined using recombinant JAKs, ** indicates the IC50 values determined using a human whole
blood assay [116,117].

Filgotinib was also tested against a panel of 170 kinases [117]. The results revealed
weak inhibitory activities against hFLT3, hFLT4 and hCSF1R (Figure 33).

Crystal Structures

Filgotinib exists in two crystal structures with JAKs protein in the protein data bank.
The first crystal (pdb: 4P7E) [117] was refined at a resolution of 2.40 Å, while the second
(pdb: 5UT5) [118] was refined at 1.90 Å resolution. The binding mode/interactions of
filgotinib into the ATP-binding site of JAK1 (pdb: 4P7E) shows two conventional hydrogen
bonds with Leu932 and one carbon hydrogen bond Lys882, Figure 34.
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Figure 34. Binding modes of filgotinib (shown as sticks) into JAK1 (pdb: 4P7E): (A) 3D binding
mode, receptor shown as a hydrogen bond surface; (B) 2D binding mode showing different types of
interactions with JAK1; the figure was generated using Discovery Studio Visualizer (V16.1.0.15350).

On the other hand, the binding mode of filgotinib into the JH2 domain of JAK2 was
visualized in Figure 35. Filgotinib shows two conventional hydrogen bonds with Val629
and two carbon hydrogen bonds with Gln553 and Ser633.
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Pharmacological Activities and Uses

Filgotinib was first investigated for the treatment of rheumatoid arthritis, where the
clinical results proved that rheumatoid arthritis can be treated with a selective inhibitor
of JAK1 [119]. Later, filgotinib showed promising efficacy in the treatment of rheumatoid
arthritis in two randomized phase IIa trials of filgotinib that were performed by Vanhoutte
et al. [120]. In addition, filgotinib showed a rapid improvement in the signs and symptoms
of rheumatoid arthritis [121]. In 2020, filgotinib was approved for the treatment of moderate-
to-severe rheumatoid arthritis. It acts as a selective inhibitor of JAK1, which leads to the
prevention of STAT phosphorylation and activation [3].

Filgotinib was also evaluated in a phase-II study for the treatment of Crohn’s disease [122].
The results obtained from this study were also promising for patients with moderate-to-
severe Crohn’s disease. Moreover, the clinical remission induced by filgotinib in patients
with active Crohn’s disease was associated with an acceptable safety profile [123].

Moreover, the efficacy of filgotinib in the treatment of ulcerative colitis was also
evaluated in a clinical trial (NCT02914522) [124]. The results revealed the efficacy of
filgotinib in the treatment of ulcerative colitis.

In addition, the safety and efficacy of filgotinib were also evaluated in a clinical trial
(NCT03101670) for the treatment of active psoriatic arthritis [125].

Metabolism

Namour et al. [126] investigated the pharmacokinetics of filgotinib and its active
metabolite in healthy male volunteers. The results revealed the formation of an active
metabolite, aminotriazolopyridine metabolite (Figure 36), which contributes to the in-
hibitory activity against JAKs [119,127]. In addition, the active metabolite of filgotinib
undergoes further metabolism by glucuronidation of the free amino group to give a glu-
curonide metabolite.

The aminotriazolopyridine active metabolite of filgotinib (Figure 36) exhibited an
inhibitory activity against human JAK1 (IC50 = 307 nM) using human recombinant
JAK1 [117,127]. On the other hand, the inhibitory activity of this metabolite against JAK1
was observed at IC50 of 11.9 µM in a whole blood assay (IL6-induced pSTAT1).

In another study, Namour et al. identified the aminotriazolopyridine active metabolite
of filgotinib in three animals (mouse, monkey, and dog) and humans [128]. The study
revealed a significant interaction between filgotinib or its active metabolite with CYP450,
glucuronosyltransferases, or drug transporters. This study suggests that filgotinib can be
combined with the other drugs used for rheumatoid arthritis.
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1.7.6. Oclacitinib
Approval History

In 2013, oclacitinib (Figure 37) was approved by the FDA to treat dogs with atopic
dermatitis and pruritus associated with allergic dermatitis [129].
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Synthesis

The preparation of oclacitinib was patented by Berlinski et al. [130]. The synthetic
route depends on the reaction of the commercially available 4-chloro-7H-pyrrolo[2,3-
d]pyrimidine 12 with tosyl chloride to give compound 6, Scheme 9.

In addition, compound 6 was reacted with 73 to afford 74, which underwent sulfonyla-
tion with methanesulfonyl chloride 75 to give 76, Scheme 9. The reaction of 76 with sodium
sulfite gave 77, which was treated with thionyl chloride to give 78. Finally, the reaction of
compound 78 with methylamine gave 79, which was treated with lithium hydroxide to
liberate oclacitinib as a free base.

Target Kinases

Gonzales et al. evaluated the inhibitory activity of oclacitinib against the four JAKs
using isolated enzymes [129]. The results revealed inhibitory activity against the four
kinases at IC50 values in the range of 10–99 nM, Figure 38. The highest inhibitory activity
of oclacitinib was observed against JAK1 (IC50 = 10 nM) with 1.8- and 9.9-fold selectivity
toward JAK1 compared to JAK2 and JAK3, respectively.

Oclacitinib was also evaluated for its inhibitory activity against a panel of 38 non-JAK
kinases [129]. The results revealed 32%–42% inhibition in the activity of aurora-related
kinase 1 (ARK1), serine/threonine protein kinase MARK, high-affinity nerve growth factor
receptor (TRK-A), and vascular endothelial growth factor receptor 2 (VEGFR-2/FLK1),
Figure 38.
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Crystal Structures

Oclacitinib has not yet been reported in a crystal structure with any of its target kinases.

Pharmacological Activities and Uses

Gonzales et al. evaluated the effect of oclacitinib on the function of different cytokines
in canine and human cell model systems [129]. The results revealed the inhibition of IL-2,
IL-4, IL-6, IL-13, and IL-31, which play an essential role in inflammation, allergy, and
pruritus at IC50 values in the range of 36–249 nm. In 2013, oclacitinib was approved by
the FDA to treat dogs ≥12 months old with atopic dermatitis and pruritus associated with
allergic dermatitis [129]. Moreover, Haugh et al. also reported the first use of oral oclacitinib
in the treatment of a man with atopic dermatitis [131].

Oclacitinib also showed safe and effective control in the treatment of dogs with pruritus
associated with allergic dermatitis [132].
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Rynhoud et al. investigated the association between the use of oclacitinib and an-
tibacterial therapy [133]. The results suggested a reduction of the antibacterial use when
combined with oclacitinib, compared to other antipruritic agents.

Banovic et al. [134] have reported an immunosuppressive effect of oclacitinib in dogs
when used at a dose higher than that used in the treatment of allergic pruritus. However, an
increase in CD4+ lymphocyte populations in dogs was observed after long-term treatment
with oclacitinib [135].

Metabolism

Oclacitinib maleate has rapid oral absorption with 89% absolute bioavailability and a
low clearance rate in dogs [136]. It undergoes metabolism into several metabolites. Among
these metabolites, one major oxidative metabolite was detected in plasma and urine [137].
However, oclacitinib exhibited very weak inhibitory activity against Cyp450 enzymes,
which indicates a low potential for drug–drug interaction.

1.7.7. Pacritinib
Approval History

Pacritinib (Figure 39), a JAK2/FLT3 inhibitor, was approved by the FDA for the
treatment of myelofibrosis in adult patients with thrombocytopenia [138].
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Synthesis

The synthesis of pacritinib was reported by William et al. [139]. It depends on the
reaction of the intermediate compounds 83 and 88, Scheme 10.

At the first step (Scheme 10), compound 80 was reacted with 81 to give 82, which
underwent a base-catalyzed alkylation using allyl bromide to give 83 [139].

On the other hand, 2-hydroxy-5-nitrobenzaldehyde 84 was reacted with dichloroethane,
followed by a reduction in the resulting product 85 to give the corresponding alcohol
86 [139]. Compound 86 was alkylated using allyl bromide to give 87, which saw a decrease
in the nitro group to give 87. The reaction of 88 with 83 afforded 89, which was reacted
with pyrrole to give pacritinib, Scheme 10.

Target Kinases

The kinase inhibitory activity of pacritinib was evaluated by William et al. [139]. The
results revealed inhibitory activity against JAK2 and JAK2V617F, at IC50 values of 22 and
19 nM, respectively, Figure 40.

Pacritinib also showed weaker inhibitory activity against the other types of JAK
kinases. It also showed potent inhibitory activity against FLT3 (IC50 = 22 nM) [139]. In
addition, only weak inhibitory activity was observed against CDK2, Figure 40.

Pacritinib also underwent extensive evaluation of its inhibitory activity against 439
recombinant kinases [140]. Besides the inhibition of JAK2, JAK2V617F, and FLT3, pacritinib
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also showed inhibitory activity against colony-stimulating factor 1 receptor, and interleukin-
1 receptor-associated kinase 1 at IC50 < 50 nM.

Pharmaceutics 2022, 14, x FOR PEER REVIEW 32 of 68 
 

 

 
Figure 39. Chemical structure, name, and synonyms of pacritinib. 

Synthesis 
The synthesis of pacritinib was reported by William et al. [139]. It depends on the 

reaction of the intermediate compounds 83 and 88, Scheme 10. 

 
Scheme 10. Synthesis of pacritinib. 

At the first step (Scheme 10), compound 80 was reacted with 81 to give 82, which 
underwent a base-catalyzed alkylation using allyl bromide to give 83 [139]. 

On the other hand, 2-hydroxy-5-nitrobenzaldehyde 84 was reacted with dichloro-
ethane, followed by a reduction in the resulting product 85 to give the corresponding al-
cohol 86 [139]. Compound 86 was alkylated using allyl bromide to give 87, which saw a 
decrease in the nitro group to give 87. The reaction of 88 with 83 afforded 89, which was 
reacted with pyrrole to give pacritinib, Scheme 10. 

  

Scheme 10. Synthesis of pacritinib.

Pharmaceutics 2022, 14, x FOR PEER REVIEW 33 of 68 
 

 

Target Kinases 
The kinase inhibitory activity of pacritinib was evaluated by William et al. [139]. The 

results revealed inhibitory activity against JAK2 and JAK2V617F, at IC50 values of 22 and 19 
nM, respectively, Figure 40. 

 
Figure 40. Kinase inhibitory activities of pacritinib. 

Pacritinib also showed weaker inhibitory activity against the other types of JAK ki-
nases. It also showed potent inhibitory activity against FLT3 (IC50 = 22 nM) [139]. In addi-
tion, only weak inhibitory activity was observed against CDK2, Figure 40. 

Pacritinib also underwent extensive evaluation of its inhibitory activity against 439 
recombinant kinases [140]. Besides the inhibition of JAK2, JAK2V617F, and FLT3, pacrit-
inib also showed inhibitory activity against colony-stimulating factor 1 receptor, and in-
terleukin-1 receptor-associated kinase 1 at IC50 <50 nM. 

Crystal Structures 
Pacritinib exists in only one crystal structure in the protein data bank. This crystal 

includes pacritinib in complex with human quinone reductase 2 (NQO2) (pdb: 5LBZ) 
[141]. Pacritinib shows only multiple hydrophobic interactions of the pi-pi stacked and pi-
pi T-shaped with Phe126 and Phe178 in this reductase enzyme, Figure 41. However, no 
crystal structure with any of the target JAKs has been reported yet. 

 
Figure 41. Binding modes of pacritinib (shown as sticks) into human quinone reductase 2 (NQO2) 
(pdb: 5LBZ): (A) 3D binding mode, receptor shown as a hydrogen bond surface; (B) 2D binding 
mode showing different types of binding interactions; this figure was generated using Discovery 
Studio Visualizer (V16.1.0.15350). 

Pharmacological Activities and Uses 
Pacritinib acts as an inhibitor of both JAK2 and FLT3 that could be used to overcome 

the resistance problems in patients with acute myeloid leukaemia (AML) [30]. The dual 
activity against the two kinases could enable pacritinib to overcome the resistance medi-
ated by the upregulation of JAK2 in FLT3-TKI-resistant AML cells [30]. 

Figure 40. Kinase inhibitory activities of pacritinib.

Crystal Structures

Pacritinib exists in only one crystal structure in the protein data bank. This crystal
includes pacritinib in complex with human quinone reductase 2 (NQO2) (pdb: 5LBZ) [141].
Pacritinib shows only multiple hydrophobic interactions of the pi-pi stacked and pi-pi
T-shaped types with Phe126 and Phe178 in this reductase enzyme, Figure 41. However, no
crystal structure with any of the target JAKs has been reported yet.
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Figure 41. Binding modes of pacritinib (shown as sticks) into human quinone reductase 2 (NQO2)
(pdb: 5LBZ): (A) 3D binding mode, receptor shown as a hydrogen bond surface; (B) 2D binding mode
showing different types of binding interactions; this figure was generated using Discovery Studio
Visualizer (V16.1.0.15350).

Pharmacological Activities and Uses

Pacritinib acts as an inhibitor of both JAK2 and FLT3 that could be used to overcome
the resistance problems in patients with acute myeloid leukaemia (AML) [30]. The dual
activity against the two kinases could enable pacritinib to overcome the resistance mediated
by the upregulation of JAK2 in FLT3-TKI-resistant AML cells [30].

Pacritinib was later tested for its activity in the treatment of myelofibrosis in several
clinical trials [142,143]. The efficacy of pacritinib was evaluated against the best available
therapy in patients with myelofibrosis (NCT01773187) [142]. The results revealed a signifi-
cant reduction in the volume of the spleen (SVR) in patients receiving pacritinib therapy,
indicating that it could be used in the treatment of myelofibrosis.

In addition, pacritinib also showed higher efficacy in reducing splenomegaly than the best
available therapy in patients with myelofibrosis and thrombocytopenia (NCT02055781) [143].

Pacritinib also showed potential anti-leukemic activity when combined with chemother-
apeutic agents [144,145].

The efficacy of pacritinib in the treatment of patients with glioblastoma multiforme
was also reported when combined with temozolomide [146].

Metabolism

The preliminary results of the metabolic study of pacritinib revealed that CYP3A4 is
the main metabolizing enzyme [139]. However, no inhibitory activity was observed against
the other isoenzymes.

On the other hand, the metabolism of pacritinib was investigated in vitro/in vivo
by Jayaraman et al. [147]. The results revealed the formation of four metabolites by liver
microsomes in both humans and mice, Figure 42.

The detected metabolites include two oxidation metabolites formed by oxidation of
the pyrrole ring (M1) and pyrrole nitrogen (M3) [147]. In addition, the third metabolite
(M2) formed by O-dealkylation of the pyrrole-bearing side chain, while the fourth one (M4)
was formed by reduction of the double bond, Figure 42.
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1.7.8. Peficitinib
Approval History

Peficitinib (Figure 43) is a pan-JAK inhibitor. It was approved in 2019 in Japan for the
treatment of rheumatoid arthritis [68].
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Synthesis

Peficitinib was obtained from pyrrolo[2,3-b]pyridine 7 in a seven-step synthesis [104,148].
In the first step, N-protected pyrrolo[2,3-b]pyridine 90 was obtained from the reaction of 12
with triisopropylsilyl chloride (TIPSCl). Compound 91 was obtained from the reaction of
90 with sec-BuLi and ethyl chloroformate followed by treatment with tetra-butylammonium
fluoride (TBAF) to remove the TIPS group, Scheme 11.
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Conversion of the ethyl ester group in 91 to the corresponding amide group in 92 was
achieved in two steps (Scheme 11). The first step proceeded through hydrolysis of the ester
group in 91 to liberate the corresponding carboxylic acid derivative, which was reacted
with ammonium hydroxide in the presence of CDI to give the amide derivative 92.

On the other hand, the diastereomeric mixture of 93 was reacted with benzyl chlo-
roformate followed by chromatographic separation to isolate the trans-isomer 95. Pd/C-
catalyzed hydrogenation of 95 yielded trans-4-aminoadamantan-1-ol 96. The reaction
between 92 and 96 afforded peficitinib as a free base. Treatment of peficitinib with hydro-
bromic acid afforded peficitinib hydrobromic acid salt, Scheme 11.

Target Kinases

The kinase inhibitory activity of peficitinib was evaluated against the four JAKs [149,150].
The results (Figure 44) revealed inhibitory activity against the four kinases with IC50 values
in the range of 0.70–5.0 nM [149]. These results indicate that the highest inhibitory activity
of peficitinib was against JAK3.
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Crystal Structures

Peficitinib is available as a co-crystallized ligand in four crystal structures with JAKs
in the protein data bank. These crystals include the crystal structure of peficitinib bound
to JAK1 (pdb: 6AAH) [151], JAK2 (pdb: 6AAJ) [151], JAK3 (pdb: 6AAK) [151], and
TYK2 (6AAM) [151]. All at 1.83–2.67 Å resolution. The binding mode and interactions
of peficitinib with JAK1 (pdb: 6AAH) are presented in Figure 45. Peficitinib shows three
conventional hydrogen bonds with Leu959 and Asn1008.
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The binding interactions of peficitinib in JAK2 (pdb: 6AAJ) show two conventional
hydrogen bonds with Glu930 and Leu932, Figure 46. In addition, peficitinib forms one
carbon hydrogen bond with Glu930.
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The binding mode and interactions of peficitinib are presented in Figure 47. Peficitinib
shows two conventional hydrogen bonds with Glu903 and Leu905, as well as one carbon–
hydrogen bond with Glu903.

On the other hand, the binding orientation, and interactions of peficitinib with TYK2
are presented in Figure 48. Peficitinib shows four conventional hydrogen bonds: Val981,
Glu979, Asn1028, and Asp1041.
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Discovery Studio Visualizer (V16.1.0.15350).
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Pharmacological Activities and Uses

Cytokines play an important role in pain, inflammatory reactions, and nerve sen-
sitization [152]. The pan-JAK inhibitor, peficitinib, was evaluated for the treatment of
rheumatoid arthritis, which is characterized by joint destruction and inflammation [153].
Peficitinib suppressed bone destruction and paw swelling in rats with adjuvant-induced
arthritis [149].

In a clinical trial (NCT01565655), peficitinib exhibited a dose-dependent ACR20 re-
sponse rate when given orally to patients with moderate-to-severe rheumatoid arthritis [154].
Peficitinib also demonstrated clinical efficacy and prevention of joint destruction in Asian
patients who displayed an inadequate response to conventional DMARDs [155]. In ad-
dition, no drop in the effectiveness of peficitinib was observed after long-term use [156].
However, the use of peficitinib was also associated with a risk of herpes zoster infection,
similar to other JAK inhibitors [157].

Metabolism

Oda et al. investigated the metabolism of peficitinib in healthy male subjects using
[14C]-labelled peficitinib [158]. The results revealed the formation of a sulfate-conjugated
metabolite (M2). The sulfate conjugate and the parent drug constituted the major compo-
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nents in plasma and urine, Figure 49. On the other hand, peficitinib was metabolized to
give the N-methylated derivative (M4), which was identified in feces.
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Miyatake et al. investigated the effect of hepatic impairment on the pharmacokinetic
profile of peficitinib [159]. The results of this study suggest a decrease in the dose of
peficitinib in patients with moderate hepatic impairment.

1.7.9. Ruxolitinib
Approval History

Ruxolitinib (Figure 50) was approved by the FDA in November 2011 to treat myelofi-
brosis [28]. The FDA also approved ruxolitinib in December 2014 for the treatment of
patients with polycythemia vera [29]. In addition, ruxolitinib received approval in 2019 and
2021 for the treatment of acute and chronic graft-versus-host disease, respectively [160].
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Synthesis

The synthesis of ruxolitinib (Scheme 12) was achieved from compound 12 in a five-
step synthesis [115,161]. Compound 12 was first reacted with 2-(trimethylsilyl)ethoxyethyl
chloride (SEM-Cl) to give 24.
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Scheme 12. Synthesis of ruxolitinib (route 1).

In addition, compound 27 was prepared from compound 24 via two steps, Scheme 12.
The first step is a Suzuki coupling of 24 and 25 to give 26. In the second step, com-
pound 26 underwent acid-catalyzed hydrolysis to give 27. The reaction of 27 with 3-
cyclopentylacrylonitrile 97 afforded a mixture of R- and S-enantiomers 98, which under-
went chiral separation. The R-enantiomer of 98 was treated with trifluoroacetic acid to
give ruxolitinib.

Haydl et al. [162] reported a regio- and enantioselective synthesis of N-substituted
pyrazoles that can be used in the synthesis of ruxolitinib, Scheme 13. Compound 101 was
prepared from the reaction of cyclopentyl magnesium bromide 99 and 3-bromoprop-1-
yne 100.

Asymmetric addition reaction of the substituted pyrazole 102 to the cyclohexylallene
101 afforded 103; Scheme 13. Hydroboration of 103 using 9-borabicyclo(3.3.1)nonane
followed by the Swern oxidation of the alcoholic group afforded 105. Compound 105 was
then reacted with hydroxylamine in the presence of iodine to give the corresponding nitrile
106, which was then reacted with bis(pinacolato)diboron to give 107. The Suzuki coupling
of compounds 12 and 107 afforded (R)-ruxolitinib.

Lin et al. [163] have also reported an enantioselective synthesis of ruxolitinib (INCB018424).
This synthesis depends on the addition of a substituted pyrazole to (E)-3-cyclopentylacry
laldehyde, which was catalyzed by diarylprolinol silyl ether.
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Target Kinases

Clark et al. investigated the inhibitory activity of ruxolitinib against JAKs [83]. The
results (Figure 51) revealed the highest inhibitory activity against JAK1 and JAK2 with IC50
values of 6.4 and 8.8 nM, respectively.
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The kinase inhibitory activity of ruxolitinib was also evaluated against 368 kinases
by Zhou et al. [164]. At 1 µM, ruxolitinib displayed 96%-100% inhibition in the activity of
the four JAKs. Ruxolitinib also showed inhibitory activity against other kinases such as
FAC, RET, TRK-B, and LRRK2 (wild-type), Figure 51. Ruxolitinib also exhibited inhibitory
activity against c-Src kinase at IC50 value of 2.92 nM [165].

In another study performed by Quintás-Cardama et al. [166], ruxolitinib displayed
inhibitory activity against the four JAKs at IC50 in the range of 2.8–428 nM. The results of
this study revealed the inhibitory activity of ruxolitinib against JAK1 (IC50 = 3.3 nM) and
JAK2 (IC50 = 2.8 nM). Ruxolitinib also exhibited moderate inhibitory activity against TYK2
(IC50 = 19 nM). In addition, high efficacy of ruxolitinib was also observed in tumour cells
with JAK2V617F mutation.

Ruxolitinib was also evaluated for its inhibitory activity against CHK2 and c-Met
kinases, where the results revealed IC50 values exceeding 1000 nM [166].

Crystal Structures

Ruxolitinib exists as a co-crystallized ligand in five crystal structures in the protein data
bank. Three of these crystals include complexes of ruxolitinib with the JH1 domain of JAK2
(pdb: 6VGL, 6WTN, and 6VNK) [85,86]. Ruxolitinib also exists as a co-crystallized ligand
with c-Src (pdb: 4U5J) [165] and DRLK1 (pdb: 7F3G). The binding mode and interactions of
ruxolitinib into JAK2 JH1 (pdb: 6VGL) are visualized in Figure 52. Ruxolitinib shows one
conventional hydrogen bond with Leu932 and two carbon hydrogen bonds with Leu855
and Gly856.
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Figure 52. Binding modes of ruxolitinib (shown as sticks) into JAK2 JH1 (pdb: 6VGL): (A) 3D binding
mode, receptor shown as a hydrogen bond surface; (B) 2D binding mode showing different types of
interactions with JAK2 JH1; hydrogen atoms were omitted for clarity; this figure was generated using
Discovery Studio Visualizer (V16.1.0.15350).

Ruxolitinib also exists as a co-crystallized ligand into the JH1 domain of human JAK2
(pdb: 6WTN) at 1.83 Å resolution. Visualization of the binding mode and interactions of
ruxolitinib shows one conventional and one carbon hydrogen bond with Leu932, Figure 53.

In addition, ruxolitinib was also isolated as a co-crystallized ligand with JAK2 JH1
(pdb: 6VNK) at 2.00 Å resolution [85]. The binding interactions also shows one conventional
hydrogen bond with Leu932 and one carbon hydrogen bond with Gly856, Figure 54.

The Src and JAK family kinases share ~34% sequence identity in the kinase do-
main [165]. Ruxolitinib was also refined in a crystal structure with c-Src (pdb: 4U5J) [165].
The binding interactions of ruxolitinib with c-Src show one conventional hydrogen bond
with Met341 and one carbon–hydrogen bond with Glu339, Figure 55.
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Figure 53. Binding modes of ruxolitinib (shown as sticks) into human JAK2 JH1 (pdb: 6WTN):
(A) 3D binding mode, receptor shown as a hydrogen bond surface; (B) 2D binding mode showing
different types of interactions with JAK2 JH1; hydrogen atoms were omitted for clarity; this figure
was generated using Discovery Studio Visualizer (V16.1.0.15350).
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Figure 54. Binding modes of ruxolitinib (shown as sticks) into JAK2 JH1 (pdb: 6VNK): (A) 3D binding
mode, receptor shown as a hydrogen bond surface; (B) 2D binding mode showing different types of
interactions with JAK2 JH1; hydrogen atoms were omitted for clarity; this figure was generated using
Discovery Studio Visualizer (V16.1.0.15350).
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olitinib and ERBB1/2/4 inhibitors also displayed synergistic anticancer activity against 
lung, breast, and ovarian cancer cells [169]. 

In 2019, Kim et al. [170] investigated the efficacy of ruxolitinib cream in the treatment 
of atopic dermatitis in a phase 2 study. A fast improvement in the symptoms of atopic 

Figure 55. Binding modes of ruxolitinib (shown as sticks) into c-Src (pdb: 4U5J): (A) 3D binding
mode, receptor shown as a hydrogen bond surface; (B) 2D binding mode showing different types
of interactions with c-Src; hydrogen atoms were omitted for clarity; this figure was generated using
Discovery Studio Visualizer (V16.1.0.15350).
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Ruxolitinib also exists as a co-crystallized ligand with DCLK1 kinase (pdb: 7F3G).
Visualization of the binding mode/interactions of ruxolitinib into DCLK1 shows one
conventional hydrogen bond with Val468, Figure 56.
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Pharmacological Activities and Uses

Ruxolitinib is a JAK1/2 inhibitor which showed the strong inhibition of JAK2V617F-
positive Ba/F3 cells [167]. The efficacy of ruxolitinib in the treatment of myelofibrosis was
evaluated in several clinical trials [167,168]. The results of the clinical trial (NCT00952289)
revealed significant therapeutic outcomes compared to placebo [168].

In addition to its inhibitory activity against JAKs, ruxolitinib also targets other kinases
such as CHK2 and c-Met [166]. Furthermore, ruxolitinib exhibited antiproliferative activity
against JAK2V617F+ Ba/F3 cells at IC50 127 nM [166]. The combination of ruxolitinib and
ERBB1/2/4 inhibitors also displayed synergistic anticancer activity against lung, breast,
and ovarian cancer cells [169].

In 2019, Kim et al. [170] investigated the efficacy of ruxolitinib cream in the treatment
of atopic dermatitis in a phase 2 study. A fast improvement in the symptoms of atopic
dermatitis was observed, which persisted for up to 12 weeks without significant site
reactions. Papp et al. also reported similar findings in another study [171]. Ruxolitinib
cream was later approved by the FDA for the treatment of atopic dermatitis [172].

Furthermore, ruxolitinib has also displayed therapeutic benefits in the treatment of
acute or chronic graft-versus-host disease (a/cGVHD) [173,174].

Metabolism

Shilling et al. [175] investigated the metabolic profile of ruxolitinib in healthy human
subjects using [14C]-labeled ruxolitinib. The results revealed that the parent drug constitutes
the major circulating component in plasma (58–74%). Ruxolitinib underwent extensive
metabolism, mainly through oxidative pathways that occurred preferentially at the 2- or
3-position of the cyclopentyl ring and resulted in a series of hydroxy/oxo-metabolites,
Figure 57. In addition, O-glucuronide conjugates (M28 and M51) were also identified.
Among these metabolites, the 2-hydroxycyclopentyl derivative of ruxolitinib (M18) was
the major one.

Shi et al. [176] evaluated the impact of the CYP3A4 inhibitor and inducer on the
pharmacokinetics of ruxolitinib. The results of this study revealed an increase of the plasma
concentration of ruxolitinib by the CYP3A4 inhibitors, ketoconazole, and erythromycin.
On the other hand, a decrease in total ruxolitinib was observed on co-administration with
the CYP3A4 inducer rifampin.

487



Pharmaceutics 2022, 14, 1001

Pharmaceutics 2022, 14, x FOR PEER REVIEW 45 of 68 
 

 

Furthermore, ruxolitinib has also displayed therapeutic benefits in the treatment of 
acute or chronic graft-versus-host disease (a/cGVHD) [173,174]. 

Metabolism 
Shilling et al. [175] investigated the metabolic profile of ruxolitinib in healthy human 

subjects using [14C]-labeled ruxolitinib. The results revealed that the parent drug consti-
tutes the major circulating component in plasma (58–74%). Ruxolitinib underwent exten-
sive metabolism, mainly through oxidative pathways that occurred preferentially at the 
2- or 3-position of the cyclopentyl ring and resulted in a series of hydroxy/oxo-metabolites, 
Figure 57. In addition, O-glucuronide conjugates (M28 and M51) were also identified. 
Among these metabolites, the 2-hydroxycyclopentyl derivative of ruxolitinib (M18) was 
the major one. 

 
Figure 57. Proposed metabolic pathways and metabolites of ruxolitinib in humans. 

Shi et al. [176] evaluated the impact of the CYP3A4 inhibitor and inducer on the phar-
macokinetics of ruxolitinib. The results of this study revealed an increase of the plasma 
concentration of ruxolitinib by the CYP3A4 inhibitors, ketoconazole, and erythromycin. 

Figure 57. Proposed metabolic pathways and metabolites of ruxolitinib in humans.

1.7.10. Tofacitinib
Approval History

Tofacitinib (Figure 58) is a JAK inhibitor that was approved by the FDA for rheumatoid
arthritis in 2012 [64,177,178]. It was also approved for the treatment of psoriatic arthritis and
ulcerative colitis in 2017 and 2018, respectively [115]. In addition, tofacitinib has received
FDA approval for the treatment of juvenile idiopathic arthritis in 2020 [179]. In December
2021, tofacitinib was approved for the treatment of active ankylosing spondylitis [180].

Synthesis

Tofacitinib was obtained from the reaction of compound 12 and (3R,4R)-1-benzyl-
N,4-dimethylpiperidin-3-amine 112 [115,181]. Preparation of the substituted piperidine 112
could be prepared from different starting materials using diverse reaction conditions [64,182].
Among these materials, the 4-methylpyridin-3-amine 108 was reacted with dimethyl car-
bonate to give 109, Scheme 14. Rhodium-catalyzed hydrogenation of 109 gave 110, which
underwent reductive amination to give 111 as a racemic mixture. The (3R,4R)-1-benzyl-N,4-
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dimethylpiperidin-3-amine enantiomer of 111 was resolved using L-di-p-toluoyl-tartaric
acid (L-DTTA) to give 112.
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Scheme 14. Synthesis of tofacitinib citrate.

The reaction of compound 12 with the piperidine derivative 112 afforded compound 113,
Scheme 14. Removal of the benzyl group in 113 was achieved using Pd/C-catalyzed
hydrogenation, which gave 114. Tofacitinib was then obtained from the reaction of 114
with cyanoacetic acid 2,5-dioxopyrrolidin-1-yl ester 115, while treatment of tofacitinib with
citric acid afforded the citrate salt.

Target Kinases

The kinase inhibitory activity of tofacitinib was evaluated in several studies [83,96].
The results (Figure 59) revealed the inhibitory activity of tofacitinib against the four JAKs
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at IC50 values in the range of 1.1–42 nM, where the highest inhibitory activity was against
JAK3 [96]. In addition, tofacitinib inhibited JAK1 and JAK2 at IC50 values of 2.9 nM and
1.2 nM, respectively.
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Figure 59. Kinase inhibitory activity of tofacitinib.

On the other hand, the inhibitory activity of tofacitinib against JAKs was also evaluated
by Clark et al. [83]. The results of that study revealed its inhibitory activity against JAK3 at
IC50 of 55 nM. In addition, tofacitinib inhibited the enzymatic activity of JAK1 and JAK2 at
IC50 values of 15.1 nM and 77.4 nM, respectively.

Crystal Structures

Tofacitinib exists as a co-crystallized ligand in five crystal structures. These crystals
include tofacitinib in complex with JAK1 (pdb: 3EYG) [183], JAK2 (pdb: 3FUP) [183], JAK3
(pdb: 3LXK) [184], TYK2 (pdb: 3LXN) [184], and PRK1 (pdb: 4OTI) [185]. The binding
interactions of tofacitinib into JAK1 (pdb: 3EYG) are depicted in Figure 60. Tofacitinib
shows two conventional hydrogen bonds with Gly884 and Leu959.
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Figure 60. Binding modes of tofacitinib (shown as sticks) into JAK1 (pdb: 3EYG): (A) 3D binding
mode, receptor shown as a hydrogen bond surface; (B) 2D binding mode showing different types of
interactions with JAK1; hydrogen atoms were omitted for clarity; this figure was generated using
Discovery Studio Visualizer (V16.1.0.15350).

The binding mode and interactions of tofacitinib with JAK2 (pdb: 3FUP) are de-
picted in Figure 61. Tofacitinib shows two conventional hydrogen bonds with Gly858 and
Leu932. In addition, tofacitinib forms three carbon hydrogen bonds with Leu855, Arg980,
and Asn981.

In addition, the binding mode, and interactions of tofacitinib with JAK3 (pdb: 3LXK)
are visualized in Figure 62. Tofacitinib shows one conventional hydrogen bond with Leu905.
In addition, tofacitinib displays four carbon hydrogen bonds with Leu828, Lys855, Arg953,
and Asn954 amino acids in JAK3.
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Figure 61. Binding modes of tofacitinib (shown as sticks) into JAK2 (pdb: 3FUP): (A) 3D binding
mode, receptor shown as a hydrogen bond surface; (B) 2D binding mode showing different types of
interactions with JAK2; hydrogen atoms were omitted for clarity; this figure was generated using
Discovery Studio Visualizer (V16.1.0.15350).
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Figure 62. Binding modes of tofacitinib (shown as sticks) into JAK3 (pdb: 3LXK): (A) 3D binding
mode, receptor depicted as a hydrogen bond surface; (B) 2D binding mode showing different types
of interactions with JAK3; hydrogen atoms were omitted for clarity; this figure was generated using
Discovery Studio Visualizer (V16.1.0.15350).

On the other hand, the orientation of tofacitinib into TYK2 (pdb: 3LXN) is visualized
in Figure 63. Tofacitinib shows two conventional hydrogen bonds with Gly906 and Val981.
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In addition, the binding mode/interactions of tofacitinib into PRK1 (pdb: 4OTI) are
visualized in Figure 64. Tofacitinib shows one conventional hydrogen bond with Ser704
and one carbon hydrogen bond with Leu627.
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keto-aldehyde metabolite, which was catalyzed by CYP3A4. This metabolite was trapped 
with Nα-acetyl-L-lysine. 
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(A) 3D binding mode, receptor shown as a hydrogen bond surface; (B) 2D binding mode showing
different types of interactions with PRK1 catalytic domain; hydrogen atoms were omitted for clarity;
this figure was generated using Discovery Studio Visualizer (V16.1.0.15350).

Pharmacological Activities and Uses

Several clinical trials were performed to evaluate the efficacy of tofacitinib in the
treatment of rheumatoid arthritis. In 2008, the results of a clinical trial (NCT00814307) of
tofacitinib revealed improvement in the signs and symptoms of rheumatoid arthritis [186].

In another clinical trial (NCT00853385), tofacitinib showed similar efficacy to adal-
imumab in patients with rheumatoid arthritis [187]. In patients receiving methotrexate,
tofacitinib also stopped the progression of structural damage [188]. By the end of 2012,
tofacitinib received the first approval for the treatment of rheumatoid arthritis.

Since the first approval of tofacitinib in 2012 for rheumatoid arthritis, several studies
have been performed to evaluate its efficacy in several types of inflammatory and immune
diseases. In a clinical trial (NCT01882439), tofacitinib reduced active psoriatic arthritis in
patients who had an inadequate response to TNF inhibitors [189]. Mease et al. also evalu-
ated the efficacy of tofacitinib in patients with psoriatic arthritis who had an inadequate
response to DMARDs [190].

In another clinical trial (NCT00787202), tofacitinib was investigated for the treatment
of patients with severely active ulcerative colitis [191]. The results showed that clinical
response and remission were more expected in the treated patients than in those receiving
placebo. In addition, Huang et al. also reported an improvement in arthritis in a 13-year-old
girl, with complete remission within three months [192]. Tofacitinib was approved by the
FDA for the treatment of active psoriatic arthritis, ulcerative colitis, and juvenile idiopathic
arthritis [177,178].

On the other hand, tofacitinib displayed inhibitory activity against LCK, which could
also contribute to its pharmacological activities [64].

Metabolism

The pharmacokinetics parameters of tofacitinib were evaluated by Dowty et al. [193]
using [14C]-labeled tofacitinib in healthy males. The results showed rapid absorption with
the parent drug forming ~70% of the circulating activity in plasma.

Guo et al. investigated the metabolism of tofacitinib in vitro using a recombinant
CYP3A4 enzyme [194]. Tofacitinib was incubated with mixed male human liver micro-
somes (HLMs) or individual human recombinant P450 enzymes. The results revealed the
formation of a tofacitinib epoxide metabolite which was trapped by N-acetyl-L-cysteine
(NAC), Figure 65. On the other hand, the metabolism of tofacitinib afforded also an α-keto-
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aldehyde metabolite, which was catalyzed by CYP3A4. This metabolite was trapped with
Nα-acetyl-L-lysine.
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1.7.11. Upadacitinib
Approval History

Upadacitinib (Figure 66) is a JAK1 inhibitor that was approved to treat rheumatoid
arthritis by the FDA in August 2019 [67]. It was also approved for the treatment of patients
with psoriatic arthritis [195]. In 2022, upadacitinib was approved for treatment of atopic
dermatitis [196]. In addition, it was approved in March 2022 to treat patients with moderate-
to-severe active ulcerative colitis [197].
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Synthesis

Upadacitinib was synthesized from the coupling of compounds 121 and 128 [104,198].
Compound 121 was obtained 116 in a three steps synthesis. In the first step, 3,5-dibromopy
razin-2-amine 116 was reacted with ethynyltrimethylsilane 117 to afford 118, which was
reacted with p-toluenesulfonyl chloride to give 119. Palladium-catalyzed amination of 119
with ethyl carbamate 120 afforded 121. Scheme 15.
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To prepare compound 128, the ethyl acrylate 123 was first reacted with compound
122 to give 124, which was then reacted with triflic anhydride to give 125, Scheme 15. The
reaction of 125 with ethyl boronic acid gave 126, which underwent alkaline hydrolysis to
give 127. Compound 128 was obtained from 127 in a three-step synthesis, which included
ruthenium-catalyzed hydrogenation, reaction with carbonyldiimidazole (CDI), and reaction
with trimethyl sulfoxonium chloride.

The coupling of 121 and 128 afforded 129, which underwent intramolecular cycliza-
tion to give the tricyclic imidazo[1,2-a]pyrrolo[2,3-e]pyrazine 130, Scheme 15. Palladium-
catalyzed hydrogenation of 130 was performed to remove the protecting group, followed
by treatment with hydrochloric acid to give the salt 131. The reaction of 131 with CDI and
trifluoroethylamine afforded upadacitinib.

Target Kinases

The JAKs inhibitory activity of upadacitinib was evaluated by Parmentier et al. [199].
The results revealed the highest inhibitory activity against JAK1 (IC50 = 47 nM), Figure 67.
The study also revealed inhibitory activity for upadacitinib against JAK2 at IC50 120 nM,
which indicates 2.5-fold lower inhibitory activity compared to JAK1.
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In addition, the results of the kinase inhibitory assay of upadacitinib against 70 kinases
revealed weak inhibitory activity against kinases other than JAKs [199].

Crystal Structures

Upadacitinib has not yet been reported in a crystal structure with any of its target kinases.

Pharmacological Activities and Uses

Upadacitinib is a second-generation selective JAK inhibitor that was evaluated for the
treatment of different types of inflammatory and immune diseases [200–203]. Evaluation
of the efficacy of upadacitinib in the treatment of rheumatoid arthritis revealed a fast and
favorable efficacy profile [202]. In addition, Smolen et al. [204] evaluated the efficacy of
upadacitinib monotherapy in rheumatoid arthritis. The results also revealed significant
therapeutic outcomes compared to methotrexate. The medical use of upadacitinib, either
alone or in combination therapy for the treatment of rheumatoid arthritis, was associated
with lower direct medical costs [203]. In August 2019, upadacitinib was approved for the
treatment of moderate-to-severe rheumatoid arthritis.

Moreover, several clinical trials were also performed to evaluate the efficacy of upadac-
itinib in the treatment of psoriatic arthritis. In a clinical trial (NCT03104400.) for treatment
of psoriatic arthritis, upadacitinib produced a rapid and sustained improvement in patient
outcomes [201]. Upadacitinib was also evaluated in a 24-week, phase 3 trial to treat pso-
riatic arthritis [205]. The results revealed a significantly higher number of patients with
ACR20 compared to the placebo. In addition, upadacitinib at a daily dose of 30 mg showed
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superior results to those of adalimumab. Furthermore, no significant safety signals were
observed when upadacitinib was evaluated in patients with psoriatic arthritis. Burmester
et al. [206] also evaluated the safety of upadacitinib in patients with psoriatic arthritis
for up to 3 years, where the results revealed a safety profile similar to that observed in
rheumatoid arthritis. Currently, upadacitinib has been approved by the FDA and EMA for
the treatment of patients with active psoriatic arthritis [195,207].

Furthermore, upadacitinib was also studied in adult patients with atopic dermatitis,
where the results showed superior efficacy compared to the human monoclonal antibody
dupilumab [208]. In January 2022, upadacitinib was also approved by the FDA to treat
refractory, moderate to severe atopic dermatitis in children aged ≥ 12 years.

Metabolism

The results of the in vitro metabolic study of upadacitinib suggested that it undergoes
metabolism by cytochrome P450 [209]. On the other hand, the contribution of CYP2D6 in
the metabolism of upadacitinib was very minor [209]. Coadministration of upadacitinib
with the CYP3A4 inhibitor, ketoconazole, resulted in a weak effect on its concentration [210].
However, coadministration of upadacitinib with rifampin, a broad CYP inducer, resulted
in a decrease in upadacitinib concentration by ~50% [211].

In conclusion, the target kinases of the eleven JAK inhibitors and the approval data
including the approval date and the disease for which these inhibitors were approved are
presented in Table 1.

Table 1. The globally approved JAK inhibitors, their target kinase, clinical trials, and the approval data.

Drug Target JAKs Disease Approval Date Reference Clinical Trials

Abrocitinib JAK1, JAK2 Atopic dermatitis 2022 [72] NCT03627767,
NCT03720470

Baricitinib JAK1, JAK2
Rheumatoid arthritis 2017 (EMA)

2018 (FDA) [64,65] NCT02265705,
NCT01710358

COVID-19 2020 (EUA) [78] NCT04421027,
NCT04401579

Delgocitinib Nonselective Atopic dermatitis 2020 (Japan) [69] NCT03826901,
NCT03725722

Fedratinib JAK2, JAK2V617F Myelofibrosis 2019 (FDA) [66]
NCT00724334,
NCT00631462
NCT01437787

Filgotinib JAK1 Rheumatoid arthritis 2020 (EMA) [70] NCT02873936,
NCT02886728

Oclacitinib JAK1 Canine allergic
dermatitis 2013 [129] NA *

Pacritinib JAK2, JAK2V617F Myelofibrosis 2022 (FDA) [138] NCT04884191

Peficitinib Pan-JAK inhibitor Rheumatoid arthritis 2019 (Japan) [68] NCT01565655,
NCT02308163

Ruxolitinib JAK1, JAK2
JAK2V617F

Myelofibrosis 2011 [28] NCT00952289

Polycythemia vera 2014 [29] NCT02038036

Acute and chronic
graft-versus-host disease 2019, 2021 [160] NCT03112603

NCT03147742
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Table 1. Cont.

Drug Target JAKs Disease Approval Date Reference Clinical Trials

Tofacitinib JAK1, JAK2, JAK3

Rheumatoid arthritis 2012 (FDA) [64] NCT02187055

Psoriatic arthritis 2017 [115] NCT01877668

Ulcerative colitis 2018 [115] NCT03281304

Juvenile idiopathic
arthritis 2020 [179] NCT02592434

Ankylosing spondylitis 2021 [180] NCT03502616

Upadacitinib JAK1

Rheumatoid arthritis 2019 [67] NCT02706847

Psoriatic arthritis 2021 [195] NCT03104400

Atopic dermatitis 2022 [196] NCT03738397

Ulcerative colitis 2022 [197] NCT02819635

* NA, not applicable.

2. Conclusions

In the current review, eleven of the JAK inhibitors that received approval for the
treatment of inflammatory, autoimmune, and myeloproliferative neoplasms were discussed.
These drugs are abrocitinib, baricitinib, delgocitinib, fedratinib, filgotinib, oclacitinib,
pacritinib, peficitinib, ruxolitinib, tofacitinib, and upadacitinib. The synthetic routes of these
drugs, including the original and/or alternative pathways, were described. The crystal
structures of these drugs in various kinases were also listed. Their binding modes and
interactions were visualized, where two key hydrogen-bonding interactions were observed
with Leu959 and Leu932 in JAK1 and JAK2, respectively. Furthermore, the kinase inhibitory
activities and pharmacological uses of the eleven drugs were also summarized. Based
on their inhibitory activity against the target kinases, these drugs could be classified as
either selective or nonselective JAK inhibitors. Among these drugs, several JAK1 inhibitors
have been approved for the treatment of inflammatory and autoimmune conditions. On
the other hand, the drugs approved for treatment of myeloproliferative neoplasms target
JAK2 and its mutant form (JAK2V617F). In addition, the metabolic studies of the eleven
drugs revealed the formation of several oxidation metabolites, which were mediated by
CYP450 enzymes. On the other hand, few conjugation metabolites such as glucuronide acid
and sulfate conjugates were detected among the metabolites of filgotinib and peficitinib,
respectively. To sum up, the data in this review may assist in the design of new JAK
inhibitors with potential therapeutic benefits.

3. Perspective

The high efficacy of the clinically approved JAK inhibitors in the treatment of inflam-
matory and autoimmune diseases has attracted much attention. However, most of them are
non-selective inhibitors, which may account for some of their adverse effects, such as ane-
mia, thrombocytopenia, upper respiratory tract infection, and herpes infection [212–216].
Accordingly, design and development of new potent, selective, and more safe JAK inhibitors
could provide a solution to these adverse effects [217].

Currently, several nonselective JAK inhibitors, including brepocitinib, cerdulatinib,
gusacitinib, and momelotinib (Figure 68), are being investigated for their efficacy in in-
flammatory and cancer diseases [218–221]. In addition, the efficacy and safety of several
selective JAK inhibitors are being investigated in clinical trials. Among these inhibitors, the
selective JAK1 inhibitor, itacitinib showed promising efficacy when evaluated in patients
with aGVHD [222].
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The JAK2 inhibitor, gandotinib (Figure 68), showed high potency toward the JAK2V617F
mutation and showed promising potential in the treatment of myeloproliferative disor-
ders [223]. In addition, JAK2/FLT3 dual inhibitors could provide better therapeutic option
for acute myeloid leukemia [30,224]. Currently, it is seeking FDA approval for the treatment
of myelofibrosis. On the other hand, the JAK3 inhibitor, decernotinib also showed a high
potential activity in the treatment of rheumatoid arthritis [225].

Several JAK inhibitors have been reported to bind reversibly to allosteric sites in
JAKs [34,42]. Among these inhibitors, deucravacitinib and LS104 are being investigated
in clinical trials. This type of JAK inhibitor could provide advantages over the currently
used ATP-competitive inhibitors [27]. However, none of these allosteric inhibitors has
been approved for clinical use. Future research in this area could lead to approval of the
allosteric inhibitors for clinical use.

Development of irreversible JAK3 inhibitors that can bind covalently with the unique
Cys909 reside has attracted a great attention in the last few years [43]. Several small
molecules have displayed potent and selective inhibition of JAK activity [43,44,226]. The
design of new JAK3 covalent inhibitors could be supported by the success of ritlecitinib
in reaching the clinical trial (NCT04517864). In addition, advances in X-ray and covalent
docking may also play a crucial role in the design of this type of JAK inhibitors.

Recently, JAK inhibitors showed promising potential in the treatment of COVID-19-related
cytokine storm [227]. However, among several drug combinations evaluated in the treat-
ment of COVID-19 [228,229], the combination of baricitinib plus remdesivir has received
EUA by the FDA [92,230,231]. Moreover, the clinical trials of tofacitinib (NCT04469114)
and nezulcitinib (NCT04402866) are being performed in patients with COVID-19 related
lung problems [36,232]. Although these results also support the investigation of other
JAK inhibitors in the treatment of COVID-19 related problems, the adverse effects of these
inhibitors on the immune responses must be evaluated [233].
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