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Preface to ”Targeted Cancer Therapy and Mechanisms
of Resistance”

Tumor cells commonly exhibit dependence on a single (often the initiating) activated oncogenic

pathway or protein to maintain their malignant proliferation and survival, a phenomenon called

“oncogene addiction”. According to this concept, protein kinases have been elected as promising

molecular targets for cancer therapy. There are several possibilities to target these proteins in cancer,

including monoclonal antibodies that can bind to the extracellular domain of the RTK, compounds

able to favor the proteolytic degradation of the kinase, and finally, small-molecule protein kinase

inhibitors (PKIs). In addition to targeting oncogenes, new anticancer treatments have increasingly

been developed for tumor suppressor genes and RNA interference.

Despite promising results in cancer treatment with targeted cancer drugs, clinical experience has

shown that only a fraction of patients respond to targeted therapies, even if their tumors express

the altered target. This kind of resistance is known as primary resistance. Otherwise, secondary or

acquired resistance to the treatment arises, almost invariably, when tumors are treated with cancer

drugs. Acquired resistance mechanisms can be divided into two main categories: target-dependent

and target-independent mechanisms.

Target-dependent resistance typically occurs through genetic modifications of the target. Such

genetic modifications may include point mutations and copy number amplifications. Evidence

suggests that mutation may pre-exist in a minority of cancer cells, and it is then selected upon

treatment. This suggests that secondary PKIs which can also bind the mutated kinase can be used to

overcome resistance. Gene amplification is another major mechanism of target-dependent resistance.

Selective pressure of the drug can drive amplification of the target gene, thus leading to additional

overexpression of the encoded protein.

Instead, target-independent mechanisms occur through the activation of alternative pathways

which enable bypassing of the drug-mediated block. In other words, cancer cells escape treatment by

switching to an alternative signaling pathway which is not inhibited by the drug.

Other mechanisms of resistance can exploit the enormous genome plasticity of cancer cells by

modulating miRNA expression or remodeling chromatin. Finally, although not as commonly as

with classical cytotoxic drugs, other resistance mechanisms can cause a decrease in the effective

intracellular concentration of the targeted cancer drug.

We set out to select some studies containing emerging developments on the subject. In essence,

this collection aims to highlight some recent findings regarding resistance mechanisms and reviews

of molecular targeting and resistance with 14 contributions, including 10 original research papers and

4 reviews. Aspects relating to solid cancers, such as breast, ovary, colon, and blood cancers such as

leukemia, and the identification of resistance mechanisms and new molecular targets, help form the

basis for the preclinical and clinical development of more effective next-generation drugs.

ix



The collection is aimed at scientists in the field of molecular oncology and, specifically, for those

who study innovative therapies to overcome the development of resistance to already approved

treatments. The authors involved in the selected articles are all recognized experts in the field. I thank

my colleague Dr. Aniello Cerrato and the graphic designer Fabrizio Fiorbianco of the Communication

Services Center (Naples, Italy) for supporting me in the creation of the cover.

Valentina De Falco

Editor
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Abstract: During the cell cycle, DNA suffers several lesions that need to be repaired prior to entry
into mitosis to preserve genome integrity in daughter cells. Toward this aim, cells have developed
complex enzymatic machinery, the so-called DNA damage response (DDR), which is able to repair
DNA, temporarily stopping the cell cycle to provide more time to repair, or if the damage is too
severe, inducing apoptosis. This DDR mechanism is considered the main source of resistance to
DNA-damaging therapeutic treatments in oncology. Recently, cancer stem cells (CSCs), which are
a small subset of tumor cells, were identified as tumor-initiating cells. CSCs possess self-renewal
potential and persistent tumorigenic capacity, allowing for tumor re-growth and relapse. Compared
with cancer cells, CSCs are more resistant to therapeutic treatments. Wee1 is the principal gatekeeper
for both G2/M and S-phase checkpoints, where it plays a key role in cell cycle regulation and
DNA damage repair. From this perspective, Wee1 inhibition might increase the effectiveness of
DNA-damaging treatments, such as radiotherapy, forcing tumor cells and CSCs to enter into mitosis,
even with damaged DNA, leading to mitotic catastrophe and subsequent cell death.

Keywords: Wee1 kinase; cell cycle; tumor resistance

1. Introduction

The cell cycle is a finely regulated process, where a series of growth and development
steps alternate and several molecules are involved as negative or positive regulators. Pro-
teins belonging to the highly evolutionarily conserved family, known as cyclin-dependent
kinases (Cdks), interact with specific partner proteins named cyclins. The variation in
cyclin protein levels is the mechanism through which cells progress through the cell cycle,
alternating the phases that follow one another in a specific temporal sequence [1]. Besides
the kinases, even their molecular counterparts, the phosphatases, take part in the cell cycle.
Therefore, kinases and phosphatases alternatively regulate the same targets to allow for
the correct conclusion of the process and to dynamically respond to the events.

The major events of the cell cycle are the S-phase, where the DNA replication occurs,
and the M-phase, which finally leads to the generation of the two daughter cells. These
phases are connected through “gap” steps (G1 and G2 respectively), during which, the
cell prepares itself through modifications of its transcriptional activity to synthetize the
molecules that are required for the following event.

Among the various steps, there are mechanisms of control, known as checkpoints,
which temporarily stop the process when mistakes occur to avoid the transmission of
mistakes that would compromise the result [2].

In normal cells, DNA damage is usually repaired via G1 phase arrest. In tumor
cells, G1 checkpoint deficiencies can occur, especially in p53-deregulated cells. In these
cells, the G2 checkpoint has the crucial role of repairing endogenous and exogenous
DNA damage [3,4]. Consequently, targeting the effectors involved in the G2 checkpoint is
a promising strategy for cancer therapy [5,6].
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Wee1 belongs to a family of protein kinases that activate the G2/M checkpoint of
the cell cycle in response to double-stranded DNA breaks (DDB) [7,8]. It is involved in
the terminal phosphorylation and inactivation of Cdk1/Cdc2-bound cyclin B on its Tyr15
residue, resulting in cell cycle arrest at G2 and, therefore, a delayed entry into mitosis after
DNA damage [9,10].

2. Wee1 Family

Wee1 is one of the most important gatekeepers for both the G2/M checkpoint and
S-phase. While its role in regulating the entry into mitosis is well known since its discovery,
its involvement in the S-phase was discovered only recently. Since DNA synthesis and
mitosis are tightly connected, when replication errors occur, the regulatory mechanism can
slow down or temporarily stop the S-phase. This allows for DNA repair before the onset of
mitosis, which will fix genetic mutations and/or chromosomal aberrations in the genome
of daughter cells.

Wee1 belongs to a family of protein kinases, consisting of three members in humans,
including PKMYT1 (membrane-associated tyrosine- and threonine-specific cdc2-inhibitory
kinase) and two Wee1 kinases (Wee1 and Wee1B). They show sequence similarity on their
kinase domain but differ regarding their localization, temporal expression and regulation.

Human Wee1, also known as Wee1A or Wee1Hu, is a kinase of 646 amino acids with a
molecular weight of 94 kDa comprising three domains: an N-terminal regulatory domain,
a central kinase domain and a C-terminal regulatory domain [9,11,12]. The N-terminal
domain is the longest and contains two phosphorylation sites (S53 and S123), which are
involved in protein degradation through the proteasome. In fact, this domain presents
three PEST (Pro-Glu-Ser-Thr) regions, which are found in many eukaryotic proteins and
are characterized by a rapid turnover. A nuclear localization signal, which is in the same
domain, is responsible for its subcellular localization (Figure 1).

Even if Wee1 acts as a tyrosine kinase, its catalytic domain is similar to the ones found
on serine/threonine kinases rather than those found on tyrosine kinases. In fact, Wee1
acts on the Y15 residue on Cdk1-cyclin B. Its structural features suggest that Wee1 may
have evolved from a serine/threonine kinase through mutations that somehow might
have directed it to acquire the ability to phosphorylate tyrosine residues [12]. Finally, the
C-terminal regulatory domain is very short and presents an S642, which constitutes a
binding site for the chaperone 14-3-3.

Wee1B was identified for the first time in Xenopus oocytes. It shares with Wee1
its predominant nuclear localization and the ability to inactivate Cdk1-cyclin B through
phosphorylation. However, higher levels of its mRNA were observed in mature oocytes
with a marked decrease after fertilization, while Wee1 is more expressed in the zygotes.
This suggests a different action during the early phase of embryogenesis, with Wee1B being
more involved in the early steps and Wee1 in the latter steps [8].

While Wee1 and Wee1B are prevalently nuclear, PKMYT1 is not. Its C-terminal
domain is anchored at the endoplasmic reticulum and Golgi apparatus; in addition,
it binds Cdk1-cyclin B. Furthermore, it is a dual-specificity kinase and phosphorylates
Cdk1-cyclin B in both Y15 and the adjacent threonine 14 [13,14]. PKMYT1 prevents cell
entry in the M-phase in two ways: it maintains Cdk1-cyclin B inactivity and, at the same
time, prevents the translocation of the complexes into the nucleus [15]. Moreover, it exhibits
more restricted substrate specificity, acting on Cdk1 but only partially on Cdk2 [16].

The Wee1 gene, which is localized in the distal short arm of the human chromosome
11 [17], was first discovered in the fission yeast Schizosaccharomyces pombe. It is involved
in the controlled onset of mitosis once the cell reaches the right size [18]. Moreover, a gene
dosage effect was observed: several experiments on yeast indicated that Wee1 could delay
progression through G2 into mitosis and this effect was more evident when its expression
increased [9,19]. Orthologues of the yeast Wee1 gene were identified not only in human
cells [20,21] but in several other eukaryotes, such as mouse, chicken, lizard, zebrafish and
the African clawed frog [22–28]. In addition to the above-mentioned members of the Wee1
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family, other paralog genes have been identified. They comprise four eukaryotic translation
initiation factor genes (EIF2AK1, EIF2AK2, EIF2AK3, EIF2AK4), the serine/threonine
kinase 35 (STK35) and the PDLIM1 interacting kinase 1 like (PDLIM1) genes.

Figure 1. Schematic representation of Wee1 (A), Wee1B (B) and PKMYT1 (C) domain structures, interaction and post-
translational modifications sites.

Its activity is sustained by various molecules to acquire more stability, a prolonged
half-life and, consequently, increased biochemical activity. In particular 14-3-3 proteins,
which are molecular chaperones that interact with many proteins that are involved in
signal transduction, are likely the most important [29]. Their binding during the interphase
induces a conformational change at the N-terminal domain of Wee1, hiding its site for
degradation. Consequently, Wee1 becomes more stable and thus enhances kinase activ-
ity. During mitosis, 14-3-3 instead loses its binding with Wee1, allowing for an easier
inactivation [30–32].

Moreover, Hsp90 and MIG6 support Wee1 stability. Heat shock protein 90 (Hsp90),
which is one of the most abundant and evolutionarily conserved chaperones, interacts with
Wee1 and maintains it in its native conformation [32–35]. MIG6 is a known EGFR inhibitor
whose expression is upregulated with cell growth. Sasaki and his collaborators recently
identified a new EGFR-independent role in cell cycle progression. They demonstrated
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that MIG6 stabilizes Wee1, hindering the recruitment of β-TrCP-SCF and the subsequent
proteasomal degradation [36].

3. Wee1 in Cell Cycle Events

Wee1 is predominantly localized in the nucleus, where it coordinates and ensures the
proper DNA replication and, at the same time, prevents premature mitosis [37,38].

Wee1 negatively regulates the G2/M transition that acts on the Cdk1-cyclin B complex
(also known as mitosis promoting factor (MPF)), which, once activated, triggers all events
leading to the onset of mitosis [39–41]. Wee1 phosphorylates Cdk1 (also known as cell
division cycle 2 (Cdc2)) on the Y15 residue [21,42] within its ATP-binding site in the catalytic
subunit, while PKMYT1 phosphorylates it on both the Y15 and T14 residues [13,14,16].
This phosphorylation inactivates Cdk1 during the interphase. Its activity is contrasted with
Cdc25 phosphatases, whose levels change in a specular way compared to those of Wee1.
Cdc25 dephosphorylates Y15 and T14 and, together with higher cyclin B levels, which
promote the phosphorylation on its T161 residue by Cdk-activating kinase (CAK), activates
Cdk1 [43,44].

The downregulation of Wee1 promotes entry into mitosis. This is usually achieved via
both decreased synthesis and proteolytic degradation [38]. When Wee1 is phosphorylated
by Plk1 (polo-like kinase 1) and Cdk1 in S53 and S123, respectively, it becomes a target of
the β-TrCP F-box protein-containing SCF E3 ubiquitin ligase (SCFβ-TrCP) or Tome-1 F-box
protein-containing SCF E3 ubiquitin ligase (SCFTome-1) complexes. Both β-TrCP and
Tome-1 directly contribute to Wee1 inactivation [45–47]. Therefore, while phosphorylation
does not directly inactivate Wee1, this event induces its proteasome-dependent degradation
(Figure 2).

It is important to highlight that Wee1 inactivation is enhanced by Cdk1-cyclin B
itself, which triggers a feedback loop: when Wee1 levels decrease, the balance between
the tyrosine kinase and Cdk1-cyclin B complexes shifts toward the latter. These, in turn,
phosphorylate Wee1, promoting its recognition for proteolytic degradation. Thus, the
process ensures a rapid activation of Cdk1-cyclin B to allow for a quick transition to
mitosis [11,46].

During the S-phase, Wee1 acts on Cdk2 to stabilize the replication machinery, prevent-
ing unscheduled replication origins and the resulting insurgence of abnormal structures
that might cause genomic instability [48]. The exact molecular mechanism is unclear: it
could downregulate both Cdk2 and the Mus81-Eme1 endonuclease or Cdk1 and, only
indirectly, Mus81-Eme1 activity [49,50]. In the presence of stalled forks, DSBs are induced
by Mus81-Eme1 complexes to initiate recombination-mediated replication fork recovery.
When downregulation that is caused by Wee1 is turned off, Cdk2 becomes hyperphosphory-
lated and thereby activates the Mus81-Eme1 endonuclease. Moreover, the phosphorylated
form of H2A histone, namely, γ-H2AX, increases the formation foci that recruit molecules
that are responsible for the DNA repair pathway. As such, the endonuclease binds to DNA,
even in the absence of damage, and generates DSBs, cleaving the DNA in an unscheduled
manner, thus reducing replication fork speed [49,51]. Therefore, Wee1 activity stabilizes
those replication forks, which are temporarily stalled without becoming a signal to activate
the DNA damage response.

Furthermore, Wee1 prevents the multiple and unscheduled activation of replication
forks, leading, in turn, to the rapid consumption of the deoxynucleotide triphosphates
(dNTPs) pool. Therefore, more replication forks become stalled and S-phase arrest en-
sues [52,53].

Recently, Vassilopoulos et al. found a novel interaction between Wee1 and anaphase-
promoting complex/cyclosome (APC/C). Activated APC/C is an E3 ubiquitin ligase
that targets key proteins, including cyclin B and securin, causing them to degrade, thus
promoting anaphase initiation and segregation of sister chromatids. In the presence of DNA
damage in the S-phase, Wee1 phosphorylates APC/C, which, as a result, becomes inactive.
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If Wee1 is inactivated, APC/C recruits polo-like kinase 1 (Plk-1), which degrades Wee1, and
the cell cycle proceeds independently due to the integrity of the genetic information [54].

Figure 2. Schematic representation of the components involved in G2/M cell cycle transition.

Finally, Wee1 can act as an epigenetic modifier: in the late S-phase, when DNA
synthesis is completed, it phosphorylates H2B histone at the Y37 residue, suppressing
the transcription of Hist1, which is the major histone gene cluster. Thus, by modifying
the chromatin structure, histone overproduction is avoided. This is an evolutionarily
conserved process in the eukaryotic cells, as it is observed in yeast and mammals [55].

To better understand the role of Wee1 in mammalian tissue, in 2006, the group of
Prof. Deng produced Wee1 knockout mice via gene targeting, which resulted in embryonic
lethality at the blastocyst stage [56], which explained the lack of in vivo models. In 2015,
the same group established conditional and tissue-specific Wee1 mutant mice and cells.
Alongside the well-known role of Wee1 in preventing premature mitotic entry, Wee1
mutant cells revealed impaired mitosis that was characterized by delayed progression and
completion without normal cytokinesis. Moreover, they found a role of Wee1 in modulating
the APC/C complex, i.e., it is responsible for the degradation of mitotic regulator protein
by a proteasome. Thus, Wee1 deficiency causes increased activity of APC/C, which allows
for mutant cells to progress through mitosis at the expense of genomic integrity. Finally,
in the animal model with a conditional expression of Wee1 in the mammary gland, they
demonstrated that Wee1 is indispensable for maintaining genomic stability and it acts as a
haploid tumor suppressor since a mutant mammary gland develops tumors. In conclusion,
Wee1 coordinates distinct cell-division events to permit correct segregation of genetic
information into daughter cells and preservation of genomic integrity [54].

4. Role of Wee1 Kinase in Cancer Progression and Therapy

The expression of Wee1 was investigated in few studies, including solid tumors and
hematological malignancies. Wee1 downregulation in cancer tissues was observed in most
of them, suggesting a tumor suppressor role for Wee1. In stromal breast cancer, Wee1
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expression was investigated using immunohistochemistry. The lower Wee1 expression in
malignant tumors compared to benign ones suggests that it acts as a tumor suppressor [57].
Similarly, a cDNA array performed on colon carcinoma cell lines and human tissues showed
low Wee1 mRNA expression, leading to the speculation that genetic lesions targeting cell
cycle regulation occur not only at the G1-S but also the G2-M transition checkpoint during
tumor development [58]. Since the Wee1-mediated inhibition of G2-M transition is an
essential step after DNA damage, permitting DNA repair prior to entry into mitosis [37],
the decreased expression or loss of the Wee1 gene in colon carcinoma cells suggests its
potential role as a tumor suppressor [58]. The association between Wee1 downmodulation
and tumorigenesis was also found in non-small-cell lung cancer (NSCLC) [59]. In this
work, the authors found a correlation between low Wee1 levels and a poor prognosis,
as impaired Wee1 expression provided an advantage to neoplastic cells since it caused a
faster progression through the cell cycle [59]. In their work, Yoshida et al. investigated
the clinicopathological and prognostic significance of cyclin B and Wee1 expressions in
79 patients affected by NSCLC. It was found that in almost two-thirds of patients analyzed,
Wee1 was not expressed and the patients had a poorer prognosis and a higher recurrence
rate. Moreover, their tumors tended to have a higher Ki index and PCNA-LI values, which
are typical parameters of cell proliferation and malignancy potential in NSCLC. Taken
together, these data suggested that a loss of Wee1 expression may both promote tumor
aggressiveness and be a useful prognostic indicator.

Few studies have evaluated the role of microRNAs (miRNAs), long non-coding RNAs
(lncRNAs) and small-interference RNAs (siRNAs) that are able to modulate Wee1 expres-
sion in tumor cells and their involvement in tumor progression [60–64]. Aside from the
evidence of an inverse correlation between Wee1 protein expression and the aggressiveness
of melanoma cells, Bhattacharya et al. found a link with miR-195. They demonstrated that
miR-195 has an inhibitory activity on Wee1 expression in melanoma metastases [61]. Data
that was obtained by assessing cell cycle analyses during simultaneous Wee1 silencing (by
siRNA or miR-195) and genotoxic agents’ exposure suggested that when chemotherapy-
mediated DNA damage occurs, miR-195 is able to significantly contrast the G2/M cell
cycle arrest, downmodulating Wee1 in melanoma cells. [61]. In contrast, the upregulation
of miR-101-3p via lncRNA NEAT1_2 in hepatocellular carcinoma cells decreased both the
mRNA and protein levels of Wee1, inducing tumor radio-sensitization [60]. Comparable
results were obtained in myeloid leukemia cell lines, whose Wee1 siRNA silencing resulted
in a strong sensitization to cytarabine (Ara-C) [65]. While these data indicate that Wee1
acts as a tumor suppressor, several studies highlighted an increased expression of Wee1 in
several types of cancer. This indicates that Wee1 may be important for cancer cells’ viability
under specific circumstances. A cell viability assessment with a kinase siRNA library in
different cancer cell lines demonstrated that Wee1 gene expression correlated with the Wee1
gene copy number, potentially identifying a cause of increased expression [66]. Moreover,
this study demonstrated that tumor cell lines that overexpress Wee1 are more sensitive to
Wee1 inhibition by siRNA, leading to abrogation of the G2/M checkpoint and consequent
tumor cell death via apoptosis. In particular, thanks to this approach, authors could identify
a breast cancer patient subset (luminal breast cancer) that overexpressed Wee1, where its
inhibition could be suggested as a potential therapeutic strategy [66]. Interestingly, by
performing a stringent in silico analysis on data obtained comparing normal versus cancer
tissue, Mir et al. found increased expression of Wee1 in most cancer types (27 samples in a
35-sample data set) [67]. In their dataset, the highest Wee1 mRNA expression was mea-
sured in glioblastoma, followed by non-small-cell lung carcinoma, (non-)seminoma and
colon carcinoma, whereas the other cancer types mostly showed moderate overexpression
as compared to the relevant non-neoplastic control tissue [67].

The activity of Wee1 was found to be increased in patients with advanced hepato-
cellular carcinoma when compared with noncancerous liver tissue [68]. Moreover, Wee1
was found to be overexpressed and functionally important in medulloblastoma [69], and
a high expression of Wee1 was described in glioma [70,71]. Slipicevic et al. reported an
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expression of Wee1 in ovarian serous carcinoma effusions. Moreover, they observed a
notable increase in Wee1 levels after exposure to chemotherapy, suggesting a role for this
kinase in mediating the progression of the disease. Thus, increased Wee1 expression may
represent an adaptive response to the chemotherapy that allows tumor cells to repair DNA
damage and thereby survive [72].

Although Wee1 expression was found to increase in vulvar squamous cell carcinomas
compared to normal tissue, Magnussen et al. did not observe any significant association
between disease-specific survival and Wee1 expression in patients with vulvar carcino-
mas [73]. These findings did not directly support the tumor suppressor role of Wee1.
Moreover, Wee1 silencing by siRNA did not translate to any major alteration in viabil-
ity [73]. However, in their previous study, Magnussen and colleagues linked the expression
of Wee1 with the activation of cellular pathways that are crucial for the specific disease [74].
In nasopharyngeal (NP) carcinoma cell lines, Wee1 was found to be overexpressed and,
consequently, cells were found to be more sensitive to its inhibition compared to NP
epithelial cells, although such inhibition was not very effective in sensitizing cells to radio-
therapy [75]. In melanoma cells, Wee1 overexpression showed a strong, positive correlation
with markers of proliferation: cyclin A, Ki67 and cyclin D3 [74]. Wee1 silencing caused an
increase in phospho p38 protein levels, indicating a role in the regulation of p38/MAPK
pathway activation during p53-independent DNA damage responses [74].

Aside from the reported use of siRNA for the inhibition of Wee1 expression in
different cancer models, several pharmacological inhibitors were developed and vali-
dated, both as single agents or in combination with DNA damaging agents (chemother-
apy/radiotherapy) [69,76–79]. Wee1 kinase inhibition causes a significant reduction in
phospho- CDK1 (Tyr15), thus promoting the accumulation of the active CDK1-cyclin B1
complex and driving premature mitotic entry. Uncontrolled and deregulated mitosis
is associated with a progressive DNA damage accumulation, culminating in cell death
through a mechanism that is generally known as a mitotic catastrophe. The efficacy of
Wee1 inhibitors as monotherapy was confirmed by a decrease in cell viability of ovarian
cancer and sarcoma cell lines [80,81].

A large number of studies demonstrated that the cellular rate of response to treatment
with Wee1 inhibitors or mimics was strictly dependent on a concomitant (i) presence of
TP53 mutations [82–84] and/or (ii) administration of DNA-damaging agents (chemother-
apy including doxorubicin, cytarabine, methotrexate, cisplatin, clofarabine, etoposide,
5-fluorouracil and radiotherapy) [85,86]. Moreover, some data suggest that cells with
dysfunctional p53 are more sensitive to Wee1 inhibition combined with conventional
chemotherapy than those with functional p53. A possible explanation for this is that the
dysfunctional G1/S DNA damage checkpoint yields TP53-mutated cells that are more
dependent on stopping in G2 to repair DNA damage before entering mitosis.

While some studies described ionizing radiation (IR) [87,88] and chemotherapy [89]
sensitization mediated by Wee1 inhibition to be dependent on TP53 activity, the pharmaco-
logical inhibition of Wee1, in combination with cytarabine, was shown to be effective in
AML cell lines with functional p53 [90]. Van Linden demonstrated that the functionality
of p53 does not influence the sensitization to antimetabolite chemotherapeutics by Wee1
inhibitors in AML cells and lung cancer cells, suggesting that the use of p53 mutation as a
predictive biomarker for response to Wee1 inhibition may be restricted to certain cancers
and/or chemotherapeutics, as well as the preclinical data supporting the combination [91].

Table 1 summarizes the above reported evidence observed in different cancer types.
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Table 1. Bibliographic evidence about Wee1 expression in different cancer types.

Wee1 Expression
Other

Molecular
Modulation

Cancer Type Clinical Significance Methods Ref.

↓ Wee1

Stromal breast
cancer (phyllodes

tumor (PT))
human tissue

samples

Wee1 reduction suggests a
potential role of Wee1 as a

tumor suppressor
Immunohistochemistry [57]

↓ Wee1

Colon carcinoma
cell lines and
human tissue

samples

Wee1 suppression
suggests a potential role of

Wee1 in tumorigenesis

cDNA array, Northern
blotting and

semi-quantitative
reverse

transcription-PCR
(RT-PCR)

[58]

↓ Wee1
↑ Cyclin B1/cdc2

complex
NSCLC human
tissue samples

Wee1 reduction is
associated with a poorer
prognosis and a higher

recurrence rate

Immunohistochemistry [59]

↓ Wee1 ↑ miR-195

Metastatic
melanoma cell

lines and human
tissue samples

Wee1 expression in
malignant melanoma is

directly regulated by
miR-195

Immunoblotting,
quantitative real-time
PCR and immunohis-

tochemistry

[61]

↑ Wee1 ↓ miR-101-3p

Hepatocellular
carcinoma (HCC)

cell lines and
human tissue

samples

Downregulation of Wee1
enhances the

radiosensitivity of HCC
cells

Quantitative real-time
PCR, Western blotting

and flowcytometry
[60]

↑ Wee1 Leukemia cell lines

Wee1 kinase inhibition by
siRNA silencing or by

specific inhibitors potently
sensitizes myeloid and

lymphoid leukemia cells
to Ara-C

High-throughput
siRNA screen and
Western blotting

[65]

↑ Wee1
Luminal breast
cancer cell lines

Wee1 kinase inhibition by
specific inhibitors has
therapeutic potentials

High-throughput
siRNA screen, Western
blotting and immuno-

histochemistry

[66]

↑ Wee1
Nasopharyngeal
carcinoma (NPC)

cell lines

Wee1 kinase inhibition by
specific inhibitors has
therapeutic potentials

Western blotting [75]

↑ Wee1
Glioblastoma cell
lines and human

tissue samples

Wee1 kinase inhibition by
siRNA or specific

inhibitors causes cell
death and sensitizes

glioblastoma to ionizing
radiation in vivo,

suggesting it has a
potential therapeutic

target

In silico analysis of
microarray data,

immunofluorescence
staining, immunohisto-
chemistry and Western

blotting

[67]

↑ Wee1 kinase
activity

↑ Cyclin D1

Hepatocellular
carcinoma (HCC)

human tissue
samples

Activation of cyclin D1,
Cdk4, cyclin E, cyclin A

and Wee1 may play
important roles in the
process of malignant

transformation of cirrhosis
to HCC

Evaluation of WEE1
kinase activity using

autoradiography
[68]

8



Int. J. Mol. Sci. 2021, 22, 10689

Table 1. Cont.

Wee1 Expression
Other

Molecular
Modulation

Cancer Type Clinical Significance Methods Ref.

↑ Wee1

Medulloblastoma
cell lines and
human tissue

samples

Wee1 kinase inhibition by
siRNA or specific

inhibitors (MK-1775)
potently inhibits tumor

growth in vivo and
sensitizes

medulloblastoma cells to
cisplatin in vitro,

suggesting Wee1 as a
potential therapeutic

target

Gene expression
analysis,

high-throughput
siRNA screen and
Western blotting

[69]

↑ Wee1
Glioma human
tissue samples

Wee1 expression is
directly correlated with
the malignancy grade in

all types of gliomas, but it
is inversely associated

with prognosis in GBM

Immunohistochemistry [71]

↑ Wee1
Pediatric

high-grade glioma

Wee1 expression
positively correlates with

the glioma grade; the
Wee1 inhibitor MK-1775
increases the radiation

cytotoxic effect and
prolongs survival for mice
with engrafted, orthotopic

glioma

Gene expression
analysis and immuno-

histochemistry
[70]

↑ Wee1
Melanoma cell

lines and human
tissue samples

High expression of WEE1
is associated with poor

prognosis and Wee1
silencing increases tumor

cell death; Wee1
represents a potential
therapeutic target in

melanoma

Immunohistochemistry
and Western blotting

[74]

↑ Wee1

Vulvar squamous
cell carcinomas
human tissue

samples

High Wee1 expression is
associated with poor

histological differentiation
and lymph node

metastases

Immunohistochemistry
and

Wee1 silencing using
siRNA

[73]

↑ Wee1

Acute myeloid
leukemia (AML)

cell lines and AML
primary cells

Wee1 inhibition sensitizes
AML cells to cytarabine

in vitro; Wee1 represents a
potential therapeutic

target in AML

Integrated genomic
analyses

[90]

↑ Wee1

Osteosarcoma cell
lines, human

osteoblasts and
tumor samples

Wee1 inhibition
sensitizing OS cells to

irradiation-induced cell
death

Gene-expression data
analysis, immunohisto-
chemistry and Western

blotting

[86]
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Table 1. Cont.

Wee1 Expression
Other

Molecular
Modulation

Cancer Type Clinical Significance Methods Ref.

↑ Wee1

Multiple myeloma
(MM) tissue

samples and cell
lines

Wee1 inhibition in
combination with

Bortezomib induces cell
death in all cell lines more
efficiently compared to the

single agents

Quantitative real-time
PCR (qPCR)

[89]

↑ Wee1

Ovarian carcinoma
(OC) peritoneal
effusion samples

and cell lines

Wee1 is overexpressed in
post-chemotherapy

disease, suggesting a role
in mediating disease
progression and as a

prognostic marker of poor
survival; Wee1 is a

potential therapeutic
target in OC

Immunohistochemistry
and Western blotting

[72]

5. Radiotherapy and DNA Damage Response (DDR)

Radiation therapy is one of the crucial cancer treatment options along with surgery
and chemotherapy [92]. The curative potential of radiotherapy depends on the amount of
non-repairable DNA lesions that occurred in the exposed tumor tissue, thereby removing
cancer cells from the clonogenic pool [93–96].

DNA integrity can be compromised by several types of exogenous and/or endoge-
nous injuries. In particular, exposure to ionizing radiation is responsible for base and
sugar damage, cross-links and both single- and double-strand breaks (SSBs and DSBs,
respectively). Among these, DNA double-strand breaks (DSBs) principally contribute
to radiation-induced cell death. However, cells can avoid this fate through DNA repair
mechanisms. When DNA damage occurs, cells can arrest cycle progression to allow for
DNA repair before cell division, which makes DNA alteration permanent. In fact, the
accumulation of DNA lesions may lead to cell death and/or senescence if the damage is
too severe to be repaired [97].

DNA repair mechanisms are the key determinant of tumor cell sensitivity (or resis-
tance) to radiation and, for this reason, have gained a lot of interest in the oncology field.
If the DNA repair capacity of tumor cells is not able to mitigate the severity of radiation-
induced DSBs, this might result in the perpetuation of DNA damage, leading to irreparable
genetic lesions that culminate in cell death. In contrast, if cells can repair radiation-induced
damage, cancer cells continue to proliferate and tumors may recur [98].

In the presence of genotoxic stress, three different DNA damage repair (DDR) path-
ways are activated. Three phosphatidyl inositol 3-kinase-related protein kinases are the
upstream molecules involved, though activated by different injury types. Ataxia telangiec-
tasia mutated (ATM) responds to DNA-damage agents, such as IR, causing DSBs. Ataxia
telangiectasia and Rad3-related (ATR) kinase detect alterations of replications (stalled
replication forks and branched structures formation) that occur naturally or after ultra-
violet light (UV) exposure. Like ATM, the DNA-dependent protein kinase (DNA-PK)
signaling pathway is activated by DSBs under different cellular conditions, including
IR exposure, environmental carcinogens and chemotherapeutic agents, or in cells with
shortened telomeres.

ATM is recruited to DSBs by the Mre11–Rad50–Nbs1 (MRN) complex, whereas
DNA-PK is recruited by the Ku70/Ku80 heterodimer [99]. ATR is recruited by the
ATR-interacting protein (ATRIP) to replication protein A (RPA)-coated single-stranded
DNA (ssDNA), which forms at stalled DNA replication forks or is generated by processing
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of the initial DNA damage [100–102]. Both ATM and ATR are able to induce chromatin
modification in the presence of DNA damage through phosphorylation of H2AX, forming
foci at the break sites. H2AX, once phosphorylated (creating γ-H2AX), allows for the
recruitment of other proteins that take part in the repair mechanism [103]. ATM and ATR
regulate the Werner syndrome protein (WRN), which is implicated in the recovery of
stalled replication forks, to limit fork collapse [104] and act on BRCA-1, which serves as a
scaffold to facilitate ATM and ATR to activate downstream substrates [105].

When recruited, ATM and ATR phosphorylate several substrates. Their principal
downstream effectors are two kinases, namely, Chk2 and Chk1, which spread the signal to
other molecules [106,107].

Chk2 acts on protein p53, which is the principal gatekeeper of the G1-phase, deter-
mining the arrest of the cell cycle. ATM can also directly regulate p53 stability, weakening
its interaction with its negative regulator, namely, the MDM2 oncoprotein, whose gene is,
in turn, activated by p53 itself [108].

Among Chk1 substrates, in addition to Wee1, whose function as the gatekeeper in
G2/M checkpoint and S-phase was discussed above, there are the phosphatases Cdc25 (A,
B and C). Their activities are directly inhibited, promoting their degradation and causing
cell cycle delay not only in the G2/M checkpoint but even in other steps, providing time
for DNA repair [109,110]. However, Chk1 regulates Cdc25 levels both in the presence of
DNA damage and in physiological conditions, supporting its rapid turnover and avoiding
an unscheduled massive DNA synthesis [111,112] (Figure 3).

Figure 3. Schematic representation of the components involved in the DNA damage response.

Furthermore, Chk1 is required for homologous recombination repair (HRR), which is
a mechanism that is essential in mammals for restoring DNA integrity after DSBs, as well
as other lesions; in fact, it promotes the association of chromatin and phosphorylation of
RAD51, which is a key protein in HRR [113].

Moreover, Chk1 is required for mitotic spindle checkpoint functioning. During the
metaphase, chromosomes are hooked in both their sides by microtubules, forming a
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mitotic spindle coming from opposite poles of the cell; then, they are aligned in the central
portion of the mitotic spindle and equally divided to the daughter cells, which receive a
chromosomal copy each. If something at the level of alignment does not occur regularly
and defects emerge, Chk1 is phosphorylated and, in turn, phosphorylates Aurora B protein
kinase. This regulates BubR1 protein, which, together with Mad1 and Mad2, forms an
inhibitory ternary complex with the E3 ligase APC and its activator Cdc20 in the mitotic
spindle checkpoint. Thus, BubR1 is recruited at the kinetochore level and delays the
passage from the metaphase to the anaphase, protecting against chromosomal segregation
defects [114–116]. Following the DSB, DNA-PK-mediated DNA repair occurs via the
non-homologous end joining (NHEJ) process. In such a process, each broken DNA end
is first bound by one Ku70/80 heterodimer and two heterodimers interact together to
bridge matching ends. Ku plays a crucial role in NHEJ, recruiting multiple downstream
proteins, including the DNA-dependent protein kinase catalytic subunit (DNA-PKcs). In
turn, DNA-PKcs interacts with Artemis and DNA ligase IV, enabling NHEJ [99,117].

6. Cancer Stem Cells and WEE1 Involvement in Radiation Oncology

Cancer cells are heterogeneous regarding their tumor-initiating properties. In particu-
lar, cancer stem cells (CSCs) are a small subset of a tumor population, normally representing
0.1–10% of all tumor cells, which were identified as tumor-initiating cells. CSCs possess
self-renewal potential and persistent tumorigenic capacity that make them different from
other tumor cells.

Experimental evidence on tumor cell transplantation, as well as in both isogenic
murine models and human xenograft tumor models, demonstrated that the number of
CSCs in these experimental tumors defines the therapeutic potential of radiotherapy,
thus a higher proportion of CSCs correlates with a higher radio-resistance in the same
histopathological tumor type [93,94,118–120]. Additionally, the intrinsic radiosensitivity of
CSCs varies between tumors, thereby affecting their radio-curability [121,122]. A recent
CSC model, which was developed by our research group, allowed for predicting the
radiotherapy treatment efficacy based on the evident concordance between in vitro and
in vivo CSC sensitivity to radiotherapy [121]. Notably, the specific CSC in vitro and in vivo
sensitivity values correspond to patients’ responses to radiotherapy. This approach may be
useful for driving clinical decisions for correct therapeutic option management [121].

As a key source of resistance to DNA-damaging treatment in oncology, CSCs were
reported to improve DNA repair capacity by enhancing the activation of the DNA damage
response compared with differentiated cells [123,124]. CSCs contribute to radio- and chemo-
resistance through a circular mechanism: repeated cycles of DNA-damaging treatments
progressively kill the non-stem cells, causing an increase in the CSC fraction within the
tumor cell population. The tumor microenvironment can also influence the tumor cell
sensitivity or resistance to IR. In particular, it was demonstrated that CSCs are protected
from the effects of IR by hypoxia that is mediated by specific hypoxic niches [93,125].
Hypoxia might affect CSC proliferation and viability via hypoxia-inducible factors (HIFs)
that can induce the expression of OCT4, MYC and NOTCH1, which are crucial for stem
cell maintenance in different tissues [126–128]. In addition, the cell–stroma interactions,
by means of the integrin-mediated adhesion of cells to the extracellular matrix, increase
the tumor cell resistance to IR [129]. As a result, classical therapies become progressively
ineffective toward these CSC-enriched tumors [130].

Few studies reported Wee1 inhibition in the particular case of CSCs inducing radio-
sensitization in glioblastoma [67,131]. However, these findings support the concept that
the overexpression of checkpoint inhibitors, such as Wee1, could be an adopted protection
mechanism in CSCs with sublethal damage induced by conventional radio- and chemother-
apy. Therefore, targeting the DNA damage checkpoint response in CSC may sensitize these
cells to DNA-damaging techniques and overcome tumor resistances [132].
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7. Wee1 Inhibitors

Wee1 represents an optimal target for the inhibition of the G2-M checkpoint in order
to potentiate both radio- and chemotherapy.

In fact, although the purpose of the majority of anti-cancer therapeutic strategies
involves cell cycle arrest, Wee1 kinase inhibition triggers mitosis and induces genomic
instability, driving cells to follow a replication cycle, with consequential apoptosis for
mitotic catastrophe.

This strategy may allow for the dose reduction of conventional therapies, leading to a
reduction in toxic side effects while maintaining clinical efficacy; moreover, it may sensitize
tumors with poor prognosis to conventional therapies.

Recent studies demonstrated that Wee1 inhibition can be reached with low cytotoxicity
through rational drug design [133,134]. The only Wee1 inhibitor that is currently used in
clinical trials (query on ClinicalTrials.gov, July 2021) (Accessed on 22 September 2021) is
AZD1775, combined with DNA damage agents or radiotherapy, which is tolerable and
demonstrates promising anticancer activity.

In addition to AZD1775, hundreds of compounds were reported to have inhibitory
activity against Wee1 kinase. A recent study classified the Wee1 inhibitors that are reported
in scientific literature into five groups on the basis of their chemical core structure (pyri-
dopyrimidine derivatives, pyrazolopyrimidinone derivatives, pyrrolocarbazole derivatives,
pyrimidine-based tricyclic molecules and vanillates) [135].

The first small molecule to be reported bearing the pyridopyrimidine core was
PD0166285 [87] Although it showed a potent Wee1 inhibition activity (IC50 = 24 nM)
in various cancer cell lines and xenografts [67,87,136–138], its clinical application is limited
because of its non-selective Wee1 inhibition. In fact, PD0166285 presents a broad spectrum
of inhibitory activity on several tyrosine kinases, including CHK1, MYT1, c-Src, EGFR,
FGFR1 and PDGFR [87,135]. Due to its poor selectivity, PD0166285’s clinical application is
limited. Furthermore, starting from the PD0166285 structure, several pyridopyrimidine
derivates were synthesized while trying to increase the selectivity for Wee1, but most of
them were found to preserve a potent inhibitory activity against c-Src [87,139–141].

Among the Wee1 inhibitors that have the pyrazolopyrimidinone scaffold, there is the
known AZD1775. A series of pyrazolopyrimidinone analogs were synthetized [142] and,
in 2016, Matheson and collaborators reported a compound (CJM-061) that showed the
same Wee1 inhibitory efficacy of AZD1775, but had reduced single-agent cytotoxicity in
medulloblastoma cells [133]. On this basis, Matheson et al. developed a series of potent
pyrazolopyrimidinone-based Wee1 inhibitors; in particular, they found a compound that
showed a stronger inhibition activity and reduced cytotoxicity compared to AZD1775 [134].
However, AZD1775 is the only Wee1 inhibitor that is currently used in clinical trials (query
on ClinicalTrials.gov, July 2021).

The third class of Wee1 inhibitors is composed of the pyrrolocarbazole derivatives, all
of which are analogs of the lead compound 4-phenylpyrrolecarbazole PD0407824, which is
a powerful Wee1/Chk1 inhibitor. PD0407824 was a less potent Wee1 inhibitor compared to
PD0166285 but was more selective for Wee1 and CHK1 than for c-Src [143]. Furthermore,
it has only been tested on ovarian cancer, where it was shown to positively modulate
the cis-platinum response [144]. On the basis of several structure–activity relationship
studies [143,145,146], the analogs were designed in order to be more selective for Wee1
than for CHK1 [143]. Furthermore, the study of this class of Wee1 inhibitors has not been
advanced into in vivo study, probably because of the broad spectrum of kinase inhibitor
activity.

In 2014, Tong et al., aided by molecular modeling and structure–activity relationship
studies, designed pyrimidine-based tricyclic molecules that showed potent Wee1 kinase
inhibitor activity in both functional and mechanism-based cellular studies. The lead
molecule, namely, 31, showed oral efficacy in the NCI-H1299 mouse xenograft model,
potentiating the antiproliferative activity of irinotecan [147].
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It is known that natural polyphenols, including polyphenols present in green tea (epi-
gallocatechin gallate (EGCG)) [148], genistein [149] and curcumin [150], possess potential
anticancer activity through inhibiting the proliferation, invasion and metastasis of tumoral
cells and the induction of apoptosis, acting on different signaling pathways [148–155].

Starting from the core structure of polyphenols, Lamoral-Theys’ group designed and
synthesized several di- and trivanillate compounds, with some of them presenting WEE1
inhibitory and anti-tumor activities, probably due to their inhibitory activity against the
Aurora A/B/C responsible [156].

Table 2 summerizes the above reported evidence.

Table 2. Wee1 inhibitors. Standard color coding for atoms is used (black—carbon, red—oxygen, blue—nitrogen, green—
chlorine, brown—fluorine).

Core Chemical
Structure

Lead Compounds
CHK1
IC50 (nM)

WEE1
IC50 (nM)

References

Pyridopyrimidine
derivatives

PD0166285

72 24 [86]

Pyrazolopyrimidinone
derivatives

CJM-061

- 2.8 [133]

AZD1775

- 1.9 [133]

Pyrrolocarbazole
derivatives

PD0407824

47 97 [143]

Pyrimidine-based
tricyclic molecules

31

-
H1299

EC = 230
[147]
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Table 2. Cont.

Core Chemical
Structure

Lead Compounds
CHK1
IC50 (nM)

WEE1
IC50 (nM)

References

Vanillates

32

- 20,000 [156]

33

- 7120 [156]

8. Wee1 Inhibition Sensitizes Response to Chemo/Radiotherapy

Among the Wee1 inhibitors, only AZD1775 is currently used in clinical trials. Sev-
eral studies show its ability to potentiate the activity of chemotherapeutic drugs and
radiotherapy. Several studies indicate that AZD1775’s sensitizing effect is selective only
in p53-deficient tumors [142,157,158], although other evidence demonstrates that Wee1
inhibition can independently sensitize cancer cells to chemotherapeutics via p53 function-
ality [91].

In particular, in advanced squamous cell carcinoma of the head and neck (HNSCC), it
was shown that a combination of AZD1775 and cisplatin can overcome cisplatin resistance,
which is particularly high for patients whose tumor presents a mutation in the TP53
gene [159]. Other studies suggest a similar sensitizing effect in the radiation response in
pontine gliomas [160], glioblastoma [131] and pancreatic cancer [161]. So far, there are
11 clinical trials testing AZD1775 in combination with various chemotherapeutic agents,
5 in combination with both chemo and radiotherapy and 2 in combination with only
radiotherapy. Table 3 lists only the completed clinical trials with reported results.

Table 3. Registered clinical trial on Wee1 inhibitors.

Title Conditions Interventions
ClinicalTrial.gov
Identifier
Number

1
WEE1 Inhibitor with Cisplatin and
Radiotherapy: ATrial in Head and
Neck Cancer

-Hypopharynx squamous cell carcinoma
-Oral cavity squamous cell carcinoma
-Larynx cancer

-AZD1775
-Cisplatin
-Radiotherapy

NCT03028766

2

WEE1 Inhibitor AZD1775 with or
without
Cytarabine in Treating Patients
with Advanced Acute Myeloid
Leukemia or Myelodysplastic
Syndrome

-Chronic myelomonocytic leukemia
-Myelodysplastic syndrome with
isolated del(5q)

-Myelodysplastic/myeloproliferative
neoplasm

-Previously treated myelodysplastic
syndrome

-Recurrent adult acute myeloid leukemia
-Untreated adult acute myeloid leukemia

-AZD1775
-Cytarabine NCT02666950
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Table 3. Cont.

Title Conditions Interventions
ClinicalTrial.gov
Identifier
Number

3

Phase Ib Study AZD1775 in
Combination with
Carboplatin and Paclitaxel in
Adult Asian Patients with Solid
Tumours

Advanced solid tumors

-AZD1775
-Paclitaxel
-Carboplatin

NCT02341456

4

Cisplatin with or without WEE1
Inhibitor MK-1775 in Treating
Patients with Recurrent or
Metastatic Head and Neck Cancer

-Recurrent hypopharyngeal squamous
cell carcinoma

-Recurrent laryngeal squamous cell
carcinoma

-Recurrent laryngeal verrucous
carcinoma

-Recurrent lip and oral cavity squamous
cell carcinoma

-Recurrent metastatic squamous cell
carcinoma in the neck with an occult
primary

-another 24 tumors

-MK-1775
-Cisplatin NCT02196168

5

Ph II Trial of Carboplatin and
Pemetrexed with or without
AZD1775 for Untreated Lung
Cancer

Previously untreated stage IV
non-squamous non-small cell lung
cancer

-AZD1775
-Pemetrexed
-Carboplatin

NCT02087241

6

Dose Escalation Trial of AZD1775
and Gemcitabine (+Radiation) for
Unresectable Adenocarcinoma of
the Pancreas

Adenocarcinoma of the pancreas

-AZD-1775
-Gemcitabine
-Radiotherapy

NCT02037230

7

A Study of MK-1775 in
Combination with
Topotecan/Cisplatin in
Participants with Cervical Cancer
(MK-1775-008)

Cervical cancer

-MK-1775
-Topotecan
-Cisplatin

NCT01076400

8

A Dose Escalation Study of
MK-1775 in
Combination with Either
Gemcitabine, Cisplatin, or
Carboplatin in Adults with
Advanced Solid Tumors
(MK-1775-001)

Solid tumors

-MK-1775
-Gemcitabine
-Cisplatin
-Carboplatin

NCT00648648

9. Conclusions

Developing novel strategies to contrast local tumor cell survival and to, consequently,
avoid the insurgence of metastasis is the principal aim of the researchers operating in the
oncology field. As functionally impaired p53 is one of the principal hallmarks of tumor
cells, they rely on remaining checkpoints to survive and proliferate. From this perspective,
Wee1 is surely a prominent target to use in clinical practice for its dual role as gatekeeper
in both the S-phase and G2/M transition. While most kinase inhibition strategies aim to
arrest the cell cycle to block proliferation, WEE1 inhibition allows for mitosis to occur in
cells with heavy DNA damage. This phenomenon increases the amplification of genomic
instability through cellular replication cycles, which makes replication errors permanent.
Cell cycle progression, when DNA damage occurs, leads to cells quickly accumulating a
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great number of mutations that make them unable to survive. Thus, through its inhibition,
it might be possible to increase the effectiveness of DNA-damaging treatments, such as
radiotherapy, forcing tumor cells to enter into mitosis, even with damaged DNA. This,
finally, leads them to mitotic catastrophe and subsequent cell death.

Wee1 inhibition may allow for the reduction of the dose of cytotoxic chemotherapy,
thus improving the safety profiles. It may also be employed to sensitize resistant tumors to
conventional therapies when they are not effective as monotherapy.
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Abstract: Polo-like kinase 1 (PLK1) plays an important role in cell cycle progression and proliferation
in cancer cells. PLK1 also contributes to anticancer drug resistance and is a valuable target in
anticancer therapeutics. To identify additional effective PLK1 inhibitors, we performed QSAR
studies of two series of known PLK1 inhibitors and proposed a new structure based on a hybridized
3D-QSAR model. Given the hybridized 3D-QSAR models, we designed and synthesized 4-benzyloxy-
1-(2-arylaminopyridin-4-yl)-1H-pyrazole-3-carboxamides, and we inspected its inhibitory activities
to identify novel PLK1 inhibitors with decent potency and selectivity.

Keywords: polo-like kinase 1 (PLK1); pyrazole; quantitative structure-activity relationship; hybridization

1. Introduction

Polo-like kinases (PLKs) are a family of five serine/threonine kinases [1,2] that have
been identified in various eukaryotic organisms and play important roles in cell prolifera-
tion, especially cell cycle regulation [3]. PLK1 is involved in the mitotic cell cycle, peaking
in the S phase, and gradually decreasing in the G phase. Thus, PLK1 appears to induce cell
proliferation, and the overexpression of PLK1 is common in malignant tumors. Among
PLKs, PLK1 is overexpressed in a wide range of human cancers, including leukemia [4],
and is considered an attractive anticancer drug target [5]. In contrast, since PLK2 (also
known as SNK) [6] and PLK3 (also known as FNK or PRK) [7,8] are tumor suppressors,
development of a PLK1 inhibitor with isoform selectivity is very important. In addition,
PLK1 is involved in resistance [9] to several anticancer drugs such as doxorubicin, pacli-
taxel, and gemcitabine. This is presumed to be the mechanism by which PLK1 promotes
the cell cycle and, directly or indirectly, inactivates p53, suggesting that the inhibition of
PLK1 can be very useful in single and combination anticancer therapy.

These properties have led many groups to focus on the development of PLK1 in-
hibitors, and developed PLK1 inhibitors have been able to uncover new cellular functions
of PLK1 in many laboratories. Among them, BI 2536, developed by Boehringer Ingelheim,
is a potent ATP competitive PLK1 inhibitor with IC50 of 0.83 nM [10]. It also inhibits the
activities of PLK2 (IC50 = 3.5 nM) and PLK3 (IC50 = 9.0 nM). BI 2536 showed moderate selec-
tivity for inhibiting kinase activity of PLK1 among PLK members. The level of PLK1 is high
in dividing cells, whereas PLK2 and PLK3 are not specifically expressed in proliferating
cells. However, its weak selectivity to the isoforms of PLK1 was pointed out as a possible
hurdle. Treatment of BI 2536 induced mitotic arrest in prometaphase, forming aberrant
mitotic spindles and, consequently, apoptosis. When BI 2536 was used in human cancer
cells, it inhibited cell proliferation in several human cancer cell lines, showing an effect
on diverse organ derivatives such as breast, colon, lung, pancreas, and prostate cancer
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preclinical data showed that BI 2536 could be a possible anticancer drug candidate, leading
to an investigation of the clinical effects of BI 2536. Monotherapy with BI 2536, the first
human study of PLK1 inhibitors, has been terminated now, but its combinational study
is still available in several solid tumors. In subsequent pharmaceutical efforts, new PLK1
inhibitors such as GSK461364A [11], and PHA-680626 [12] were all developed to inhibit
PLK1 with low nanomolar IC50s and exert potent antiproliferative effects on various cancer
cells. (Figure 1). Many of the PLK1 inhibitors discovered as a result of such studies have
reached preclinical success and phase 1 clinical trials, but most have failed at this stage due
to toxicity issues. Among them, PLK1 inhibitors such as BI 2536 [10] and GSK461364A [11]
passed phase 1 clinical trials and progressed to phase 2 and phase 3 studies as treatment
for specific malignancies. Nevertheless, the results of those studies were not as effective
as expected when treatment was used as a second- or third-line therapy [13–16]. Only a
small number of patients showed disease stabilization, indicating that further exploration
of PLK1 inhibitors and related treatment plans is needed.

 

Figure 1. Representative PLK1 inhibitors.

Medicinal chemists rely on understanding structure-activity relationships (SAR) for
drug discovery and development. However, the SAR are mostly deduced from syntheses of
numerous compounds and the establishment of bioactivity assay data. These conventional
processes are essential but time-consuming and labor intensive. In contrast, in silico
approaches deduce SAR by statistical analysis of known active compounds. Calculations
convert SAR into 3D quantitative structure-activity relationships (3D-QSAR), which are
more efficient than conventional SAR in terms of time and cost. The QSAR results indicate
the properties of a ligand with increased activity, such as steric, electrostatic interactions;
hydrogen bonding affinity; hydrophobicity. In that context, we performed QSAR studies of
two known PLK1 inhibitor series and proposed a new structure based on hybridization of
the two resulting QSAR models for discovery of a novel effective PLK1 inhibitor. Of known
3D-QSAR methods, Comparative Molecular Field Analysis (CoMFA) and Comparative
Molecular Similarity Index Analysis (CoMSIA) are the most common, and we used them
for model validation of a hybridized QSAR model from two series of PLK1 inhibitors in
the literature. The hybrid 3D-QSAR model suggested a guide for new scaffolds, based on
which we designed and synthesized 4-benzyloxy-1-(2-arylaminopyridin-4-yl)-1H-pyrazole-
3-carboxamide. Using these approaches, we could identify a novel PLK1 inhibitor with
decent potency and improved selectivity.

2. Results and Discussion

Rational Design of a Hybridized 3D-QSAR Model

First, we selected two series of PLK1 inhibitors, series A of 44 8-amino-4, 5-dihydro-1H-
pyrazolo [4, 3-h] quinazoline-3-carboxamide derivatives [17] and series B of 36 thiophene-2-
carboxamide derivatives [18]. Then, we sorted 66 of 80 compounds, excluding 10 with low
potency (IC50 > 3 µM) and four racemates to establish the hybridized 3D-QSAR model. We
used pIC50 (= −log IC50) value as the dependent variable in the QSAR model and divided
the 66 compounds into six groups (Supplementary Section S1). As a test set in each section,
two compounds per group were selected. The remaining 54 compounds, excluding the 12
of the test set, were used as the training set. Using these, we generated CoMFA models
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with Gasteiger–Hückel charged descriptor through SYBYL-X 2.1.1 automatic PLS (Figure 2).
All the compounds were prepared in 3D conformation with SYBYL-X Ligand preparation
based on ligands bound to PDB 3KB7 [13–16]. The two series of compounds overlapped
two functional groups of each series, thiophene-2-carboxamide and pyrazol-3-carboxamide
(Figure 3a). The CoMSIA model was generated through a similar process. We select steric,
electrostatic, hydrophobic, hydrogen bond donor, and hydrogen bond acceptor indices as
descriptors. The statistical parameters of the CoMFA and CoMSIA models are in Table 1.

−

 

Figure 2. Observed vs. predicted values of the hybridized CoMFA model. 8-Amino-4,5-dihydro-1H-
pyrazolo [4,3-h]quinazoline-3-carboxamides (series A; orange) and thiophene-2-carboxamide (series
B; cyan).

① ② s
③

Figure 3. (a) Alignment of two series of compounds. Thiophene-2-carboxamide (cyan) and 8-amino-4, 5-dihydro-1H-
pyrazolo[4,3-h]quinazoline-3-carbaldehyde derivatives (orange). (b) CoMFA steric contour map, (c) CoMFA electrostatic
contour map, and (d) CoMSIA contour map.
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Table 1. PLS results of final CoMFA and CoMSIA models.

Components

Receptor-Guided Aligned Model with
MC Searching

CoMFA CoMSIA

PLS statistics

q2 0.657 0.641
r2 0.899 0.838
N 3 3

SEE 0.348 0.335
F-value 125.847 125.847

Predictive r2 0.899 0.838

Field contribution

Steric 0.396 0.044
Electrostatic 0.604 0.266

Hydrophobic - 0.262
Donor - 0.158

Acceptor - 0.270

q2, LOO cross-validated correlation coefficient; r2, non-cross-validated correlation coefficient; n, number of com-
ponents used in the PLS analysis; SEE, standard error estimate; F value, F-statistic for the analysis (Supplementary
Tables S1 and S2)

We obtained steric and electrostatic contour maps from the CoMFA model. In Figure 3b,
the green field is the bulkiness-favored zone, and yellow is the bulkiness-disfavored zone.
The cyclohexyl substituent in pyrazole ( 1© series A; orange) and the substituents at the
4 position of the benzyloxy thiophene ring ( 2© series B; cyan) were preferred in the green
zone. The substituents on the imidazo[1,2-a]pyridine ring (the series B; cyan) and the amino
pyrimidine ring (the series A; orange) were scattered in the mixed green and yellow zone
( 3©). To better construct the models, we employed suitable rings with various substituents at
this position. On electrostatic contour maps (c), the electrostatic field was visualized using
blue for positive charge-favored zones and red for negative charge-favored zones. The
aligned thiophene-2-carboxamides (the series B; cyan) and pyrazole-3-carboxamides (series
A; orange) required positive charges at the aminopyrimidine ( 1©), piperazine substitution
( 2©) at the aniline in pyrimidine, and negative charges at the bottom of the thiophene
and pyrazole rings ( 3©). Additionally, the CoMSIA contour map containing hydrophobic,
hydrogen bond donor fields were generated (d). The two major hydrophobic spots (yellow)
on the substituents of the imidazo[1,2-a]pyridine ring ( 1©) were found, which were near the
hydrophilic gray field, aminopyrimidine ( 2©). The two hydrogen bond donor fields (cyan)
are shown on the map near the imidazo[1,2-a]pyridine ring and piperazine substitution
( 3©). No hydrogen bond disfavored-field was observed.

From the hybridized CoMFA and CoMSIA models of the two series, several new chem-
ical scaffolds were suggested by fusing unified alignments. First, we deduced a scaffold
with a core, 1H-pyrrolo[2,3-c]pyridine ring with proper substituents satisfying the contour
maps (Figure 3). Later, we modified the core, 1H-pyrrolo[2,3-c]pyridine ring into aminopy-
ridine for flexibility, since some substituents were not properly positioned in hybridized
CoMFA and CoMSIA models. The carboxamide group was unchanged, and the red fields
in the electrostatic contour map (Figure 3c, 2©) contributed to introducing aniline with elec-
tronegative substitutions to the pyridine ring and the 2-fluoro-4-trifluoromethyl benzene
for the electronegative field. In the trimming step, we imposed bulky substituents (such as a
dimethylamine) at perpendicular conformation of 2-carboxamide of the pyrazole, inducing
the favored electrostatic field by rotation of the carboxamide group. Finally, we produced 4-

((2-R2-4-R3-benzyl)oxy)-1-(2-(2-R1-aminopyridin-4-yl)-1H-pyrazole-3-carboxamide as a
novel PLK1 inhibitor scaffold (Figure 4).
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Figure 4. Design of a novel PLK1 inhibitor by the hybridization of two QSAR models.

The general synthesis of the designed 4-((2-R2-4-R3-benzyl)oxy)-1-(2-(2-R1-aminopyridin-
4-yl)-1H-pyrazole-3-carboxamide (8a–10a, 13a–b, 14a–b, 15–18) is shown in Scheme 1. For
synthesis of the 1, 3, 4-substituted pyrazole core, we azo coupled diazotized 2-fluoropyridin-
4-amine (1) and ethyl 4-chloro-3-oxobutanoate and obtained ethyl (E)-4-chloro-2-(2-(2-
fluoropyridin-4-yl)hydrazinylidene)-3-oxobutanoate (2) as an intermediate. Subsequent
cyclization using potassium t-butoxide resulted in a proper pyrazole core (3) [19], of which
the hydroxyl group was alkylated with three types of benzyl bromide to yield 4a–4c. Next,
the fluorine of pyridine was substituted via SNAr to give 5a–7a, 11a–c, and 12a–c according
to R1-NH2. Then, the 3-ethyl ester group was converted to carboxamide using ammonia in
methanol to give 8a–10a, 13a–b, and 14a–b. When the 2-chloro-4-tert- butyldimethylsilyl
oxybenzyloxy group (synthesized in two steps from methyl 3-chloro-4-methylbenzoate;
Supplementary S2) was employed as R2, further derivatizations were performed after
conversion of ethyl ester (11a–c, 12a–c) to desired product with benzylalcohol (15, 17) and
dimethylamino groups (16, 18) by sequential deprotection and substitution.

All the 1-pyridyl-4-substituted-pyrazole-3-carboxamide derivatives 8a–10a, 13a–b,
14a–b, and 15–18 were evaluated for inhibitory activity against PLK1 kinase, and the
results are shown in Table 2. The synthesized compounds exhibited mild to potent in-
hibitory activity against PLK1, especially compounds that incorporated 2, 4-substituted
benzyloxy moieties at the 4-position in the pyrazole core. Among the compounds eval-
uated, 15 showed the most potent activity against PLK1, with an IC50 value of 219 nM
(Supplementary Section S3). We first noted that ortho-substituted phenyl is preferred as
the R1 group on the pyridine ring to the cycloalkylamino group (8a, 9a, 10a). We suspect
the aminopyridine group acts as a hydrogen bond-hinge binder, and the X substituent
impacts the angles of the two hydrogen bonds. However, it is not clear whether 2-methoxy
aniline or simple aniline is preferred from the value of IC50. Rather, the position of the
bulky substituent on the pyrazole ring was found to play an important role in inhibitory
activity. Specifically, pyrazole compounds incorporating a 2, 4-disubstituted benzyloxy
group were 6–8 times more potent than compounds without substitution at the 2-position
(13a vs. 13b, 15, 17). Moreover, it seems that the hydroxyl substituent, rather than the
dimethyl amino group, is preferred as R3 at the 4-position of the benzyloxy group, and
the hydrogen bond, rather than the electrostatic interaction, could serve as an important
interaction. For R2, a large substituent is clearly preferred to hydrogen, but there was
not much difference between -CF3 and -Cl. We next performed a kinase panel screen for
compound 15 against 30 protein kinases at 10 µM (Figure 5). Compound 15 achieved
an excellent selectivity profile with an acquired inhibitory activity of 97% against PLK1
but with no significant activity against other protein kinases, especially PLK2 and PLK3.
Additionally, compound 15 was not detected as PAINS [20]. Overall, this result indicates
that the kinase activity profile and selectivity of the hybrid QSAR-driven inhibitor result in
selective PLK1 inhibition, which could serve as a lead compound for the next step.

29



Int. J. Mol. Sci. 2021, 22, 3865

Cl
O O

O

N

N
H

N
O

O

O

Cl

F
t-BuOK

THF, 0°C
N N

N

OH

O

OEt

N N
N

O

O

OEt

R

N N
N

O

O

OEt

R

F

F

R1NH2

N
H

R1 NH3

N N
N

O

O

NH2

R

N
H

R1

DMSO, 100°C

F NH2

N 1. NaNO2, HCl, H2O, 0°C

2. AcONa, EtOH,

, NaH

DMF, 0°C

, TEA

MeOH, 60°C

N N
N

O

O

OEt

R

N
H

120°C

NH2

X

2 3

5a (R1 = pyranyl)
6a (R1 = piperidinyl)
7a (R1 = pyrrolidinyl)

13a~13b (X = H)
14a~14b (X = OMe)

R-Br

R =

CF3

X

NH3

MeOH, 60°C

N N
N

O

O

NH2

R

N
HX

N N
N

O

O

NH2

N
HX

1. NH3 in MeOH, 60°C
2. TBAF, THF

Cl

OH

1. MsCl, TEA, MC, 0°C

2. , DIPEA, THF, 60°CN
H

N N
N

O

O

NH2

N
HX

Cl

N

8a (R1 = pyranyl)
9a (R1 = piperidynyl)
10a (R1 = pyrrolidinyl)

11a~11b (X = H)
12a~12b (X = OMe)

a b c

15 (X = H),
17 (X = OMe)

16 (X = H),
18 (X = OMe)

4a (R = benzyl)
4b (R = 2-CF3-benzyl)
4c (R = 2-chloro-4-OTBS-

benzy)

Cl

TBSO

11c, 12c (X = H, OMe)

1

 

Scheme 1. Synthesis of 4-((2-R2-4-R3-benzyloxy)-1-(2-(2-R1-amino)pyridin-4-yl)-1H-pyrazole-3-carboxamide.
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π π

Figure 5. Percentages of enzymatic inhibition exerted by 15 (10 µM) on 30 selected protein kinases [21].
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Table 2. Enzymatic activities of 4-benzyloxy-1-(2-(aryl/alkylamino)pyridin-4-yl)-1H-pyrazole-3-
carboxamide.

 

μR1 R2 R3 PLK1 IC50 (µM)

8a

μ

 H H
>10

9a

μ

>10

10a

μ

>10

13a

μ

 

H H 9.89

13b CF3 H 0.847

14a

μ

 

H H 1.02

14b CF3 H 1.31

15

μ

 

Cl OH 0.219

16 Cl N(Me)2 1.01

17

μ

 

Cl OH 0.312

18 Cl N(Me)2 0.998

Control Staurosporine 0.143

To better understand the interactions between the newly synthesized compounds and
PLK1, we performed molecular docking studies of compound 15 in the ATP binding pocket
of PLK1 (PDB: 3KB7) [13–16] using Glide (SCHRODINGER software package Version 14.2),
and the results are shown in Figure 6. In binding mode, compound 15 was tightly bound to
the ATP-binding site of PLK1 via several hydrogen bonds and π-π interactions. The most
important interactions seemed to be a pair of hydrogen bonds between carboxamide and
Lys82 or Asp194. Further, the nitrogen of pyridine, as a hinge binder, formed a hydrogen
bond with the amino hydrogen of Cys 133. The pyrazole core and benzyl ring in the
3-benzyloxy group of 15 formed two π- π interactions with Phe184. In addition, the 4-
methylenehydroxy group on the benzyloxy tail exhibited a hydrogen bond with Glu140,
explaining the better potency compared to a simple benzyl group (vs. 13a, 14a).
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π π
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Figure 6. Docking structure of 15 at PLK1 (left, PDB: 3KB7) and the 2D-interaction map (right).

3. Materials and Methods

3.1. QSAR Studies

From thiophene-2-carboxamide derivatives and 8-amino-4,5-dihydro-1H-pyrazolo[4,3-
h]quinazoline derivatives, two representative compounds, s18 and s49 (Supplementary
Materials), were selected as standards for the appropriate series. Then, s18 and s49 were
matched by Fit Atom in SYBYL-X 2.1.1 to integrate the QSAR models. In this step, we
used the conformations of s18 and s49 from a previous study [13–16]. The structures and
activities toward PLK1 of 66 compounds are presented in the Supplementary Materials.

3.2. Chemistry

3.2.1. General Chemical Methods

All chemicals were of reagent grade and were purchased from Aldrich (USA). Sep-
aration of the compounds by column chromatography was carried out with silica gel 60
(200–300 mesh ASTM, E. Merck, Germany). The quantity of silica gel used was 50–100 times
the weight charged on the column. Thin layer chromatography (TLC) was run on silica
gel-coated aluminum sheets (silica gel 60 GF254, E. Merck, Germany) and visualized under
ultraviolet (UV) light (254 nm). Both 1H NMR and 13C NMR spectra were recorded on
a Brucker model digital AVANCE III 400 MHz spectrometer at 25 ◦C using tetramethyl-
silane (TMS) as an internal standard. High-resolution MS (HR/MS) experiments were
conducted with Q-TOF/Mass spectrometer 6530 (Agilent Technologies, Santa Clara, CA,
USA) operated in positive-ion electrospray mode.

3.2.2. Synthesis of Ethyl 1-(2-fluoropyridin-4-yl)-4-hydroxy-1H-pyrazole-3-carboxylate (3)

To a solution of 2-fluoropyridin-4-amine (0.776 mmol) in 1.35 mL of H2O and 0.206
mL (2.33 mmol) of 35% HCl at 0 ◦C, a solution of NaNO2 (0.776 mmol) and 0.2 mL of
H2O was slowly added and reacted for 30 min. Then, a solution of ethyl 4-chloro-3-
oxobutanoate (0.776 mmol) and 0.388 mL of EtOH was added to the reaction vessel, and
NaOAc (4.66 mmol) was added, producing a solid. After stirring for 2 h, the organic layer
was extracted with ethyl acetate and dried with anhydrous sodium sulphate (Na2SO4),
and the solvent was evaporated to obtain compound 2. Subsequently, compound 2 was
dissolved in 0.776 mL of THF at 0 ◦C, and potassium t-butoxide (0.854 mmol) was added,
followed by stirring for 1 h. After completion of the reaction, saturated NH4Cl solution was
added, the organic layer was extracted with ethyl acetate and dried with anhydrous sodium
sulphate (Na2SO4), and the solvent was evaporated, followed by column chromatography
and purification under EA:Hex (1:3) conditions to obtain compound 3 (74%). 1H NMR

(400 MHz, DMSO-d6)) δ 9.58 (s, 1H), 8.32 (d, J = 5.7 Hz, 1H), 8.28 (d, J = 1.0 Hz, 1H), 7.84
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(dd, J = 5.7, 1.3 Hz, 1H), 7.64 (d, J = 1.6 Hz, 1H), 4.32 (q, J = 7.1 Hz, 2H), 1.31 (t, J = 7.1 Hz,
3H).); HRMS (ESI+) m/z calculated for C11H11FN3O3 [M+H]+: 252.0779, found 252.0778.

3.2.3. General Procedure A (4a–4c)

Compound 3 (0.0199 mmol) was dissolved in 0.995 mL of DMF at 0 ◦C, and NaH
(0.0239 mmol) and the appropriate benzyl bromide (0.0199 mmol) were added, followed
by stirring for 1 h. After completion of the reaction, the reaction mixture was worked up
6 times with ethyl acetate and brine. The organic layer was dried with anhydrous sodium
sulphate (Na2SO4), and the solvent was evaporated to give compound 4.

4a as yellow solid (98%): General procedure A was followed, using benzyl bromide
and 31H NMR (400 MHz, DMSO-d6): 1H NMR (400 MHz, DMSO) δ 8.81 (s, 1H), 8.37 (d,
J = 5.7 Hz, 1H), 7.86 (d, J = 5.7 Hz, 1H), 7.65 (d, J = 1.7 Hz, 1H), 7.52–7.46 (m, 2H), 7.46–7.40
(m, 2H), 7.38 (dd, J = 5.0, 3.6 Hz, 1H), 5.12 (s, 2H), 4.32 (d, J = 7.1 Hz, 2H), 1.31 (t, J = 7.1 Hz,
3H).; HRMS (ESI+) m/z calculated for C18H17FN3O3 [M+H]+: 342.1248, found 342.1262.

4b (yellow solid, 92%): General procedure A was followed, using 1-(bromomethyl)-
2-(trifluoromethyl)benzene and 3.1H NMR (400 MHz, DMSO-d6) δ 8.89 (s, 1H), 8.38 (d,
J = 5.7 Hz, 1H), 7.91 (dd, J = 12.4, 6.8 Hz, 2H), 7.80 (dd, J = 17.3, 7.9 Hz, 2H), 7.70 (d, J = 1.7
Hz, 1H), 7.62 (t, J = 7.8 Hz, 1H), 5.26 (s, 2H), 4.33 (q, J = 7.1 Hz, 2H), 1.30 (t, J = 7.1 Hz, 3H).
HRMS (ESI+) m/z calculated for C19H16F4N3O3 [M+H]+ 410.1122, found 410.1111.

4c (yellow solid, 56%): General procedure A was followed, using ((4-(bromomethyl)-3-
chlorobenzyl)oxy)(tert-butyl)dimethylsilane and 3. 1H NMR (400 MHz, DMSO-d6) δ 8.88
(s, 1H), 8.37 (d, J = 5.7 Hz, 1H), 7.88 (d, J = 5.7 Hz, 1H), 7.67 (d, J = 8.1 Hz, 2H), 7.44 (s, 1H),
7.35 (d, J = 7.9 Hz, 1H), 5.16 (s, 2H), 4.75 (s, 2H), 4.32 (t, J = 7.1 Hz, 2H), 1.31 (t, J = 7.1 Hz,
3H), 0.91 (s, 9H), 0.09 (s, 6H). HRMS (ESI+) m/z calculated for C25H32ClFN3O4Si [M+H]+:
520.1829, found 520.1789.

3.2.4. General Procedure B (5a–7a)

Compound 4 (0.0293 mmol) was dissolved in 0.293 mL of DMSO, and the appropriate
amine (0.0586 mmol) and TEA (0.0586 mmol) were added, followed by stirring at 100 ◦C
for 24 h. After completion of the reaction, the reaction mixture was cooled to room
temperature, and work up was performed 6 times with ethyl acetate and washed with
brine. The organic layer was dried with anhydrous sodium sulphate (Na2SO4), and the
solvent was evaporated, followed by column chromatography and purification under
EA:Hex (1:1) conditions to obtain a compound.

5a (38%): General procedure B was followed, using tetrahydro-2H-pyran-4-amine
and 4. 1H NMR (400 MHz, CDCl3) δ 8.01 (d, J = 6.0 Hz, 1H), 7.55 (s, 1H), 7.45 (dd, J = 7.8,
1.1 Hz, 2H), 7.42–7.34 (m, 3H), 6.88 (d, J = 1.7 Hz, 1H), 6.76 (dd, J = 6.0, 2.0 Hz, 1H), 5.94 (s,
1H), 5.12 (s, 2H), 4.46 (q, J = 7.1 Hz, 2H), 4.01 (dt, J = 12.2, 3.9 Hz, 2H), 3.92 (s, 1H), 3.57 (td,
J = 11.8, 2.3 Hz, 2H), 2.02 (s, 2H), 1.65–1.56 (m, 2H), 1.43 (t, J = 7.1 Hz, 3H).; HRMS (ESI+)

m/z calculated for C23H27N4O4 [M+H]+: 423.2027, found 423.2129.
6a (37%): General procedure B was followed, using piperidin-4-amine and 4. 1H

NMR (400 MHz, DMSO-d6) δ 8.60 (s, 1H), 8.10 (d, J = 6.1 Hz, 1H), 7.48 (d, J = 6.9 Hz, 2H),
7.44–7.34 (m, 3H), 7.11 (d, J = 30.0 Hz, 2H), 5.10 (d, J = 8.8 Hz, 2H), 4.31 (q, J = 7.1 Hz, 2H),
3.82 (s, 1H), 3.62 (s, 2H), 1.91 (s, 2H), 1.78 (d, J = 13.1 Hz, 2H), 1.65 (s, 2H), 1.38 (s, 9H),
1.29 (d, J = 5.3 Hz, 3H).; HRMS (ESI+) m/z calculated for C28H36N5O5 [M+H]+: 522.2711,
found 522.2722.

7a (53%): General procedure B was followed, using pyrrolidin-3-amine and 4. 1H

NMR (400 MHz, CDCl3) δ 8.06 (s, 1H), 7.55 (s, 1H), 7.47-7.43 (m, 2H), 7.42−7.33 (m, 3H),
6.82 (d, J = 12.8 Hz, 2H), 5.11 (s, 2H), 4.46 (q, J = 6.8 Hz, 2H), 4.42-4.34 (m, 1H), 3.73 (dd,
J = 11.2, 6.0 Hz, 1H), 3.31 (s, 1H), 3.22 (s, 1H), 2.28–2.19 (m, 1H), 1.89 (d, J = 9.7 Hz, 2H),
1.46 (s, 9H), 1.42 (d, J = 7.1 Hz, 3H), 1.25-1.25 (m, 1H).; HRMS (ESI+) m/z calculated for
C27H34N5O3 [M+H]+: 508.2554, found 508.2535.
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3.2.5. General Procedure C (8a–10a, 13a–13b, 14a–14b)

After adding 0.47 mL of 7N NH3 in MeOH to the appropriate ethyl 4-1H-pyrazole-
3-carboxylate (0.0111 mmol), the mixture was stirred at 60 ◦C for 16 h. After completion
of the reaction, the reaction mixture was cooled to room temperature and concentrated
in vacuo. Column chromatography was performed and purified under MC:MeOH (20:1)
conditions to obtain corresponding 4-1H-pyrazole-3-carboxamide.

8a as white solid (53%): General procedure C was followed, using 5a. 1H NMR

(400 MHz, DMSO-d6) δ 8.44 (s, 1H), 8.04 (d, J = 5.7 Hz, 1H), 7.53–7.45 (m, 3H), 7.45–7.39 (m,
2H), 7.38–7.33 (m, 1H), 7.25 (s, 1H), 6.95 (dd, J = 5.7, 2.0 Hz, 1H), 6.90 (d, J = 1.7 Hz, 1H),
6.75 (d, J = 7.7 Hz, 1H), 5.11 (s, 2H), 3.95 (d, J = 7.8 Hz, 1H), 3.86 (dd, J = 8.0, 3.3 Hz, 2H), 3.41
(td, J = 11.4, 2.1 Hz, 2H), 1.87 (d, J = 10.3 Hz, 2H), 1.49–1.40 (m, 2H); 13C NMR (101 MHz,
DMSO-d6) δ 161.7, 159.2, 149.3, 146.2, 145.5, 136.2, 128.5, 128.2, 128.0, 114.3, 101.1, 95.3, 73.5,
66.0, 46.4, 32.7 (Supplementary S5); mp: 78.5–80.5 ◦C; HRMS (ESI+) m/z calculated for
C21H24N5O3 [M+H]+: 394.1874, found 394.1853.

9a (white solid, 30%): General procedure C was followed, using 6a. 1H NMR (400 MHz,
DMSO-d6) δ 8.82 (s, 2H), 8.50 (s, 1H), 8.11 (d, J = 5.7 Hz, 1H), 7.52-7.48 (m, 2H), 7.44–7.35
(m, 3H), 7.08 (dd, J = 5.8, 2.0 Hz, 1H), 6.97 (d, J = 1.7 Hz, 1H), 5.12 (s, 2H), 4.49–4.41 (m,
1H), 3.51–3.42 (m, 1H), 3.28-3.24 (m, 1H), 3.09 (dt, J = 11.0, 4.3 Hz, 1H), 2.23 (dt, J = 20.9,
7.3 Hz, 2H), 1.93 (dd, J = 15.9, 9.5 Hz, 2H); 13C NMR (101 MHz, DMSO-d6) δ 161.6, 159.1,
149.2, 141.1, 145.5, 137.3, 136.7, 133.5, 127.3, 124.4, 121.3, 99.3, 88.9, 70.5, 36.4, 33.6; mp:
58.5–60.5 ◦C; HRMS (ESI+) calculated for C21H25N6O2 [M+H]+: 393.2034, found 393.2005.

10a (yellow solid, 57%): General procedure C was followed, using 7a. 1H NMR

(400 MHz, DMSO-d6) δ 8.48−8.43 (m, 1H), 8.06 (dd, J = 5.5, 3.6 Hz, 1H), 7.53−7.48 (m, 2H),
7.43–7.33 (m, 3H), 6.97 (d, J = 12.6 Hz, 1H), 6.85 (s, 1H), 5.11 (d, J = 5.8 Hz, 2H), 4.81−4.73 (m,
1H), 4.04 (s, 1H), 3.09 (s, 1H), 2.78 (s, 1H), 1.95 (d, J = 13.7 Hz, 2H), 1.47 (s, 2H), 1.30−1.25
(m, 2H); 13C NMR (101 MHz, DMSO-d6) δ 161.6, 159.1, 157.9, 149.4, 146.3, 145.5, 136.3; mp:
59.0–61.0 ◦C; HRMS (ESI+) calculated for C20H23N6O2 [M+H]+: 379.1877, found 379.1848.

13a (brown solid, 73%): General procedure C was followed, using 11a. 1H NMR

(400 MHz, DMSO-d6) δ 9.27 (s, 1H), 8.53 (s, 1H), 8.24 (d, J = 5.7 Hz, 1H), 7.71–7.65 (m, 2H),
7.52 (dd, J = 6.9, 5.3 Hz, 3H), 7.45−7.40 (m, 2H), 7.39−7.34 (m, 1H), 7.31 (d, J = 1.6 Hz, 1H),
7.28 (dd, J = 8.5, 7.5 Hz, 3H), 7.22 (dd, J = 5.7, 2.0 Hz, 1H), 6.92 (t, J = 7.3 Hz, 1H), 5.14 (s, 2H)
(Supplementary S4); 13C NMR (101 MHz, DMSO-d6) δ 161.6, 157.1, 149.2, 146.3, 145.6, 141.4,
136.7, 136.2, 128.6, 128.2, 128.0, 120.8, 118.3, 114.3, 103.5, 97.8, 73.5 (Supplementary S5);
mp: 191 ◦C–193 ◦C; HRMS (ESI+) m/z calculated for C22H20N5O2 [M+H]+: 386.1612,
found 386.1450.

13b (45%): General procedure C was followed, using 11b. 1H NMR (400 MHz, DMSO-
d6) δ 9.28 (s, 1H), 8.60 (s, 1H), 8.25 (d, J = 5.7 Hz, 1H), 7.89 (d, J = 7.6 Hz, 1H), 7.82 (d,
J = 7.8 Hz, 1H), 7.77 (t, J = 7.6 Hz, 1H), 7.71–7.66 (m, 2H), 7.62 (t, J = 7.6 Hz, 1H), 7.53 (s, 1H),
7.32 (d, J = 1.6 Hz, 1H), 7.31−7.24 (m, 4H), 6.92 (t, J = 7.3 Hz, 1H), 5.28 (s, 2H); 13C NMR

(101 MHz, DMSO-d6) δ 161.6 (s), 157.1 (d, J = 9.1 Hz), 149.1 (s), 146.3 (s), 145.4 (s), 141.4
(s), 136.7 (s), 134.2 (s), 132.9 (s), 130.5 (s), 129.0 (s), 128.6 (s), 126.9 (s), 126.1 (d, J = 5.5 Hz),
120.8 (s), 118.3 (d, J = 10.3 Hz), 114.7 (s), 103.6 (s), 97.9 (s), 70.2 (s); mp: 188.5–190.5 ◦C;
HRMS (ESI+) m/z calculated for C23H19F3N5O2 [M+H]+: 454.1485, found 454.1450.

14a (yellow solid 73%): General procedure C was followed, using 12a. 1H NMR
(400 MHz, DMSO-d6) δ 8.47 (s, 1H), 8.26 (s, 1H), 8.23-8.19 (m, 2H), 7.55–7.46 (m, 4H),
7.45–7.39 (m, 2H), 7.38 (dd, J = 5.0, 3.6 Hz, 1H), 7.28 (s, 1H), 7.22 (dd, J = 5.7, 1.9 Hz, 1H),
7.03 (dd, J = 8.0, 1.6 Hz, 1H), 6.97 (td, J = 7.7, 1.8 Hz, 1H), 6.93 (dd, J = 7.7, 1.7 Hz, 1H), 5.13
(s, 2H), 3.85 (s, 3H) (Supplementary S4); 13C NMR (101 MHz, DMSO-d6) δ 161.7, 157.3,
149.0, 146.3, 145.6, 136.3, 129.8, 128.5, 128.2, 128.0, 121.9, 120.4, 120.0, 114.2, 110.9, 103.5,
98.2, 73.5, 55.7 (Supplementary S5); mp: 197.0–199.5 ◦C; HRMS (ESI+) m/z calculated for
C23H22N5O3 [M+H]+: 416.1717, found 416.1683.

14b (white solid 67%): General procedure C was followed, using 12b. 1H NMR

(400 MHz, DMSO-d6) δ 8.53 (s, 1H), 8.24 (dd, J = 8.6, 2.6 Hz, 2H), 8.21 (d, J = 5.7 Hz, 1H),
7.89 (d, J = 7.7 Hz, 1H), 7.82 (d, J = 7.8 Hz, 1H), 7.77 (t, J = 7.6 Hz, 1H), 7.62 (t, J = 7.7 Hz, 1H),
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7.51 (d, J = 5.7 Hz, 1H), 7.49 (d, J = 1.8 Hz, 1H), 7.30 (s, 1H), 7.26 (dd, J = 5.7, 1.9 Hz, 1H),
7.03 (dd, J = 8.0, 1.6 Hz, 1H), 6.97 (td, J = 7.7, 1.8 Hz, 1H), 6.92 (td, J = 7.6, 1.7 Hz, 1H), 5.28
(s, 2H), 3.86 (s, 3H); 13C NMR (101 MHz, DMSO-d6) δ 161.7 (s), 157.2 (d, J = 10.4 Hz), 148.9
(d, J = 12.6 Hz), 146.3 (s), 145.4 (s), 136.5 (s), 134.2 (s), 132.9 (s), 130.5 (s), 129.8 (d, J = 7.2 Hz),
128.9 (s), 121.9 (s), 120.4 (s), 119.9 (d, J = 15.6 Hz), 114.6 (s), 110.9 (s), 103.7 (s), 98.4 (s),
70.2 (s), 55.7 (s). mp: 178.5–180.5 ◦C; HRMS (ESI+) m/z calculated for C24H21F3N5O3
[M+H]+: 484.1591, found 484.1546.

3.2.6. General Procedure D (11a–11c, 12a–12c)

Compound 4 (0.0293 mmol) was dissolved in the appropriate aniline (0.134 mL, 50 eq)
and stirred at 120◦ C for 18 h. After completion of the reaction, the reaction mixture was
cooled to room temperature, and work up was performed with ethyl acetate and water.
The organic layer was dried with anhydrous sodium sulphate (Na2SO4) and the solvent
was evaporated, followed by column chromatography and purification under EA:Hex
(1:3.5) conditions to obtain product.

11a (62%): General procedure D was followed, using aniline and 4a 1H NMR (400 MHz,
DMSO-d6) δ 9.36 (s, 1H), 8.62 (s, 1H), 8.26 (d, J = 5.7 Hz, 1H), 7.70 (dd, J = 8.6, 1.0 Hz, 2H),
7.52–7.47 (m, 2H), 7.45–7.40 (m, 2H), 7.39–7.34 (m, 2H), 7.30–7.25 (m, 2H), 7.22 (dd, J = 5.8,
2.0 Hz, 1H), 6.92 (t, J = 7.3 Hz, 1H), 5.13 (s, 2H), 4.32 (q, J = 7.1 Hz, 2H), 1.31 (t, J = 7.1 Hz,
3H). HRMS (ESI+) m/z calculated for C24H23N4O3 [M+H]+: 415.1765, found 415.1821.

11b (42%): General procedure D was followed, using aniline and 4b. 1H NMR

(400 MHz, DMSO-d6) δ 9.37 (s, 1H), 8.71 (s, 1H), 8.27 (d, J = 5.7 Hz, 1H), 7.93 (d, J = 7.6 Hz,
1H), 7.79 (dd, J = 17.5, 7.9 Hz, 2H), 7.71 (dd, J = 8.6, 1.0 Hz, 2H), 7.61 (t, J = 7.6 Hz, 1H), 7.39
(d, J = 1.6 Hz, 1H), 7.31-7.25 (m, 3H), 6.92 (t, J = 7.3 Hz, 1H), 5.27 (s, 2H), 4.32 (q, J = 7.1 Hz,
2H), 1.30 (t, J = 7.1 Hz, 3H). HRMS (ESI+) m/z calculated for C25H22F3N4O3 [M+H]+:
483.1639, found 483.1793

11c (63%): General procedure D was followed, using aniline and 4c. 1H NMR

(400 MHz, DMSO-d6) δ 9.36 (s, 1H), 8.71 (s, 1H), 8.27 (d, J = 5.7 Hz, 1H), 7.73−7.69
(m, 2H), 7.67 (d, J = 7.9 Hz, 1H), 7.44 (s, 1H), 7.39 (d, J = 1.7 Hz, 1H), 7.35 (d, J = 7.8 Hz,
1H), 7.31–7.24 (m, 3H), 6.92 (t, J = 7.3 Hz, 1H), 5.17 (s, 2H), 4.75 (s, 2H), 4.32 (q, J = 7.1 Hz,
2H), 1.31 (t, J = 7.1 Hz, 3H), 0.91 (s, 9H), 0.09 (s, 6H). HRMS (ESI+) m/z calculated for
C31H38ClN4O4Si [M+H]+: 593.2345, found 593.2464.

12a (79%): General procedure D was followed, using 2-methoxyaniline and 4a. 1H

NMR (400 MHz, DMSO-d6) δ 8.56 (s, 1H), 8.45 (s, 1H), 8.21 (dd, J = 6.7, 5.2 Hz, 2H),
7.54–7.47 (m, 3H), 7.45–7.39 (m, 2H), 7.36 (dt, J = 9.6, 4.3 Hz, 1H), 7.19 (dd, J = 5.7, 2.0 Hz,
1H), 7.03 (dd, J = 8.0, 1.6 Hz, 1H), 6.97 (td, J = 7.7, 1.7 Hz, 1H), 6.91 (td, J = 7.6, 1.6 Hz, 1H),
5.12 (s, 2H), 4.32 (q, J = 7.1 Hz, 2H), 3.85 (s, 3H), 1.31 (t, J = 7.1 Hz, 3H). HRMS (ESI+) m/z
calculated for C25H25N4O4 [M+H]+: 445.1870, found 445.1954.

12b (48%): General procedure D was followed, using 2-methoxyaniline and 4b. 1H

NMR (400 MHz, DMSO-d6) δ 8.64 (s, 1H), 8.46 (s, 1H), 8.22 (dd, J = 5.5, 3.9 Hz, 2H), 7.93 (d,
J = 7.7 Hz, 1H), 7.79 (dd, J = 17.2, 8.0 Hz, 2H), 7.61 (t, J = 7.6 Hz, 1H), 7.55 (dd, J = 4.9, 1.7 Hz,
1H), 7.24 (dd, J = 5.7, 2.0 Hz, 1H), 7.04–7.01 (m, 1H), 6.97 (td, J = 7.7, 1.8 Hz, 1H), 6.92 (td,
J = 7.6, 1.6 Hz, 1H), 5.27 (s, 2H), 4.32 (q, J = 7.1 Hz, 2H), 3.85 (s, 3H), 1.30 (t, J = 7.1 Hz, 3H).
HRMS (ESI+) m/z calculated for C26H24F3N4O4 [M+H]+: 513.1744, found 513.1765.

12c (81%): General procedure D was followed, using 2-methoxyaniline and 4c. 1H

NMR (400 MHz, DMSO-d6) δ 8.64 (s, 1H), 8.45 (s, 1H), 8.24−8.19 (m, 2H), 7.67 (d, J = 7.9 Hz,
1H), 7.54 (d, J = 1.8 Hz, 1H), 7.44 (s, 1H), 7.35 (d, J = 7.9 Hz, 1H), 7.23 (dd, J = 5.7, 2.0 Hz,
1H), 7.03 (dd, J = 8.0, 1.6 Hz, 1H), 6.97 (td, J = 7.7, 1.8 Hz, 1H), 6.94−6.89 (m, 1H), 5.17
(s, 2H), 4.75 (s, 2H), 4.32 (q, J = 7.1 Hz, 2H), 3.85 (s, 3H), 1.31 (t, J = 7.1 Hz, 3H), 0.91 (s,
9H), 0.09 (s, 6H). HRMS (ESI+) m/z calculated for C32H40ClN4O5Si [M+H]+: 623.2451,
found 623.2416.
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3.2.7. 4-((2-chloro-4-(hydroxymethyl)benzyl)oxy)-1-(2-(phenylamino)pyridin-4-yl)-1H-
pyrazole-3-carboxamide (15)

After adding 1.45 mL of 7 N NH3 in MeOH to 11c (0.0244 mmol), the mixture
was stirred at 60 ◦C for 24 h. After confirmation of completion of the reaction, the
reaction mixture was cooled to room temperature and concentrated in vacuo to ob-
tain compound ethyl 4-((4-(((tert-butyldimethylsilyl)oxy)methyl)-2-chlorobenzyl)oxy)-1-
(2-(phenylamino)pyridin-4-yl)-1H-pyrazole-3-carboxylate. Next, the product (0.0244 mmol)
was dissolved in 0.244 mL of THF, and teterabutylammonium fluoride 1M in THF (0.0244 mmol)
was slowly added. After the reaction, work up was performed with ethyl acetate and
saturated NH4Cl solution. The organic layer was dried with anhydrous sodium sulphate
(Na2SO4), and the solvent was evaporated, followed by column chromatography and
purification under MC:MeOH (40:1) conditions to obtain compound 15 (60%): 1H NMR

(400 MHz, DMSO-d6) δ 9.27 (s, 1H), 8.61 (s, 1H), 8.24 (d, J = 5.7 Hz, 1H), 7.68 (dd, J = 8.6,
1.0 Hz, 2H), 7.63 (d, J = 7.9 Hz, 1H), 7.54 (s, 1H), 7.46 (s, 1H), 7.35−7.31 (m, 2H), 7.30−7.22
(m, 4H), 6.92 (t, J = 7.3 Hz, 1H), 5.35 (t, J = 5.8 Hz, 1H), 5.19 (s, 2H), 4.52 (d, J = 5.8 Hz, 2H)
(Supplementary S4); 13C NMR (101 MHz, DMSO-d6) δ 161.6, 157.2, 149.2, 146.3, 145.3, 141.4,
136.6, 132.5, 131.7, 130.2, 128.7, 127.0, 125.1, 124.2, 120.8, 118.3, 114.5, 103.6, 97.9, 70.9, 61.9
(Supplementary S5); mp: 179.5–180.5◦C; HRMS (ESI+) m/z calculated for C23H21ClN5O5
[M+H]+: 450.1327, found 450.1294.

3.2.8. 4-((2-chloro-4-(hydroxymethyl)benzyl)oxy)-1-(2-((2-methoxyphenyl)amino)
pyridin -4-yl)-1H-pyrazole-3-carboxamide (17)

Compound 17 was prepared by an analogous procedure as described for the prepara-
tion of 15. (67%): 1H NMR (400 MHz, DMSO-d6) δ 8.54 (s, 1H), 8.27−8.19 (m, 3H), 7.63
(d, J = 7.9 Hz, 1H), 7.53 (s, 1H), 7.49 (d, J = 1.8 Hz, 1H), 7.46 (d, J = 1.3 Hz, 1H), 7.33 (d,
J = 7.8 Hz, 1H), 7.30–7.23 (m, 2H), 7.03 (dd, J = 7.9, 1.6 Hz, 1H), 6.99-6.94 (m, 1H), 6.92
(dd, J = 7.5, 5.9 Hz, 1H), 5.35 (t, J = 5.8 Hz, 1H), 5.19 (s, 2H), 4.52 (d, J = 5.8 Hz, 2H), 3.86
(s, 3H) (Supplementary S4). 13C NMR (101 MHz, DMSO-d6) δ 161.6, 157.2, 149.2, 146.3,
145.4, 141.4, 137.2, 136.6, 132.4, 130.1, 129.4, 128.6, 120.8, 118.3, 118.3, 114.6, 103.6, 97.9, 70.9,
44.8, 29.0. mp: 198.5-200.5 ◦C; HRMS (ESI+) m/z calculated for C24H23ClN5O4 [M+H]+:
480.1433, found 480.1406.

3.2.9. General Procedure E (16, 18)

After dissolving compound 15 (9.56 mmol) in 0.1 mL of MC, triethylamine (10.5 mmol)
and methanesulfonyl chloride (14.3 mmol) were sequentially added dropwise at 0 ◦C and
stirred for 3 h. After the reaction was complete, the organic layer was extracted using
water and methylene chloride. The organic layer was dried with anhydrous sodium sulfate,
the solvent was evaporated, and the next reaction proceeded. The obtained compound
(0.00956 mmol) was dissolved in 0.1 mL of THF, and dimethylamine (19.1 mmol) and
DIPEA (19.1 mmol) were added, followed by stirring at 60 ◦C for 18 h. After completion of
the reaction, the mixture was cooled to room temperature, and work up was performed
with ethyl acetate and water. The organic layer was dried with anhydrous sodium sulphate,
and the solvent was evaporated, followed by column chromatography and purification
under MC:MeOH (10:1) to obtain compound 16 as white solid (50%): 1H NMR (400 MHz,
DMSO-d6) δ 9.27 (s, 1H), 8.61 (s, 1H), 8.24 (d, J = 5.7 Hz, 1H), 7.71−7.66 (m, 2H), 7.63
(d, J = 7.8 Hz, 1H), 7.54 (s, 1H), 7.44 (s, 1H), 7.34-7.31 (m, 2H), 7.30–7.23 (m, 4H), 6.92 (t,
J = 7.3 Hz, 1H), 5.19 (s, 2H), 3.42 (s, 2H), 2.16 (s, 6H) (Supplementary S4). 13C NMR (101
MHz, DMSO-d6) δ 161.6, 157.2, 149.2, 146.3, 145.4, 141.4, 137.2, 136.6, 132.4, 130.1, 129.4,
128.6, 120.8, 118.3, 118.3, 114.6, 103.6, 97.9, 70.9, 44.8, 29.0; mp: 138.5–140.5 ◦C; HRMS

(ESI+) m/z calculated for C25H26ClN6O2 [M+H]+: 477.1800, found 477.1767.
18(. white solid, 39%): Compound 18 was prepared by the same procedure as de-

scribed for the preparation of 16 using 17. 1H NMR (400 MHz, DMSO-d6) δ 8.54 (s, 1H),
8.27–8.19 (m, 3H), 7.63 (d, J = 7.8 Hz, 1H), 7.54–7.48 (m, 2H), 7.44 (d, J = 1.3 Hz, 1H), 7.32 (d,
J = 7.8 Hz, 1H), 7.29 (s, 1H), 7.25 (dd, J = 5.7, 1.9 Hz, 1H), 7.03 (dd, J = 7.9, 1.6 Hz, 1H), 6.97
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(td, J = 7.7, 1.8 Hz, 1H), 6.92 (td, J = 7.6, 1.7 Hz, 1H), 5.18 (s, 2H), 3.86 (s, 3H), 3.41 (s, 2H),
2.15 (s, 6H) (Supplementary S4); 13C NMR (101 MHz, DMSO-d6) δ 161.7, 157.2, 148.9, 145.9,
136.4, 132.4, 132.1, 130.1, 129.8, 129.3, 127.6, 121.9, 120.4, 119.9, 114.5, 110.9, 103.6, 98.3, 70.9,
62.2, 55.7, 44.9; mp: 160–162 ◦C; HRMS (ESI+) m/z calculated for C26H28ClN6O3 [M+H]+:
507.1906, found 507.1881.

3.3. Molecular Modelling

Compounds were docked into the PLK1 structure (PDB: 3KB7) [13–16]. Protein and
ligand preparations were performed with Schrödinger’s tools at standard settings, and
Glide was used for docking and scoring. The 3D X-ray protein structures of PLK1 wildtype
as a complex with a ligand were obtained from the PDB (code: 3KB7) and prepared using
the Protein Preparation Wizard of the Schrödinger Maestro program. All water molecules
were removed from the structure, and it was selected as a template. The structures of
inhibitors were drawn using Chemdraw, and their 3D conformation was generated using
the Schrödinger LigPrep program with the OPLS 2005 force field. Molecular docking of
compound into the structure of PLK1 wildtype (PDB code: 3KB7) was carried out using
Schrodinger Glide Version 12.2 (Schrödinger, LLC, New York, NY, USA).

3.4. Evaluation of IC50 Values and Selected Kinase Profiling

We used Reaction Biology Corp. Kinase Hot SpotSM service (www.reactionbiology.
com, (accessed on 15 December 2020)) for screening of 15 (10 µM) and IC50 Profiler Ex-
press for IC50 measurement. Assay protocol: In a final reaction volume of 25 µL, sub-
strate[Casein], 1 µM, ATP 10 µM, PLK1(h) (5–10 mU) is incubated with 25 mM Tris pH
7.5, 0.02 mM EGTA, 0.66 mg/mL myelin basic protein, 10 mM Mg acetate, and [33P-ATP]
(specific activity approx. 500 cpm/pmol, concentration as required). The reaction is ini-
tiated by addition of the Mg-ATP mix. After incubation for 40 min at room temperature,
the reaction is stopped by addition of 5 µL of a 3% phosphoric acid solution. Next, 10 µL
of the reaction is spotted onto a P30 filtremat and washed three times for 5 min in 75 mM
phosphoric acid and once in methanol prior to drying and scintillation counting. The
30 selected protein kinases were ABL1, AKT1, ALK, Aurora A, AXL, AXL (R499C), BRAF
(V599E), BTK, c-MER, c-MET, c-Src, CAMKK1, CDK1/cyclin A, EGFR, ERK1, FGFR3, FYN,
IGF1R, JAK3, KDR/VEGFR2, LCK, LYN, MEK1, PKA, PLK1, PLK2, PLK3, PLK4/SAK,
SYK, and TYRO3/SKY4.

4. Conclusions

In conclusion, two series of PLK1 inhibitors were aligned and combined using the
CoMFA and CoMSIA 3D QSAR models, and several novel chemical scaffolds were sug-
gested. We designed and synthesized a series of 4-benzyloxy-1-(2-(aryl/alkylamino)pyridin-
4-yl)-1H-pyrazole-3-carboxamide derivatives based on the hybridized QSAR models. Of
the suggested analogues, we synthesized 11 compounds and tested for inhibitory ac-
tivity against PLK1. Compound 15, i.e., 4-((2-chloro-4-(hydroxymethyl)benzyloxy)-1-
(2-(phenylamino)pyridin-4-yl)-1H-pyrazole-3-carboxamide, displayed the most potent
inhibitory activity against PLK1, with an IC50 of 219 nM.

We successfully discovered a novel scaffold of PLK1 inhibitors by hybridizing two
chemical series into a QSAR model. In addition, we performed a kinase panel screen
using compound 15 for 30 kinases at a single dose of 10 µM in duplicate (Figure 5). The
results of the screen showed that the newly synthesized PLK1 inhibitor had excellent
selectivity profiles toward PLK1. Considering that PLK1 is significantly associated with
various cancers, the unique chemical scaffold described in this study will be valuable
for developing new molecules as potential therapeutic agents for this disease. Indeed,
the above findings provide a theoretical basis for further structural modification of 4-
benzyloxy-1-(2-(aryl/alkylamino)pyridin-4-yl)-1H-pyrazole-3-carboxamide derivatives as
PLK1 inhibitors, and compound 15 is a promising lead for new therapeutics targeting
cancer due to its strong kinase selectivity profile.
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Abstract: Studies on the cellular prion protein (PrPC) have been actively conducted because misfolded
PrPC is known to cause transmissible spongiform encephalopathies or prion disease. PrPC is a
glycophosphatidylinositol-anchored cell surface glycoprotein that has been reported to affect several
cellular functions such as stress protection, cellular differentiation, mitochondrial homeostasis,
circadian rhythm, myelin homeostasis, and immune modulation. Recently, it has also been reported
that PrPC mediates tumor progression by enhancing the proliferation, metastasis, and drug resistance
of cancer cells. In addition, PrPC regulates cancer stem cell properties by interacting with cancer stem
cell marker proteins. In this review, we summarize how PrPC promotes tumor progression in terms
of proliferation, metastasis, drug resistance, and cancer stem cell properties. In addition, we discuss
strategies to treat tumors by modulating the function and expression of PrPC via the regulation of
HSPA1L/HIF-1α expression and using an anti-prion antibody.

Keywords: cellular prion protein; PrPC; PRNP; cancer; cancer stem cell; targeted cancer therapy

1. Introduction

The cellular prion protein (PrPC) is a cell surface glycophosphatidylinositol (GPI)-anchored
protein consisting of 208 amino acids, and it is encoded by the PRNP gene located on chromosome
20. PrPC has been intensively studied since it was proposed that misfolding of PrPC plays
a key role in the pathogenesis of neurodegenerative diseases called transmissible spongiform
encephalopathies [1–3]. Studies have shown that PrPC is not simply a cause of neurodegenerative
diseases, but it is an important protein involved in many cellular functions such as stress protection,
cellular differentiation, mitochondrial homeostasis, circadian rhythm, myelin homeostasis, and immune
modulation [4–10]. Furthermore, several studies have shown that PrPC expression is associated with
tumor progression [11–15]. Before addressing the role of PrPC in tumor progression, we briefly
introduce herein some biochemical aspects of PrPC.

PrPC is first synthesized as a precursor protein (pre-pro-PrP) comprising 253 amino acids with
a signal peptide at the N-terminus and a GPI anchor peptide signaling sequence (GPI-PSS) at the
C-terminus. The signal peptide directs pre-pro-PrP into the endoplasmic reticulum (ER), wherein it is
cleaved to generate pro-PrP. The pro-PrP is then translocated from the ER to the Golgi complex [16,17]
to be further processed by the addition of N-linked glycans, removal of the GPI-PSS, and addition of the
pre-assembled GPI anchor [18,19]. Finally, the mature PrPC of 208 amino acids is translocated to the outer
membrane leaflet of cells. However, not all PrPCs are present on the cell surface. They are constantly
internalized through the recycling endosome and trafficked back repeatedly [20–22]. Through this
recycling process, PrPCs are also found in the Golgi [22,23], in addition to the nucleus [24,25] and
mitochondria [26,27].
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The relationship between PrPC and cancer progression was first discovered when PRNP was
identified as one of the most-expressed genes in pancreatic cancer cells [28]. Around the same time,
other researchers found that PrPC was overexpressed in a drug-resistant cancer cell line compared to
the parental cell line [29]. Based on several studies, it is now well established that PrPC is involved
in the main aspects of cancer biology: proliferation, metastasis, and drug resistance. Moreover,
the relationship between PrPC and cancer stem cell phenotypes has also been uncovered [30,31]. In this
review, we summarize the role of PrPC in tumor progression in terms of proliferation, metastasis,
drug resistance, and cancer stem cell properties. Finally, we discuss strategies to control tumor growth
by regulating the function and expression of PrPC.

2. Overview of Physiological Functions of PrPC

PrPC is known to regulate several functions of cells, such as stress protection, cellular differentiation,
mitochondrial homeostasis, circadian rhythm, myelin homeostasis, and immune modulation. In this
review, we briefly summarize the effects of PrPC on stress protection, cellular differentiation,
and mitochondrial homeostasis.

Several studies have shown that PrPC can directly inhibit apoptosis. PrPC expression inhibited
mitochondria-dependent apoptosis in Bax-overexpressing human primary neurons and MCF-7 breast
cancer cells [32,33]. In addition, downregulation of PrPC reduced the viability of MDA-MB-435
breast cancer cells after serum deprivation [34]. In primary hippocampal neurons, PrPC protected the
cells against staurosporine-induced cell death by interacting with stress-induced phosphoprotein 1
(STI1) [35–37]. PrPC is also known to protect cells from oxidative stress. For example, the basal levels
of ROS and lipid peroxidation were lower in PrPC-transfected neuroblastoma and epithelial cell lines
than in untransfected controls [38,39]. In addition, the expression of PrPC by primary neurons and
astrocytes has been associated with lower levels of damage caused by the addition of various oxidative
toxins such as xanthine oxidase, kainic acid, and hydrogen peroxide [40,41]. PrPC has also been found
to be involved in the ER-stress response. When breast carcinoma cells were treated with the ER-stress
inducing compounds such as brefeldin A, tunicamycin, and thapsigargin, the expression of PrPC was
induced. Downregulation of PrPC in several cancer cell lines resulted in an increase in cell death in
response to these toxins [13].

Neurite outgrowth is one of the characteristics of neuronal differentiation. Several studies have
indicated that PrPC promotes neurite outgrowth through interactions with other proteins such as neural
cell adhesion molecule 1, epidermal growth factor receptor, integrins, laminin, and STI1 [35,42–45].
The downstream signaling of these interactions may include RhoA-Rho kinase-LIMK-cofilin
pathway [44]. Activation of various signal pathways, including extracellular signal-regulated kinases
1 and 2 (ERK1/2), phosphatidylinositol-3-kinase (PI3K)/Akt, and mitogen-activated protein kinases
(MAPKs), may also induce PrPC-dependent neurite outgrowth [35,43,46]. It has been reported that
PrPC is also involved in the differentiation of embryonic stem cells. In human embryonic stem cells,
downregulation of PrPC delays spontaneous differentiation into the three germ layers [47]. Similarly,
PrPC expression promotes the differentiation of cultured human embryonic stem cells and multipotent
neural precursors to mature neurons, astroglia, and oligodendroglia [47,48].

PrPC expression also affects mitochondrial homeostasis. Transcriptomic and proteomic analyses
of brain tissues and neurons of PrPC-null and wild-type mice have identified differently expressed
proteins. These proteins include cytochrome c oxidase subunits 1 and 2, which are involved in oxidative
phosphorylation [49,50]. Furthermore, the absence of PrPC reduces the number of total mitochondria
and increases the number of mitochondria with unusual morphology [49].

3. PrPC and Cancer Proliferation

PrPC expression has been reported to promote cancer proliferation in several types of cancer cells,
including gastric [51], pancreatic [52], and colon [53–55], as well as in glioblastoma (GBM) [56,57] and
schwannanoma [58].
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In gastric cancer, PrPC promotes cell proliferation and metastasis of cancer cells and promotes
tumor growth in xenograft mouse models [51]. PrPC increases the expression of cyclin D1 and thereby
promotes their transition from the G0/G1 phase to the S-phase. PrPC expression also affects Akt
signaling. Overexpression of PrPC increases p-Akt levels, whereas PrPC knockdown inhibits p-Akt
expression [59]. Interestingly, it is known that certain regions of PrPC influence cell proliferation.
Specifically, deletion of amino acids 24–50 of PrPC significantly reduced cell proliferation. Conversely,
deletion of amino acids 51–91 did not affect apoptosis, metastasis cell proliferation, and multidrug
resistance in gastric cancer [60].

In pancreatic ductal adenocarcinoma (PDAC), expression of PrPC increases the proliferation
and migration of the cells. In PDAC cell lines, PrPC exists as a pro-PrP as it retains its GPI-PSS,
which has a filamin A (FLNA) binding motif. It was found that the interaction between pro-PrP and
FLNA, a cytoplasmic protein involved in actin organization, promotes cell migration [61]. In addition,
other studies have shown that PrPC promote pancreatic cell proliferation by activating the Notch
signaling pathway [62].

PrPC is known to interact with other membrane proteins or extracellular molecules to perform
various cellular functions. In human GBM, PrPC and heat shock 90/70 organizing protein (HOP) are
upregulated, and their expression levels correlate with higher proliferation rates and poorer clinical
outcomes [56]. Additionally, it has been demonstrated that the binding of HOP to PrPC promotes
proliferation of GBM cell lines and that disruption of PrPC–HOP interaction inhibits tumor growth and
improves the survival of mice [56].

In DLS-1 and SW480 colorectal cancer cells, knockdown of PrPC significantly reduces the
proliferation of cancer cells. It is known that the binding between HIF-2α and the GLUT1 promoter
region decreases when PrPC expression is suppressed, resulting in a decrease in the expression of
GLUT1. This may reduce glucose uptake and glycolysis and inhibit cell proliferation [54].

4. PrPC and Metastasis

It has been demonstrated that PrPC promotes the invasion and migration of several types of
cancer cells, such as gastric [63], pancreatic [62], colon [64], and melanoma [65] cells.

PrPC expression is higher in metastatic gastric cancer than in non-metastatic gastric cancer.
PrPC increases the invasion and in vivo metastatic ability of gastric cancer cell lines SGC7901 and
MKN45, and knockdown of PrPC significantly reduces cancer cell invasion [63]. PrPC seems to
induce cancer cell invasion by activating the p-ERK1/2 signal and inducing the expression of MMP11.
Interestingly, the N-terminal fragment (amino acids 24–90) of PrPC has been proposed as the region for
its invasion-promoting function.

PrPC levels were found to increase in invasive melanoma, whereas in normal melanocytes, PrPC

was not detected [65]. In melanoma, PrPC is known to exist as pro-PrP, retaining its GPI-PSS with
an FLNA binding motif. As in PDAC earlier, PrPC promoted migration by binding with FLNA
and regulating cytoskeleton organization. PrPC knockdown significantly reduced the migration of
melanoma cells in a wound healing assay [65,66].

In colon cancer, PrPC is known to promote migration by binding to HOP, also known as
stress-induced phosphoprotein 1 (STI1) [64]. It was found that among the colon primary tumor cells,
only PrPC-positive cells were able to promote liver metastasis after injection into immunocompromised
mice [67]. Metastasis is highly correlated with epithelial-mesenchymal transition (EMT), a process
in which cells lose epithelial markers and interaction between the cell and the extracellular matrix
change the cytoskeleton organization and differentiate into mesenchymal phenotype [68]. It is well
known that transcription factors such as SNAI1, SNAI2, TWIST1, TWIST2, ZEB1, and ZEB2 induce
EMT. PRNP expression is highly associated with the EMT signature in colon cancer patients, and PrPC

is known to control the expression of ZEB1 in colon cancer cells [53].
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5. PrPC and Drug Resistance

PrPC levels were found to be higher in tumor necrosis factor α (TNF-α)-resistant breast cancer
cells than in TNF-α-sensitive breast cancer cells [33]. After treatment of TNF-α, the resistant cells did
not exhibit cytochrome c release or nuclear condensation. Moreover, PrPC expression inhibited the Bax
translocation to mitochondria and Bax-mediated cytochrome c release. In addition to TNF-α, PrPC is
also involved in the resistance to adriamycin (ADR) and TRAIL-mediated cell death in breast cancer
cells as down-regulation of PrPC increased the sensitivity to these molecules. [69]. Inhibition of PrPC

expression did not inhibit formation of death-inducing signaling complex (DISC); however, it inhibited
Bcl-2 expression and promoted Bid cleavage, resulting in cell death [69]. In addition, it has been
confirmed that PrPC co-localization and coexpression with p-glycoprotein (P-gp) occur in ADR-resistant
MCF-7 cells. When the expression of PrCC was inhibited in these cells, the capability of paclitaxel, a P-gp
substrate, to induce in vitro invasion of the cells decreased [52]. More importantly, tissue microarray
analysis of 756 breast cancer tumors demonstrated that PrPC was associated with ER-negative breast
cancer subsets, and compared with ER-negative/PrPC-positive cells, ER-negative/PrPC-negative cells
are more sensitive to adjuvant chemotherapy [70].

PrPC is also involved in drug resistance in colon cancer. Hypoxia-induced PrPC expression in
colorectal cancer cells inhibits TRAIL-induced apoptosis [71]. PrPC inhibited apoptosis of colon cancer
cells by activating the PI3K-Akt pathway [72]. Conversely, deletion of PrPC resulted in reduced Akt
activation and enhanced caspase-3 activation [73]. Our group has demonstrated that PrPC levels
significantly increase in 5-FU-and oxaliplatin-resistant colorectal cancer [74–77]. In addition, knocking
down PrPC expression significantly reduces the drug resistance of colorectal cancer cells. Furthermore,
we have shown that PrPC suppresses the drug-induced activation of stress-associated proteins, such as
p38, JNK, and p53. We have also demonstrated that PrPC inhibits caspase-3 activation by drugs
and PARP1 cleavage. These results suggest that the level of PrPC plays an important role in the
development of drug resistance in colorectal cancer cells.

6. PrPC and Cancer Stem Cells

Cancer stem cells (CSCs) are a subpopulation of cells that are capable of self-renewal, differentiation
into various cell types in a determined tumor, and tumor propagation when xenotransplanted into
mice [78,79]. CSCs are resistant to conventional medical therapies and have been implicated in cancer
recurrence, which has made these cells a key target for therapy [80–82].

Recently, studies on the correlation between PrPC and CSCs have been conducted. PrPC

activation of Fyn-SP1 pathway in colon cancer cells promoted EMT and resulted in a more aggressive
phenotype [83]. EMT is closely connected with CSC properties as EMT enhances metastasis and drug
resistance of cancer and cancer microenvironment promotes activation of EMT program [84]. Du et al.
demonstrated that PrPC-positive primary colon cancer cells expressed high levels of the EMT-associated
markers, TWIST and N-cadherin, and low levels of the epithelial marker, E-cadherin, as well as
exhibiting CSC properties such as the expression of the CSC marker, CD44, and tumor-initiating
capacity [67].

In line with this finding, PrPC has been shown to interact with CD44 in multidrug-resistant breast
cancer cells [85]. Furthermore, in primary GBM cells, PrPC silencing reduces the expression of the CSC
markers, Sox2 and Nanog, as well as the self-renewal and tumorigenic potential of CSCs [57]. Similar
findings were demonstrated by Iglesia et al., who worked on GBM cell lines grown as neurospheres [86].

CSCs are one of the most-studied recent topics in cancer biology. They have emerged as pivotal
components that can initiate and maintain tumors [79]. PrPC is known to interact with CD44, and its
expression correlates with resistance to chemotherapy in breast cancer cell lines [85]. Moreover,
the CD44-positive and PrPC-positive subpopulations of colorectal tumor cells have CSC properties,
including tumorigenic and metastatic capacities [67], indicating that PrPC contributes to tumor
maintenance by modulating CSC behaviors.
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Our group confirmed the correlation between PrPC and CSC by demonstrating that the levels
of PrPC and CSC marker proteins such as Oct4, Nanog, Sox2, and ALDH1A1 significantly increased
in human colorectal cancer tissues and colorectal cancer cells [31]. In addition, knockdown of PrPC

reduced the expression of CSC markers in the CSCs. More specifically, PrPC inhibited the anticancer
drug-induced degradation of Oct4, but did not inhibit the degradation of other stem cell markers
such as Nanog, Sox2, and ALDH1A1. Oct4 is a master regulator involved in the self-renewal and
pluripotency of CSCs. It has been reported that tumor sphere formation ability is activated in breast
cancer cells overexpressing Oct4 [87,88]. Cancer cells overexpressing Oct4 also overexpress other
CSC markers such as CD133, CD34, and ALDH1. Oct4 is also involved in the survival, self-renewal,
metastasis, and drug resistance of CSCs [89–92]. These results indicate that PrPC directly regulates Oct4
expression, whereas it indirectly regulates Nanog, Sox2, and ALDH1A to promote the self-renewal
and survival of CSCs [31].

In summary, Figure 1 shows the proteins and signaling pathways that seem to be affected by PrPC

expression. The information on these interactions was retrieved from several studies that have been
already mentioned in this review. Although PrPC appear to interact and activate several interaction
partners and signaling pathways to promote tumor progression, it is difficult to say that this applies to
all cancer cells. The role of PrPC in cancer needs to be interpreted differently depending on the cell
type and interaction partner.

Figure 1. Proteins and signaling pathways that seem to be affected by PrPC expression. Various proteins
and signaling pathways reportedly interact with or are modulated by PrPC. Some of the proteins
shown are known to be regulated indirectly through other proteins rather than direct interaction with
PrPC. PrPC: prion protein, ECM: extracellular matrix, CSC: cancer stem cell.

7. Cancer Treatment by Targeting PrPC

Cancer growth can be inhibited by inhibiting the interaction between PrPC and other proteins.
Lopes et al. used a peptide named HOP/STI1230–245 corresponding to the prion binding site of HOP
to inhibit the interaction between PrPC and HOP [56]. Treatment with only the peptide did not inhibit
cell proliferation, but co-treatment with HOP inhibited the interaction between HOP and PrPC and
HOP-induced cell proliferation. In addition, HOP/STI1230–245 treatment of orthotopic xenografts
inhibited tumor growth and improved animal survival while maintaining cognitive performance [56].
It should be noted that the blockage of PrPC and HOP may be deleterious, because long-term [93]
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but not short-term [94] intracranial infusion of antibodies against PrPC, particularly those against its
globular domain, can be neurotoxic [93].

Recently, our group identified that HSP family A (Hsp 70) member 1-like, HSPA1L, regulates the
expression of PrPC [77]. It was confirmed that the expression of HSPA1L increased in colon cancer cells
and cancer tissues. We also demonstrated that HSPA1L increases the stability of HIF-1α by binding with
HIF-1α and promotes the accumulation of PrPC. When HSPA1L expression was knocked down, HIF-1α
stability and PrPC expression decreased [77]. In addition, we also showed that HSPA1L binds to GP78
and inhibits its ubiquitination activity, thereby reducing the ubiquitination of PrPC. Several studies
have indicated that deregulation of several E3 ligases affects the growth and metastasis of cancer and
the growth of CSCs [95–98]. GP78 is an ER membrane-anchored E3 ligase that regulates the progression
of cancer cells through ubiquitin ligase activity. For example, downregulation of GP78-mediated
ubiquitination is known to inhibit metastasis in breast cancer cells [99]. We hypothesized that HIF-1α
and HSPA1L are major therapeutic targets for colorectal cancer. Indeed, knockdown of HIF-1α and
HSPA1L using siRNAs inhibited cancer sphere formation in HT-29 and S707 cells. In an in vivo
xenograft model, knockdown of HIF-1α or HSPA1L inhibited tumor growth and liver metastasis
(Figure 2). In addition, when both genes were knocked down simultaneously, cancer growth and
liver metastasis were further suppressed [77]. These results indicated that PrPC is important in tumor
progression, and the suppression of PrPC expression by targeting HIF-1α and HSPA1L could be a
promising therapeutic strategy to treat cancer.

Figure 2. Strategies to suppress the tumor progression by regulating the expression and function of
PrPC. (a) In tumor niche, the expression of HSPA1L is increased. HSPA1L binds and stabilizes HIF-1α.
HSPA1L directly binds to GP78 and inhibits its ubiquitination activity. Overall, PrPC expression
is increased in tumor cells. Therefore, knocking down HSPA1L and HIF-1α expression induces
degradation of PrPC and tumor suppression. (b) Direct targeting of PrPC using anti-PrPC antibodies has
been demonstrated as a potent cancer therapy. Anti-PrPC antibody also can be used as a combination
therapy with conventional anticancer drugs.

Anti-prion antibodies can be utilized for the treatment of cancer. Antibody therapeutics have been
used in the treatment of cancer, unlike existing anticancer drugs, as they have fewer side effects and
exhibit high efficacy. For the development of effective antibody therapeutics, the discovery of specific
molecular biomarkers in a wide range of solid malignancies is a key process [100]. The functions of
PrPC in the growth, metastasis, drug resistance, and CSC properties of various types of cancer suggest
that it is a promising therapeutic target for cancer treatment. We confirmed that an anti-prion antibody
showed anticancer effects in a xenograft model and that superior therapeutic effects appeared when
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the conventional anticancer drugs and anti-prion antibody were applied in combination (unpublished
data) (Figure 2). Furthermore, compared to cetuximab, an EGFR-targeting antibody, the anti-prion
antibody showed similar anticancer effects with 10 times lower dose in the xenograft mouse model
(unpublished data).

Similar to our data, a previous study has revealed the effective epitope of PrPC for
antibody-mediated colon cancer therapy [101]. In colon cancer cell line HCT116 cells, epitope
139–142 and epitope 141–151 targeting anti-PrP antibodies highly inhibited the proliferative capacity
of cells, compared with those of epitope 93–109 and epitope 101–112 [101]. Furthermore, epitope
141–151 targeting anti-PrP was approximately 10-fold more active than that of epitope 93–109 targeting
anti-PrP [101]. These data indicate that effectiveness of anti-PrP antibodies might be related to the
epitope-binding region. Further studies on anti-PrP structure and its targeting epitope site for cancer
therapy are needed. One study has shown that N-terminal domain of PrPC is a direct binding and
sequestering site on anti-tumor drug, doxorubicin, in breast cancer [67]. This study suggests that
N-terminal-domain-targeting anti-PrP antibodies might be effective antibody therapy when combined
with anti-tumor drugs, for cancer treatment.

Although antibody therapy is a promising cancer treatment, resistance may arise due to the
characteristics of cancer cells, such as intrinsic phenotypic variation and adaptive phenotypic
modifications [100,102–105]. Antibody-drug conjugates (ADCs), which are novel antibody-based
therapeutics, are another option for treating tumors. ADC is a technology that focuses on targeting
only cancer cells by exploiting the advantages of antibodies: specificity, non-toxicity in circulation,
and pharmacokinetics. ADC is known to enter cells through clathrin-mediated endocytosis [106].
The endosome that harbors ADC binds to other vesicles in the cell and forms an endo-lysosome.
A protease cleaves the linker of the ADC and activates free drugs to move into the cytoplasm.
The drugs bind to the molecular target, causing apoptosis of the tumor cells. A representative example
of a successful ADC is Trastuzumab Emtansine (T-DM1) [107–109]. T-DM1 significantly prolonged
progression-free and overall survival with less toxicity than lapatinib plus capecitabine in patients with
HER2-positive advanced breast cancer who were previously treated with trastuzumab and a taxane.
Anti-prion antibodies, such as T-DM1, are expected to be developed as anticancer agents in the form
of ADCs.

8. Conclusions

Several studies have suggested that PrPC promotes tumor progression. It has been demonstrated
that PrPC is overexpressed in various types of cancer cells and tumor tissues, including gastric,
pancreatic, breast, and colon cancers, as well as melanoma, GBM, and schwannoma. In addition,
it has been shown that PrPC regulates cell proliferation, metastasis, drug resistance, and cancer stem
cell properties through signaling pathways, such as PI3K-Akt and Notch, and interaction with ECM,
cell surface molecules, and cancer stem cell markers. It should be noted that the function of PrPC

in cancer should be interpreted depending on the cell type and the molecule that interacts with
it. Nevertheless, further research is needed to elucidate the function of PrPC in tumor progression.
However, there seems to be no disagreement that PrPC is a promising target for cancer treatment.

In addition to PrPC, the misfolded prion protein (PrPSc) may be highly expressed in cancer
patients compared to the healthy people. Recently, somatic mutations in PRNP were analyzed in
10,967 cancer patients using the Cancer Genome atlas (TCGA) database [110]. A total of 48 mutations
in PRNP gene were identified in cancer patient. Among them, eight somatic mutations— G131V,
D167N, V180I, D202N, V203I, R208C, R208H, and E211Q—are known as pathogenic mutations of
prion diseases. Interestingly, it has been reported that PrPSc was also detected in healthy people,
who had not been diagnosed with prion diseases [111]. These results may indicate that cancer patients
carrying pathogenic somatic mutations of PRNP may produce PrPSc and may not be diagnosed with
prion disease.
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In this review, we suggest that prion targeting is a promising strategy to treat cancer. Regulating
the expression of HSPL1A and HIF-1α, which are involved in the stability and degradation of PrPC,
effectively inhibits cancer growth and metastasis. In addition, an anti-prion antibody has been used to
inhibit the growth of cancer. Nevertheless, further studies are needed to verify the anticancer effect
and safety of prion targeting in various cancer models. To date, no clinical trials using prion targeting
have been conducted; therefore, the effectiveness and safety of cancer treatment strategies using prion
targeting should also be verified.
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Abstract: Breast cancer is the most frequent and lethal tumor in women and finding the best ther-
apeutic strategy for each patient is an important challenge. PARP inhibitors (PARPis) are the first,
clinically approved drugs designed to exploit synthetic lethality in tumors harboring BRCA1/2 muta-
tions. Recent evidence indicates that PARPis have the potential to be used both in monotherapy and
combination strategies in breast cancer treatment. In this review, we show the mechanism of action
of PARPis and discuss the latest clinical applications in different breast cancer treatment settings,
including the use as neoadjuvant and adjuvant approaches. Furthermore, as a class, PARPis show
many similarities but also certain critical differences which can have essential clinical implications.
Finally, we report the current knowledge about the resistance mechanisms to PARPis. A systematic
PubMed search, using the entry terms “PARP inhibitors” and “breast cancer”, was performed to
identify all published clinical trials (Phase I-II-III) and ongoing trials (ClinicalTrials.gov), that have
been reported and discussed in this review.

Keywords: PARP inhibitors; breast cancer; PARP inhibitor resistance

1. Introduction

Breast cancer (BC) is the most commonly diagnosed cancer and the leading cause of
cancer death in women [1]. One of the several risk factors for BC development is genetic
predisposition, mainly linked to mutations in BRCA1 and BRCA2 genes [2]. In the early
years of the current millennium, the evidence that BRCA1/2-mutant cells could be sensitive
to PARP inhibitors (PARPis) emerged and paved the way for new therapeutic opportunities
in different tumors, including BC [3–6].

Olaparib (Lynparza®) was the first PARPi approved by the Food and Drug Admin-
istration (FDA) in 2014 for the treatment of patients with advanced ovarian cancer and
germline or somatic mutations in BRCA1/2 genes who have been previously treated with
three or more lines of chemotherapy [7]. Specific approval for advanced epithelial ovarian,
fallopian tube or primary peritoneal cancer maintenance treatments occurred after few
years, based on SOLO-1 clinical trial [8]. Selected patients for this treatment are in complete
or partial response to first-line platinum-based therapy and carriers of germline or somatic
BRCA1/2 mutations [9]. In 2020 the use of olaparib in combination with bevacizumab was
approved as a maintenance treatment for patients with advanced ovarian cancer [10].

Olaparib efficacy was demonstrated also in other tumors, such as pancreatic, prostate
and breast cancers [11]. In particular, olaparib was approved by the FDA in 2019 as a
maintenance treatment for patients with germline BRCA1/2 mutations and metastatic
pancreatic adenocarcinoma [12], after the demonstration of its efficacy in the multi-center
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trial POLO [13]. In addition, in 2018, olaparib has been authorized also in the treatment
of metastatic BC, germline BRCA1/2-mutated and HER2-negative, based on OlympiAD
clinical trial [14]. Finally, in 2020, the FDA approved the use of olaparib also in metastatic
castration-resistant prostate cancers (mCRPC) with germline or somatic BRCA1/2 muta-
tions previously treated with Enzalutamide and/or Abiraterone, as demonstrated in the
PROfound clinical trial [15,16].

Since 2016, other PARPis were authorized for the treatment of ovarian, prostate and
breast cancers. In 2016, FDA approved rucaparib (Rubraca®) for the treatment of BRCA1/2-
mutated patients with advanced ovarian carcinoma [17]. TRITON2 and TRITON3 clinical
trials evaluated the efficacy of rucaparib also in mCRPC patients with germline or somatic
BRCA1/2 mutations [18].

Moreover, niraparib (Zejula®) has recently been approved for maintenance treatment
of ovarian cancer patients based on the PRIMA clinical trial [19,20]. Finally, talazoparib
(Talzenna®) has been authorized in 2018 for the treatment of BCs with germline BRCA1/2
mutations based on the EMBRACA clinical trial [21].

Finally, several phase-II and phase-III trials are in progress focusing on the efficacy
of new PARPis in the treatment of advanced ovarian cancer, advanced prostate cancer
and non-small cell lung cancer (NSCLC) [22]. Current clinical trials on olaparib for the
treatment of triple-negative breast cancer (TNBC) are evaluating also the PARPi efficacy in
patients who carry mutations in other homologous recombination genes such as PALB2,
ATM, RAD51 [23].

2. DNA Damage Repair and Mechanism of Action of PARPis

DNA instability is an important characteristic of carcinogenesis. Endogenous and
exogenous factors are responsible for DNA damage, such as chemical and physical agents
including ROS or ultraviolet radiations [24]. Tumor takes advantage of these damaging
agents, bypassing cellular repair mechanisms and upsetting correct signaling networks.
In addition, chemotherapy and radiation therapy, despite their benefits, can be considered
among DNA mutational agents [25].

Once the DNA damage has occurred, cells activate different repair systems. Some of
them act on single base mutation, such as base excision repair (BER), nucleotide excision
repair (NER) and DNA mismatch repair (MMR) [26–28]. Regarding double-strand breaks
(DSB), the damage repair is mediated by nonhomologous end-joining (NHEJ) and homol-
ogous recombination repair (HRR) systems [29]. The first DNA repair system directly
binds DNA breaks but it can introduce alterations in the sequence. On the contrary, in the
second case, there is the necessity to have a strand to guide the repair and replicate the
sequence correctly. Schwart et al. demonstrated that downregulation of NHEJ and HRR key
components generated fragile sites on DNA, proving the two systems are complementary
and essential to maintain chromosome stability [30].

The HRR process consists of three main phases: damage recognition, strand prepa-
ration and junction resolution (Figure 1). The damage identification is the result of the
activity of the MRN complex, composed of Mre11, Rad50, and Nbs1 proteins, that starts the
degradation of the 5′ strand, in collaboration with CtBP-interacting protein (CtIP) nuclease,
recruits and activates the upstream ATM kinase [31–33]. Subsequently, ATM phosphory-
lates the BRCA1 protein, which is involved in the third process phase [34,35].

The second phase involves Replication Protein A (RPA), a heterotrimeric protein that
binds to just generated 3′ single-strand DNA (ssDNA) [36]. RPA tightly cooperates with
RAD51 protein, a DNA-dependent ATPase, binding ssDNA within a gap and pairs linear
dsDNA with a small circular ssDNA (called intermediate joint). Meanwhile, RPA promotes
the RAD51-DNA link by removing secondary structures and stabilizing the intermediate
joint through the non-complementary DNA strand sequestration [37–40].
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Figure 1. When a DSB occurs in the DNA (A), the MRN complex recognizes the damage (B) and starts 5′ strand degradation
to get a 3′ ssDNA free to be coated by RPA and ATM is activated by phosphorylation (C). The interaction of RPA and RAD51
repairs the damage with the support of BRCA1-BARD1 and BRCA2-PALB2 complexes (D).

In the third phase, RAD51 recombinase activity is enhanced by the activated BRCA1-
BARD1 complex, which interacts with both ssDNA and RAD51 [41,42]. The coiled-coil
domain of BRCA1 binds the PALB2-BRCA2 complex, which stabilizes RAD51 nucleofila-
ment and promotes the interaction between RAD51 and RPA [43,44]. CDK12, cyclinD1,
CHK1 and many other players cooperate to complete the structural mechanism of the HRR
pathway [45,46].

Mutations in genes coding the HRR system components can alter the process and
generate a homologous recombination deficiency (HRD). The HRD is a frequent driver
of tumorigenesis in many tumors, in particular ovarian, pancreatic, prostate and breast
cancers [2,47–50].

However, the HRD signature can be exploited for personalized medicine since it is
predictive of the sensitivity to targeted therapy with inhibitors of the poly ADP-ribose
polymerase (PARP) enzyme, as well as DNA damaging reagents [5,47,51–53].

PARP is a family of 17 proteins essential in the BER system, involved in DNA single-
strand break (SSB) repair [54]. In particular, PARP-1, PARP-2, and PARP-3 are primarily
involved in DNA damage repair, otherwise PARP-5a and PARP-5b act in the regulation
of mitosis and telomere maintenance for the conservation of chromosome stability [55].
As DNA damage sensors, PARP proteins bind DNA and start the synthesis of a poly
(ADP-Ribose) chain (PARylation), which acts as a recruitment signal for other scaffold and
regulatory proteins, such as DNA Ligase III (LigIII), DNA polymerase beta (polβ) and X-ray
Cross Complementing Protein 1 (XRCC1) to repair the DNA damage (Figure 2A) [56].

The use of PARPis generates an impairment of the BER system and the inability to
repair SSBs. In this situation, SSBs are converted into DSBs and the HRR system becomes
essential to repair the damage [57,58].

This process can be exploited in cancer therapy through the mechanism of synthetic
lethality. Indeed, if the cell is characterized by an HRD, caused by a mutation in BRCA1/2
or other HRR genes, the treatment with a PARPi generates a genetic instability that leads
to cell death (Figure 2B) [3]. Substantially, the PARPi treatment is a targeted therapy that
selects HRD cancer cells and brings exclusively them to death [59,60].
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(A) (B) 

Figure 2. When an SSB occurs (A-1), PARP-1 recruits scaffold proteins and forms an ADP-ribose chain on itself (PARylation)
using NAD+ (A-2). The PARylation also promotes PARP-1 dissociation and leads scaffold proteins to repair the SSB
(A-3 and A-4). When an SSB occurs in presence of a PARPi (B-1), the PARPi binds the NAD+ binding site in a competitive
way (B-2). Since the SSB cannot be repaired by PARP enzyme, the HRR system can repair the damage but the coexistence of
HRD prevents the repair and induces cell death (B-3 and B-4).

3. Clinical Development of PARPis as a Single Agent in Breast Cancer Treatment

3.1. Advanced and/or Metastatic Breast Cancer

The first phase-I trial evaluating olaparib in metastatic breast cancer (mBC) was
reported in 2009 by Fong et al. [53]. This trial enrolled 60 patients with refractory disease
to standard therapies or those for whom there were no suitable or effective standard
treatments. They were treated using a dose-escalation strategy ranging from 10 mg per
day to 600 mg twice per day. Of these patients, nine had mBC and three of them carried a
BRCA1/2 mutation. One of the latter three patients showed a complete response according
to the RECIST classification, lasting for 60 weeks. Mainly grade I and II adverse events were
reported and included digestive (anorexia, nausea, vomiting) and hematological (anemia,
thrombocytopenia) toxicities. These initial results led to the completion of three phase-II
trials evaluating olaparib in BC. The first, published in 2010, by Tutt et al. [52], recruited
54 patients with locally advanced or mBC carrying a BRCA1/2 mutation. They were
divided into two cohorts of 27 patients; the first cohort received 400 mg olaparib twice
daily (which was found to be the maximum tolerated dose in the phase-I trial) and the
second was treated with 100 mg olaparib twice daily (minimum pharmacodynamically
effective dose as identified in the phase-I trial). The main goal of this study was to
determine the objective response rate (ORR). The 41% (11 out of 27) in the first cohort
responded to olaparib therapy, with one patient in complete response and ten in partial
response, while the 22% (6 out of 27) in the second cohort, did not exhibit complete
response. Again, mainly grade I and II adverse effects, similar to those experienced in the
phase-I trial, were reported. The second study by Gelmon et al. [61], treated patients with
400 mg olaparib twice daily but unfortunately could not determine a conclusive ORR after
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treatment. Finally, Kaufman et al. [62] reported an ORR of 12.9% in their cohort of 62 heavily
pretreated patients, all bearing BRCA1/2-mutated mBC. In 2017, Robson et al. [14] reported
the first randomized phase-III trial comparing olaparib with standard chemotherapy in
patients with HER2-negative mBC carrying a BRCA1/2 germline mutation with resistance
to hormone treatment and having received no more than two lines of chemotherapy for the
treatment of their mBC. A total of 302 patients were randomized (2:1), 205 received olaparib
at a dose of 300 mg twice daily (new dosage form in film-coated tablets) and 97 received
clinician’s choice chemotherapy (vinorelbine, eribulin or capecitabine). The study met its
primary endpoint of a statistically significant increase in progression-free survival (PFS);
however, there was no significant difference in overall survival (OS) between the two
groups. The most frequently observed hematological adverse reaction was anemia [63].
These results led to the approval of olaparib by the FDA and the European Medicines
Agency (EMA), for locally advanced or HER2-negative mBCs, as a monotherapy.

In addition to the inhibition of catalytic activity common to all PARPis, talazoparib
has exhibited in vitro “trapping” of the PARP complex at the most important breakage
site. In 2017, De Bono et al. [64] published the results of the first phase-I trial evaluat-
ing talazoparib in the treatment of advanced solid tumors. The trial consisted of two
phases: a dose-escalation phase in which patients received talazoparib at a dose between
0.025 mg/day and 1.1 mg/day and an expansion phase comprising 71 patients receiv-
ing talazoparib at the recommended dose of 1 mg/day. Significant PARP inhibition was
observed for a dose of 0.60 mg/day, with hematological toxicity reported to be the most
frequent adverse effect, although reversible with the suspension of treatment and reduction
of doses. The reported ORR was 50% and included one patient with complete response.
Further to this, Turner et al. [65] reported the results of the ABRAZO trial: a phase-II trial
evaluating talazoparib at a dose of 1 mg/day in patients with locally advanced or mBC
and with a BRCA1/2 germline mutation. In this trial, the population under investigation
consisted of 2 cohorts of individuals: the first cohort included patients who had previously
been treated with platinum salts while the second cohort enrolled patients without prior
exposure to platinum. The ORR for cohort 1 was 21% and 37% for cohort 2, and the most
common adverse reaction was anemia. In 2018, Litton et al. [66] conducted the first ran-
domized phase-III trial comparing talazoparib with chemotherapy (capecitabine, eribulin,
gemcitabine or vinorelbine) in germline BRCA1/2-mutated HER2-negative advanced BC.
All patients randomized to talazoparib started at 1 mg once daily. This trial met its primary
endpoint of a statistically significant increase in PFS from 5.6 months to 8.6 months and
the ORR was found to be twice as high in patients treated with talazoparib (62.6% vs.
27.2%). The most frequent adverse event was haematological toxicity for all talazoparib
treatment arms and approximately 50% of patients in the chemotherapy arm. The other
predominantly reported adverse reactions were asthenia and nausea. Finally, patients
reported an improvement in the quality of life (mean change in QLQ-C30 score), greater
with talazoparib (3.0) vs. chemotherapy (−5.4), and the time to deterioration in the quality
of life was significantly lengthened in the talazoparib arm. Recently, talazoparib obtained
the marketing authorization for the treatment of locally advanced BRCA1/2-mutated HER2-
negative mBCs. It has been approved for use as a monotherapy in patients who have
already received treatment with an anthracycline and/or a taxane, as (neo) adjuvant ther-
apy, for locally advanced or metastatic cancers, unless they were not eligible for this type
of treatment. Patients with hormone receptor-positive BC must have previously received
hormone therapy or be considered ineligible for hormone therapy to receive this form
of treatment.

Rucaparib has been evaluated by Drew et al. [67] in a phase-II trial including 78 patients
with BRCA1/2-mutated advanced breast or ovarian cancers. This trial had two cohorts,
an oral treatment cohort and an intravenous treatment cohort. In each cohort, the first
stage of the study included a dose-escalation phase. No objective response was observed
in BC patients, both in the oral and intravenous cohorts. In contrast, 44% of patients in
the intravenous cohort and 20% in the oral cohort exhibited disease stabilization over a
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12-week period. Rucaparib was generally well tolerated. The Hoosier Oncology BRE09-
146 group [68] reported a randomized phase-II trial evaluating rucaparib in combination
with cisplatin in adjuvant therapy in TNBC or BRCA1/2-mutated BC with residual disease
after neoadjuvant therapy (anthracyclines and/or taxanes). Patients were randomized
(1:1) to receive cisplatin alone or in combination with rucaparib, with the main goal being
two-year disease-free survival. A total of 128 patients were randomized, 22% of them
carrying a BRCA1/2 germline mutation. The toxicity profile was similar in both arms and
the addition of rucaparib did not show significant improvement in two-year disease-free
survival, regardless of BRCA1/2 mutational status.

Sandhu et al. reported a phase-I trial evaluating niraparib in patients with sporadic
advanced solid tumors or with a BRCA1/2 mutation. The maximum tolerated dose was
300 mg of niraparib orally per day. Sixty patients were included in phase-I dose-escalation
including 12 patients with mBC [20]. Among these patients, four carried a germline
BRCA1/2 mutation and 2/4 had a partial response to treatment. The toxicity was pre-
dominantly hematological with few grade 3 adverse effects. A phase-III randomized trial
(the BRAVO trial, NCT01905592) is currently underway, comparing niraparib at a dose
of 300 mg per day with chemotherapy of the physician’s choice in patients with locally
advanced or metastatic HER2-negative BC, carrying a BRCA1/2 germline mutation. Clinical
trials on the use of PARPis in the treatment of mBC are summarized in Table 1.

Table 1. Clinical trials with PARP inhibitors in the treatment of mBC.

Trial Study Design No. of Pts Phase Patients’ Population
Primary

Endpoint
Results Approval

OlympiAD [63] Olaparib vs. PCT 302 III Advanced/metastatic
gBRCA ≤2 prior lines PFS 7.0 vs. 4.2 months FDA/EMA

approved

BROCADE3 [69] CP + veliparib/placebo vs.
Temozolomide + veliparib 337 II Metastatic gBRCA

≤2 prior lines PFS 14.1 vs. 12.3 months -

EMBRACA [21] Talazoparib vs. PCT 431 III Advanced/metastatic
gBRCA ≤3 prior lines PFS 8.6 vs. 5.6 months FDA/EMA

approved

Abbreviations: C (carboplatin); P (paclitaxel); gBRCA (germline BRCA1/2 mutation); PFS (progression free-survival); PCT (physician’s
choice therapy).

3.2. Neoadjuvant Setting

The I-SPY 2 trial [70] was one of the first trials to evaluate the PARPi veliparib as
a neoadjuvant treatment for localized BC. This trial included patients with stage II or
III BC who had never received cytotoxic treatment for their BC. A total of 72 patients
were randomized to receive veliparib-carboplatin in addition to standard neoadjuvant
chemotherapy (weekly paclitaxel followed by doxorubicin plus cyclophosphamide), and
44 received standard therapy. Among the patients treated with a PARPi, 17% of them car-
ried a germline BRCA1/2 mutation. The addition of the veliparib-carboplatin combination
to the standard neoadjuvant chemotherapy regimen allowed a doubling of the complete
response rate in the TNBC subtype (51% vs. 26%). Another trial, confirming the effective-
ness of PARPis in the neoadjuvant setting was the BrighTNess trial [71], which included
women with stage II or III TNBC with or without a BRCA1/2 germline mutation. Patients
were randomized (2:1:1) to receive one of the following three treatment regimens: either
paclitaxel (80 mg/m2, weekly for a total of 12 doses) plus carboplatin (area under the curve
(AUC) 6 every three weeks for a total of four cycles) and veliparib (50 mg orally twice daily),
either paclitaxel plus carboplatin and a placebo of veliparib or paclitaxel plus a placebo of
carboplatin and a placebo of veliparib. After the weekly paclitaxel sequence, all patients
received doxorubicin-cyclophosphamide chemotherapy every two or three weeks. A to-
tal of 634 patients were randomized to one of the three arms of the study, among them
15% carried a BRCA1/2 germline mutation. Overall, the histologic complete response rate
was significantly increased in the carboplatin-veliparib paclitaxel arm compared to the
paclitaxel alone arm (53% vs. 31%).

In contrast, the addition of veliparib to the carboplatin-paclitaxel combination did
not increase the proportion of patients achieving a complete tumor response. This trial
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corroborates the previous results on the benefit of carboplatin as a neoadjuvant treatment
in TNBC. However, the presence of a BRCA1/2 germline mutation did not appear to be
associated with a greater benefit from the use of platinum and/or veliparib.

Furthermore, the GeparOLA study evaluated neoadjuvant olaparib in patients with
non-metastatic HER2-negative T2-T4 or T1c BCs with lymph node involvement with either
a BRCA1/2 mutation (germline or somatic) or a high HRD score. Patients were randomized
to receive chemotherapy combining weekly paclitaxel 80 mg/m2 and olaparib 100 mg
twice daily or a weekly combination of paclitaxel 80 mg/m2 and carboplatin AUC 2,
for 12 weeks. All patients received chemotherapy with epirubicin/cyclophosphamide
thereafter. A total of 107 patients were randomized, 72% of which had TNBCs and 60% of
patients had a BRCA1/2 mutation. The histologic complete response rates were 55% with
olaparib and 48% with carboplatin; however, the study could not rule out a 55% histological
complete response rate in the olaparib arm, which was the primary outcome, but the results
seemed more favorable in the subgroup of patients aged over 40 years or with hormone
receptor-positive BC [72].

Regarding the use of talazoparib in this setting, Litton et al. [73] reported the results
of a pilot study evaluating talazoparib as a neoadjuvant monotherapy in the treatment of
localized (stage I to III) HER2-negative BRCA1/2-mutated BCs. Twenty patients (including
15 with a TNBC) were randomized to receive talazoparib at a dose of 1 mg/day for six
months. The main objective was the histological complete response rate at six months,
assessed on the surgical specimen. A total of 19 patients completed the six months of
treatment and ten of them (53%) achieved a complete tumor response. The main toxic-
ity was found to be hematological with grade I to III anemia leading to a need for dose
reduction in nine patients and to erythrocyte transfusions in eight patients. The most com-
monly reported non-hematological adverse reaction was nausea, and all of these toxicities
were easily managed with appropriate supportive care. Despite its small patients sample,
this trial is the first to demonstrate the effectiveness of targeted therapy in the neoadjuvant
setting in patients with BRCA1/2 mutations without the addition of chemotherapy.

3.3. Adjuvant Setting

OlympiA is a phase-III, randomized, double-blind, placebo-controlled trial that evalu-
ated olaparib as an adjuvant monotherapy in localized, HER2-negative BRCA1/2-mutated
BCs [74]. The recruited patients had to have completed local treatment and adjuvant or
neoadjuvant chemotherapy. Eligible patients should have had a TNBC (pT2 or pN1 for
patients operated on straight away or residual disease for those receiving neoadjuvant
chemotherapy) or expressing hormone receptors and should be without HER2 gene ampli-
fication, pN2 for patients treated with adjuvant chemotherapy or high-risk residual disease
after neoadjuvant chemotherapy, as defined by the CSP + EG score (clinical stage and
post-treatment pathological stage incorporating estrogen receptor status and tumor grade).
They were randomized in a 1:1 ratio to receive 300 mg olaparib twice daily or a placebo for
12 months. The main goal was invasive disease-free survival. Among the high-risk early
BC patients with germline BRCA1/2 mutations, 1 year of adjuvant olaparib was found to
significantly reduce the risk of recurrence and prevent progression to metastasis (85.9% in
the olaparib group and 77.1% in the placebo) [75]. Clinical trials on the use of PARPis in
the neoadjuvant/adjuvant treatment of BC are summarized in Table 2.
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Table 2. Clinical trials with PARP inhibitors in the neoadjuvant/adjuvant treatment of BC.

Trial Study Design No. of Pts Phase
Patients’

Population
Primary

Endpoint
Results

OlympiA [75] Olaparib vs. placebo 1836 III
Early-stage gBRCA
adjuvant therapy

IDFS 85.9% vs. 77.1%

BrighTNess [71]
CP + veliparib or CP +
placebo or P + placebo

+ placebo→AC
634 III

Stage II or III TNBC
gBRCA

neoadjuvant
therapy

pCR
58% vs. 53% vs.

31%

I-SPY 2 [70]
CP +

veliparib/placebo→AC
116 II

Stage II or III TNBC
neoadjuvant

therapy
pCR 51% vs. 26%

Abbreviations: AC (doxorubicin plus cyclophosphamide); C (carboplatin); P (paclitaxel); gBRCA (germline BRCA1/2 mutation); IDFS (inva-
sive disease-free survival); pCR (pathological complete response).

4. Combination Strategies with PARPis in BC Treatment

4.1. PARPis and Chemotherapy

The mechanism of action of the majority of chemotherapeutic drugs is the damage
to the DNA of cancer cells. PARPis alter DNA repair mechanisms and may be used
as chemo-sensitizers. This hypothesis was examined by the trials cited above, as the
BrighTNess, which combined veliparib with carboplatin and paclitaxel, or the GeparOLA,
which combined olaparib and paclitaxel. However, despite obtaining promising results at
the preclinical data analysis stage, the concomitant combination of a PARPi with a cytotoxic
agent, including temozolomide, platinum salts, gemcitabine, or topoisomerase inhibitors,
has been shown to be tricky in terms of toxicities, with an increase of hematological
toxicity, leading to control by PARPi or chemotherapy dose reduction [76]. Regarding the
effectiveness, the benefit of these combinations still remains to be established in populations
with BRCA1/2 or HRD mutations as well as in patients without such anomalies.

Veliparib (ABT-888) has primarily been evaluated in combination with platinum salt
chemotherapy in advanced mBC. Indeed, its low activity in terms of “trapping” of PARP-1
allows for its development in combination with chemotherapy. Several phase-I trials have
been reported evaluating the maximum tolerated dose and the potential efficacy of veli-
parib in solid tumors, alone [77] or in combination with other systemic treatments [78].
In 2017, Han et al. [79] reported the results of the BROCADE trial, a randomized phase-II
trial evaluating the combination of veliparib with carboplatin and paclitaxel in the treat-
ment of locally advanced or BRCA1/2-mutated HER2-negative BC. A third arm studied the
combination of veliparib with temozolomide, an alkylating agent, that has demonstrated
potential synergistic efficacy in combination with PARPis [80]. In each arm, veliparib
was administered at low doses and both intermittently and concomitantly with the ad-
ministration of chemotherapy (carboplatin or temozolomide). No significant difference
was observed in the mean PFS with the addition of veliparib to carboplatin/paclitaxel.
In contrast, there was a significant increase in the ORR in the experimental arms (ORR
77.8% vs. 61.3%, p = 0.027). The ORR of 61.3% in the carboplatin and paclitaxel arm
confirmed previous data on the efficacy of platinum salts in the treatment of BRCA1/2
mutated cancers [81]. As already described for the other PARPis, hematological adverse
events such as neutropenia and thrombocytopenia were the most reported. Moreover,
disappointing results were reported in the veliparib plus temozolomide arm with an ORR
of 28.6%. In 2020, Dieras et al. [69] reported the results of the BROCADE3 trial, a random-
ized (2:1) phase-III double-blind trial, evaluating veliparib vs. placebo in combination
with carboplatin (administered every 3 weeks) and paclitaxel (administered weekly) in the
treatment of locally advanced or metastatic HER2-negative BC with a BRCA1/2 germline
mutation. Veliparib was administered orally at a low dose (120 mg twice daily) from
day 2 to day 5, carboplatin with AUC 6 on day 1 every three weeks and paclitaxel on a
weekly basis. If chemotherapy was discontinued, veliparib was continued as a full-dose
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maintenance monotherapy (300–400 mg/day). A crossover was planned for progression to
veliparib monotherapy in patients receiving a placebo. The addition of veliparib showed
an increase in the median PFS from 13.5 to 19.3 months after Blinded Central Review.

4.2. PARPis and Immunotherapy

Checkpoint inhibitors, such as anti-CTLA4 and anti-PD-1/PD-L1, seem to be more
effective against cancer with a high mutagenic burden, probably because they have an
increased propensity to produce neo-antigens for immune activations [82]. Therefore,
tumors with BRCA1/2 mutations or BRCAness, given the potentially high mutagenic
burden, might be particularly responsive to checkpoint inhibitors [83].

Moreover, preclinical studies demonstrated an increased expression of immunologic
markers such as tumor-infiltrating lymphocytes (TILs), especially in BRCA1/2-mutated
TNBC [84]. In addition, in this specific subtype, olaparib has been shown to stimulate
PD-L1 expression in tumor cells, improving anti-PD-1 antibody efficacy. Considering these
data, clinical trials are underway to assess the combination of PARPis and immunological
checkpoint inhibitors [85]. MEDIOLA is a phase-II trial evaluating the combination of
olaparib plus durvalumab (anti-PD-L1 monoclonal antibody) in mBC HER2-negative
with a BRCA1/2 germline mutation. Patients were randomized to receive olaparib as
monotherapy at a dose of 300 mg, twice daily for four weeks, followed by durvalumab
1500 mg intravenously for four-week cycles, with disease assessment every eight weeks.
Domchek et al. published the results concerning the first 25 patients who showed a disease
control rate at 24 weeks of nearly 50% without differences, according to hormonal or
mutational status, and without an increase in toxicities during dual therapy [86]. MEDIOLA
is the first study to report encouraging results for hormone receptor (HR)-positive germline
BRCA1/2-mutated mBC treated with PARPis in combination with immune checkpoint
inhibitors. Similarly, TOPACIO [87] is a phase-I/II trial evaluating the combination of
niraparib with pembrolizumab (anti-PD-1 monoclonal antibody), particularly in metastatic
TNBCs and in ovarian cancers. A total of 55 women were included in the BC cohort to
receive niraparib at the recommended dose in phase I, i.e., 200 mg per day, in combination
with pembrolizumab (200 mg intravenous on day 1/21). Of the 47 evaluable patients,
21% presented an ORR with five patients in complete response and five in partial response.
Among 15 patients with a BRCA1/2 germline mutation, 32% showed an ORR.

4.3. Other Innovative Combinations

Recent preclinical studies are interested in combining PARPis with other molecular
targeted therapies to interfere with oncogenic pathways such as VEGF, IGF, PI3K and EGFR.
For instance, the PI3K/mTOR signaling pathway is essential, particularly in detecting DNA
DSBs, and it might be involved in the expression of BRCA1 and BRCA2 [76]. Therefore,
PI3K inhibition could potentially weaken the HRR mechanism, resulting in a “BRCAness”
tumor phenotype, regardless of BRCA1/2 mutational status, increasing the effect of PARPis.
Accordingly, early-phase clinical trials have been initiated evaluating the combination of
PI3K or mTOR inhibitors with PARPis. In addition, several studies are currently underway
evaluating treatments targeting molecules involved in cell cycle regulation or DNA repair,
in association with PARPis [88]. These trials included a phase-II study of olaparib and ATR
inhibitor (NCT02264678), a phase-IB study of olaparib and WEE1 inhibitor (NCT02511795),
and a phase-II study randomizing olaparib as monotherapy vs. olaparib and WEE1 or ATR
inhibitor in TNBC (VIOLETTE test, NCT03330847). A deeper knowledge of the biology
of the HR-positive mBC with germline BRCA1/2 mutations is necessary to define further
studies with PARPis and immune checkpoint inhibitors, based on known lower response
to anti-PD-L1 drugs and the potential sensitivity to CDK4/6 inhibitors; further studeis are
needed to investigate the combination or the sequence of PARP inhibitors and CDK4/6
inhibitors (e.g., olaparib, fulvestrant and palbociclib–NCT03685331). Ongoing clinical trials
of PARPis in combination with molecular targeted therapies are summarized in Table 3.
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Table 3. Selected ongoing trials with PARP inhibitors in combinations with molecular targeted therapies.

Clinical Trial Identifier Study Design Intervention/s Setting Primary Endpoint Phase Status

NCT02264678

330 Participants,
Interventional, Parallel

Assignment, open-label,
Non-Randomized, Multi-center

Olaparib + Ceralasertib

Advanced solid
malignancies not considered

appropriate for further
standard treatment

AE and SAE I Recruiting

NCT02511795

128 Participants,
Interventional, Parallel

Assignment, open-label,
Non-randomized

Olaparib + Adavosertib Refractory solid tumor DLT, MTD, TEAEs Ib Completed

NCT03330847
(VIOLETTE)

273 Participants
Interventional, Parallel

Assignment, open-label,
Randomized, Multi-center

Olaparib + Ceralasertib
Olaparib + Adavosertib

Second or third line PFS, ORR, DoR II Active, Not Recruiting

NCT03685331 (HOPE)

54 Participants,
Interventional, Sequential
Assignment, open-label,

Non randomized

Olaparib + Palbociclib +
Fulvestrant

First, second and third line PFS I/II Recruiting

NCT01905592 (BRAVO)

215 Participants,
Interventional, Parallel

Assignment, open-label,
Randomized, Multi-center

Niraparib
First, second line and third

line
PFS III Active, Not recruiting

Abbreviations: Adverse Events, AE; Dose Limiting Toxicity, DLT; Duration of response, DoR; Maximum Tolerated Dose, MTD; Objective Response Rate, ORR; Progression Free Survival, PFS; Serious Adverse
Events, SAEs; Treatment-emergent adverse events, TEAEs. The information was extracted from www.clinicaltrials.gov (accessed on 15 July 2021).
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5. Acquired Resistance to PARPis

As PARPi therapy entered the clinical practice, resistance mechanisms to the treatment
have emerged. Mutations in BRCA1 and BRCA2 genes are excellent targets for PARPis,
but it has been shown that in 40–70% of patients the therapy is not effective [61].

The resistance to PARPis can be innate, when PARPis are ineffective from the begin-
ning of the treatment for the presence of intrinsic resistance mechanisms, or acquired,
when PARPis become ineffective after an initial benefit for the patient [89].

While innate resistance to PARPis is poorly known, several mechanisms of acquired
resistance have been observed during the treatment with PARPis.

5.1. Restoration of BRCA1 and BRCA2 Functionality

Among the resistance mechanisms occurring during the treatment with PARPis,
the restoration of BRCA1 and BRCA2 functionality by reversion mutations is the most
common one [60,90–99].

Quigley et al. demonstrated the acquisition of a multi-nucleotide deletion that removes
pathogenic mutation in BRCA2 gene, restoring the correct open reading frame (ORF).
Thus after some months of treatment, the recovered protein brings tumor cells to the loss of
sensitivity to the PARPi Talazoparib [100]. Another group identified a deleterious germline
mutation in BRCA2, whose carrier patient was treated with carboplatin and Rucaparib.
After therapies, they identified in cfDNA twelve new somatic mutations that have occurred.
Six new variants determined the restoration of the correct ORF [101]. Secondary restoration
mutations have been observed also in other genes involved in the HRR system, for example
in RAD51B and RAD51C [102].

5.2. Hypomorphic Forms of BRCA1

Another resistance mechanism observed during PARPi treatment is the partial restoration
of HRR through increased activity of hypomorphic mutant BRCA1/2 proteins [103,104].
In particular, it has been observed that the knockout of 53BP1, a protein involved in DSB
repair, can cause partial rescuing of the HRR in hypomorphic BRCA1 cells making them
resistant to PARPi treatment [105].

5.3. Epigenetic Changes in HRR Genes

PARPi resistance can be the result of epigenetic changes in HRR genes. In particular,
promoter hypermethylation of genes such as BRCA1/2 determines a reduced expression
of the corresponding mRNAs that results in HRD and PARPi sensitivity. On the opposite,
the demethylation of these genes is associated with the restoration of protein expression
and resistance to PARPi treatment [102,106,107].

5.4. Loss of End Resection Regulation

Another player involved in the PARPi resistance mechanism is the 53BP1 protein,
whose loss in mice with a BRCA1 mutation determines resistance to PARPi treatment
restoring the HRR system. Furthermore, this mechanism seems to be dependent on ATM,
another possible target in PARPi-resistant tumors [108]. PARPi resistance can also occur in
presence of BRCA1 mutations disrupting the N-term RING domain, taking advantage of
the residual DNA repair activity of the protein [109,110].

Moreover, another player involved in the PARPi resistance mechanism is the PTEN
protein, since the concomitant presence of PTEN loss and BRCA1 mutation rewires the
functionality of the HRR system [111].

5.5. Restoration of PARP-1 Activity

The PARP-1 enzyme is another player in PARPi resistance mechanisms, since muta-
tions in the Zinc Finger Domain (ZFD) of PARP-1 that abolish DNA binding cause PARPi
resistance [112]. Previous studies have demonstrated that a decrease in PARP-1 expression
during PARPi treatment can promote the onset of a resistance mechanism [113]. In a
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different study, phosphorylation of PARP-1 by receptor tyrosine kinase c-Met has been
shown to determine an increase in its enzymatic activity and reduce the binding to PARPi,
thereby rendering cancer cells resistant to the treatment [114].

Another important player is the poly(ADP-ribose glycohydrolase (PARG), an enzyme
the degrades the ADP-ribose chain synthetized by PARP-1. The depletion of PARG leads
to the partial restoration of PARP-1 activity, inducing less sensitivity to PARPis [115].

5.6. NHEJ Suppression

Different repair pathways act during the cell cycle in the repair of DNA damage: NHEJ
and HRR are complementary arms of the same system. When DNA strand breaks occur,
a precise balance between these two regulatory systems is maintained by competition in
binding broken strand ends, by Ku complex or MRN complex, respectively. The miR-662
can induce resistance to PARPis and platinum in BRCA1-mutant cells by targeting the Ku
complex and restoring HRR. Indeed, in BRCA1-mutated ovarian tumors, the overexpression
of miR-622 is associated with a reduced response to PARPi and platinum therapy [116,117].

5.7. Replication Fork Protection

Multiple studies showed that HRD tumor cells can develop PARPi resistance through
the protection of the replication forks during DNA replication [118,119]. In particular,
BRCA1/2-deficient cells have been shown to be able of reducing the recruitment of nu-
cleases, such as MRE11 and MUS81, to the stalled forks, becoming resistant to the PARPi
treatment without restoring the HRR [120,121].

5.8. Drug Concentration

The ABCB1 gene encodes a transmembrane transporter P-glycoprotein that pumps out
from cells a wide range of xenobiotic compounds, including drugs such as PARPis [122,123].
The overexpression of ABCB1 has been associated with PARPi resistance [124]. P-glycoprotein
inhibitors are able to restore the PARPi sensitivity in BRCA1-deficient cells [125].

6. Conclusions

Going forward, it has been well established that PARPis should be a component of the
therapeutic strategy for BC arising in BRCA1/2 mutation carriers. Furthermore, their appli-
cation will likely move beyond metastatic setting to the adjuvant and neoadjuvant settings.
In both OlympiAD and EMBRACA trials, PARPis demonstrated survival and quality of
life benefit compared to chemotherapy. However, the side effects associated with platinum
salts are known and are considered clinically significant. The PARPis talazoparib and
olaparib as maintenance therapy, after initial cytotoxic chemotherapy (with or without
platinum), have not been clearly evaluated, although patients with stable disease after
chemotherapy may be included in EMBRACA. On the other hand, this strategy has been
clearly provided in the BROCADE3 trial and may have played a major role in the PFS
benefit observed in this trial.

Nowadays, both talazoparib and olaparib are registered in the treatment of metastatic
or locally advanced BRCA1/2-mutated HER2-negative BC. However, patients must have
received prior treatment with anthracyclines and taxanes in an adjuvant, neoadjuvant
or metastatic setting. Moreover, PARPis might be used from the first line of cytotoxic
treatment, but in tumors expressing hormone receptors, prior hormone therapy must have
been administered or the patients must not be candidates for it. At this point, it is notewor-
thy to discuss different clinical strategies: in TNBCs with a BRCA1/2 germline mutation
and PD-L1 expression, which strategy should be adopted between taxanes-atezolizumab
combination and PARPis? The OS benefit, in the IMpassion 130 study, favoring the chemo-
immunotherapy combination does not seem to be impacted by the BRCA1/2 mutational
status [82,126]. On the other hand, in hormone receptor-positive BC patients, who have
already been exposed to hormone therapy but not in combination with CDK4/6 inhibitors,
should PARPis be preferred over a combination of hormone therapy plus cell cycle in-
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hibitors? Given the increased OS associated with the latter combination [83,127,128], this is
probably the most reasonable option. In the absence of visceral crisis, PARPis might be
useful when hormone therapy is no longer effective. The is no direct comparison beteween
PARPis and platinum salt-based chemotherapy: the efficacy of platinum salts in germline
BRCA1/2-mutated patients is already underscored in the metastatic setting [129]. Finally,
reinforcing the role of already approved PARPis, in a meta-analysis, Schettini et al. showed
that PARPi regimens are correlated with an overall reduction in the instantaneous risk of
progression of 41%, and about 14% reduction in the instantaneous risk of death. In addi-
tion, based on the results of subgroup analysis, they found an association between PARPis
and PFS in ovarian cancer, prostate cancer, pancreatic cancer, melanoma and small-cell
lung cancer, but also a statistically significant PFS improvement in BC, as it was already
described in olaparib and talazoparib pivotal trial [130].
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Abstract: Breast cancer is one of the major causes of deaths due to cancer, especially in women. The
crucial barrier for breast cancer treatment is resistance to radiation therapy, one of the important
local regional therapies. We previously established and characterized radio-resistant MDA-MB-231
breast cancer cells (RT-R-MDA-MB-231 cells) that harbor a high expression of cancer stem cells (CSCs)
and the EMT phenotype. In this study, we performed antibody array analysis to identify the hub
signaling mechanism for the radiation resistance of RT-R-MDA-MB-231 cells by comparing parental
MDA-MB-231 (p-MDA-MB-231) and RT-R-MDA-MB-231 cells. Antibody array analysis unveiled
that the MAPK1 protein was the most upregulated protein in RT-R-MDA-MB-231 cells compared to
in p-MDA-MB-231 cells. The pathway enrichment analysis also revealed the presence of MAPK1
in almost all enriched pathways. Thus, we used an MEK/ERK inhibitor, PD98059, to block the
MEK/ERK pathway and to identify the role of MAPK1 in the radio-resistance of RT-R-MDA-MB-231
cells. MEK/ERK inhibition induced cell death in both p-MDA-MB-231 and RT-R-MDA-MB-231 cells,
but the death mechanism for each cell was different; p-MDA-MB-231 cells underwent apoptosis,
showing cell shrinkage and PARP-1 cleavage, while RT-R-MDA-MB-231 cells underwent necroptosis,
showing mitochondrial dissipation, nuclear swelling, and an increase in the expressions of CypA
and AIF. In addition, MEK/ERK inhibition reversed the radio-resistance of RT-R-MDA-MB-231
cells and suppressed the increased expression of CSC markers (CD44 and OCT3/4) and the EMT
phenotype (β-catenin and N-cadherin/E-cadherin). Taken together, this study suggests that activated
ERK signaling is one of the major hub signals related to the radio-resistance of MDA-MB-231 breast
cancer cells.

Keywords: radiation-resistant; breast cancer; cell death; ERK; EMT; cancer stem cells (CSCs); PD98059

1. Introduction

Breast cancer is one of the major causes of death due to cancer worldwide, especially in
women [1]. For breast cancer, many therapies are available such as surgical resection, with
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or without lymph node dissection, radiation, and chemotherapy [2]. Radiation therapy is
one of the important local regional therapies for breast cancer treatment [3]. Radiotherapy is
applied for most breast cancer patients after surgical resection, but not all patients obtain the
same benefits, because some of them suffer from a loco-regional relapse. Radio-resistance
is the primary reason for this relapse [4].

Radio-resistance is a process in which the tumor cells or tissues adapt to radio therapy-
induced damage [5] and survive irradiation (IR) [6,7]. Radiation can induce a DNA
damage response (DDR), which causes cell cycle arrest and the induction of DNA repair,
even though the cells with more severe damage from the radiation are induced to undergo
apoptosis. The DDR may help the cells survive the IR-induced DNA damage, eventually
developing radio-resistance by increasing the DDR rate. In addition, repopulation, hypoxic
tumor areas, and cancer stemness are involved in radio-resistance. In DDR to IR and
cancer stemness, several signaling pathways are reportedly involved: phosphatidylinositol
3-kinase (PI3K), mitogen-activated protein kinase (MAPK), SIRT pathways, Wnt/β-catenin
signaling, IL22RA1/STAT3 signaling, and sonic Hedgehog signaling [8]. In addition to
the suggested signaling pathways, IR resistance comprises the involvement of a large
number of other proteins and their pathways [9,10]. Particularly, the radiation-induced
ERK activation allows cancer cells to overcome the G2/M phase, which is considered the
most vulnerable phase during IR, thereby causing radio-resistance [11–13].

MAPK pathways are key signaling pathways involved in the regulation of normal cell
proliferation, survival, and differentiation. Aberrant regulation of the MAPK pathways
contributes to the development of cancer; particularly, the extracellular signal-regulated
kinase (ERK) is crucially involved in cancer cell proliferation, survival, and metastasis [14].
ERK consists of the p44 ERK1 and p42 ERK2. The ERK is the only known substrate of
MEK. MEK1/2 activates ERK through dual tyrosine and threonine phosphorylation [15].
Thus, blocking the ERK pathway has proved to be an efficient mechanism to force cells
into a cell death pathway. To potentiate the anti-tumoral effects of various cytotoxic
agents, many trials of MEK1/2 pharmacological inhibitors (PD98059 [16], UO0126 [17],
and PD184352 [18]) have been used. In addition, recent studies have shown the synergetic
effect of the MEK/ERK inhibitor and radiation therapy [19].

Radio-resistant MDA-MB-231 breast cancer cells (RT-R-MDA-MB-231 cells) are re-
ported to have a high proliferation rate, metastatic activity, and adhesion to endothelial
cells compared with the parental MDA-MB-231 (p-MDA-MB-231) breast cancer cell line.
RT-R-MDA-MB-231 cells harbor increased expressions of cancer stem cell (CSC) markers
and the epithelial–mesenchymal transition (EMT) phenotype [8]. We hypothesized that
there is a key altered signaling (driving oncogenic signaling) involved in developing RT-
R-MDA-MB-231 cells. Here, we performed antibody microarray analysis to identify the
hub proteins involved in the radio-resistance of RT-R-MDA-MB 231 cells by comparing
p-MDA-MB-231 and RT-R-MDA-MB-231 cells because antibody microarray analysis is one
of the technologies used for high-throughput protein characterization and discovery [10].
Antibody array analysis is used to measure the expression level of proteins between two
different samples [9].

This study was designed to decipher the proteomic differences between p-MDA-MB-
231 and RT-R-MDA-MB-231 cells, enabling us to corroborate our findings at the molecular
level. In addition, we also aimed to investigate the importance of the key altered signaling
in the reversal of radio-resistance and the regulation of the CSC and EMT phenotypes that
are strongly associated with radio-resistance.

2. Results

2.1. Proteomic Profiling of RT-R-MDA-MB-231 Cell Lines

To determine the key altered expressions of proteins involved in the radio-resistance
of RT-R-MDA-MB 231 cells, we performed and analyzed antibody microarrays to assess the
difference in protein expressions between p-MDA-MB-231 and RT-R-MDA-MB-231 cells.
The internal normalization ratio (INR) was kept as INR > 1.0 and INR < 1.0. With respect
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to this value, we selected around 10 upregulated proteins and 16 downregulated proteins,
which are specified in Figure 1A. The highly expressed proteins included mitogen-activated
protein kinase 1 (MAPK1), which exhibited about a 2.81-fold increase compared to the
p-MDA-MB-231 cells. Next to MAPK1, the highly expressed protein was dual-specificity
protein kinase CDC-like kinases (CLK1), which exhibited a 1.32-fold increase.

 

 

Figure 1. Antibody array analysis of radiation-resistant MDA-MB 231 breast cancer cells (RT-R-MDA-MB-231 cells). (A) 
Figure 1. Antibody array analysis of radiation-resistant MDA-MB 231 breast cancer cells (RT-R-MDA-MB-231 cells).
(A) Graphical representation of differentially expressed proteins with respect to the fold change in RT-R-MDA-MB-231
cells compared to parental MDA-MB-231 (p-MDA-MB-231) cells. (B) Gene ontology enrichment analysis of differentially
expressed proteins in RT-R-MDA-MB-231 cells by KEGG analysis. GO enrichment analysis showed that MAPK1 is related
to all the suggested signaling pathways involved in the radio-resistance of RT-R-MDA-MB-231 cells (Table 1).

Among the 16 downregulated proteins, caspase 3 was the most downregulated in
the RT-R-MDA-MB-231 cells, which is suggested as one of the mechanisms for RT resis-
tance [20]. Figure 1A shows a graphical representation of the proteins concerning the fold
change. These findings suggested that the upregulation of MAPK1, CLK1, and FGF22 and
the downregulation of caspase 3 might be involved in the acquisition of radio-resistant
MDA-MB-231 cells.
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Table 1. GO enrichment analysis of differentially expressed proteins. GO enrichment analysis showed
that MAPK1 is related to all the suggested signaling pathways involved in the radio-resistance of
RT-R-MDA-MB-231 cells.

Pathways Genes
Genes Involved in
the Pathways (%)

KEGG Pathway
Entry

MAPK signaling
pathway

MAPK1, CASP3, FGF22,
MAPK11, IL1A

18 map04010

NOD-like receptor
signaling pathway

MAPK1, HSP90AA1,
MAPK11

15 map04621

PI3K-Akt signaling
pathway

MAPK1, EIF4EBP1,
HSP90AA1, FGF22, F2R

15 map04151

Pathways in cancer
MAPK1, CASP3,

HSP90AA1, FGF22, F2R
13 map05200

Rap1 signaling
pathway

MAPK1, FGF22,
MAPK11, F2R

13 map04015

TNF signaling
pathway

MAPK1, CASP3,
MAPK11

11 map04668

Proteoglycans in
cancer

MAPK1, CASP3,
MAPK11

8 map05205

Regulation of actin
cytoskeleton

MAPK1, FGF22, F2R 7 map04810

2.2. MAPK1 Is the Most Important Signaling Pathway in Acquiring Radio-Resistant
RT-R-MDA-MB-231 Cells

Gene ontology (GO) enrichment analysis of differentially expressed proteins was
carried out with the use of KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway
analysis. The KEGG pathway analysis showed that the most significant pathway involved
in the RT-R-MDA-MB-231 cells was the MAPK1 signaling pathway (Figure 1B). GO en-
richment analysis suggested that MAPK1 is the most important signaling pathway in
acquiring radio-resistant RT-R-MDA-MB-231 cells. The differentially expressed proteins
were interrogated using the STRING database for the protein–protein interaction network
analysis. String analysis of the protein–protein interaction (PPI) network generated an
interconnected protein network with a medium confidence level of 0.04, which created a
single module. The PPI network analysis of differentially expressed proteins showed a
single module with 15 proteins such as MAPK1, CASP3, FGF22, MAPK11, HSP90AA1,
and F2R. They are involved in MAPK signaling, NOD-like receptor signaling, PI3K-Akt
signaling, and Pathways in cancer. The highly increased MAPK1 is related to all the
suggested pathways. In addition, this module revealed that MAPK1 harbored a direct
protein–protein interaction with caspase 3, which is crucial in inducing programmed cell
death type 1 (apoptosis) (Figure 2). These findings support MAPK1 as being one of the
important proteins involved in the acquisition of radio-resistant MDA-MB-231 cells.

2.3. ERK Signaling Was Important in the Cell Survival of RT-R-MDA-MB-231 Cells, and the
Inhibition of MEK/ERK Signaling Reversed the Radio-Resistance of MDA-MB-231 Cells

To investigate the inhibitory effect of a MEK/ERK inhibitor, PD98059, in RT-R-MDA-
MB-231 cells, we performed cell viability assays in p-MDA-MB-231 cells and RT-R-MDA-
MB-231 cells. Morphological analysis (Figure 3A) revealed that the RT-R-MDA-MB-231
cells were highly proliferative compared to the p-MDA-MB-231 cells even in the low dose
of PD98059-treated cells (less than 20 µM). However, the proliferation rate of RT-R-MDA-
MB-231 cells was not higher when they were treated with 20 µM of PD98059. The MTT
assay showed that the anti-cancer effect of PD98059 was greater on RT-R-MDA-MB-231
cells than on p-MDA-MB-231 cells (Figure 3B). Morphological analysis (Figure 3A) also
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revealed that more cell deaths and cellular collapse were observed in RT-R-MDA-MB-231
cells than in p-MDA-MB-231 cells. In addition, there was a difference in morphology of
the cell death between p-MDA-MB-231 cells and RT-R-MDA-MB-231 cells (Figure 3A).
These findings suggested that ERK signaling should be important in the cell survival
of RT-R-MDA-MB-231 cells, and that the inhibition of ERK signaling might reverse the
radio-resistance of MDA-MB-231 cells.

μ
μ

Figure 2. STRING (Cytoscape 3.6) analysis showed the protein–protein interaction (PPI) network of
13 proteins such as MAPK1, CASP3, FGF22, MAPK11, HSP90AA1, and F2R. They are involved in
MAPK signaling, NOD-like receptor signaling, PI3K-Akt signaling, and Pathways in cancer in RT-R-
MDA-MB-231 cells. The lines connecting the proteins depict “known” or “predicted” interactions.
The thickness of the line corresponds to the strength of the interaction between the proteins. A total
of 30 edges (protein–protein relationships) were discovered from 22 expected edges.
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Figure 3. A MEK/ERK inhibitor (PD98059) inhibited the proliferation and promoted cell death in both p-MDA-MB-231
and RT-R-MDA-MB-231 cells. (A) p-MDA-MB-231 and RT-R-MDA-MB-231 cells were treated with PD98059 at the given
concentrations. Morphological analyses were performed under a light microscope at 48 h. MEK/ERK inhibition resulted in
significant morphological changes in both p-MDA-MB-231 and RT-R-MDA-MB-231 cells with a loss of cell integrity, as well
as the reduction in cell population compared to the untreated intact cells (magnification, ×200; scale bar, 200 µm). (B) Cell
viability was determined via MTT assay. The graph represents the % of viable cells after MEK/ERK inhibition. The values
are expressed as mean ± standard deviation (SD) (n = 5) (* p < 0.05 vs. each control; ** p < 0.01 vs. each control; *** p < 0.005
vs. each control).

2.4. Inhibition of ERK Signaling Reversed the Radio-Resistance of RT-R-MDA-MB-231 Cells

To explore the radio-sensitivity of both p-MDA-MB-231 and RT-R-MDA-MB-231 cells,
we performed a colony formation assay. This revealed that RT-R-MDA-MB-231 cells were
resistant to radiation (RT) until 4 Gy, whereas p-MDA-MB-231 cells were sensitive to RT
treatment (Figure 4A,B). The colony number of RT-R-MDA-MB-231 cells was higher than
that of p-MDA-MB-231 cells, which suggested that the RT-R-MDA-MB-231 cells were
highly proliferative compared to p-MDA-MB-231 cells (Figure 4A,B). To investigate the
correlation between activated ERK signaling and radio-resistance in RT-R-MDA-MB-231
cells, we performed an ERK inhibition test with a colony formation assay. As shown
in Figure 4C,D, the inhibition of MEK/ERK (at 20 µM of PD98059) reversed the radio-
resistance of RT-R-MDA-MB-231 cells. These findings support the importance of activated
ERK signaling for the radio-resistance of RT-R-MDA-MB-231 cells.

2.5. Inhibition of ERK Signaling-Induced Necroptosis of RT-R-MDA-MB-231 Cells While It
Induced the Apoptosis of p-MDA-MB-231 Cells

In Figure 3A, we found differences in the morphology between p-MDA-MB-231 cells
and RT-R-MDA-MB-231 cells after ERK inhibition. To elucidate the differences in cell
morphology between the two types of cells, we performed mitochondria staining, Mayer’s
hematoxylin staining for the cell structure, and DAPI for the nucleus. MitoTracker® Red
staining is used to show the live time status of mitochondria [21]. The staining revealed
that, with the treatment of the MEK/ERK inhibitor, mitochondrial fragmentation was
seen in RT-R-MDA-MB-231 cells at the 24 h-inhibition of ERK signaling (Figure 5A). With
the inhibition of ERK signaling, RT-R-MDA-MB-231 cells showed more fragmentation
and swollen mitochondria than p-MDA-MB-231 cells did, suggesting that ERK inhibition
contributes to the mitochondrial fission in RT-R-MDA-MB-231 cells. Mayer’s hematoxylin
staining revealed that 24 h-MEK/ERK inhibition induced the cell swelling of nuclei and
cytoplasm in RT-R-MDA-MB-231, while it induced the shrinkage of nuclei in the p-MDA-
MB-231 cell (Figure 5B). These results were also confirmed with DAPI staining. The DAPI
staining revealed a high level of nuclear swelling in RT-R-MDA-MB-231 cells treated with
the MEK/ERK inhibitor, and it revealed nuclear fragmentation in p-MDA-MB-231 cells
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(Figure 5C). These results suggest that the ERK inhibition promotes cell death in both
p-MDA-MB-231 and RT-R-MDA-MB-231 cells, but that the mechanisms for the cell death
of the two cells were different.

 

Figure 4. Clonogenic assay for effects of ERK inhibition on radio-resistance of RT-R-MDA-MB-231 cells. (A) Graphical
representation of survival fraction of p-MDA-MB-231 cells and RT-R-MDA-MB-231 cells in % with the number of colonies
after RT treatment. (B) Colony formation assay of RT-R-MDA-MB-231 cells and MDA-MB-231 cells. The cells were irradiated
with different doses of RT (as indicated), they were grown for 2 weeks, and they were then stained with 0.1% Giemsa stain.
Images were captured by a CCD (charge-coupled device) camera and the figures are representative of three independent
experiments. (C) Graphical representation of RT-R-MDA-MB-231 cells survival fraction in % with the number of colonies
after MEK/ERK inhibition with and without IR. (D) Colony formation assay of RT-R-MDA-MB-231 cells after MEK/ERK
inhibition with and without IR and recorded as specified in (B). The values are represented as mean ± standard deviation
(SD) (n = 5). ** p < 0.01; *** p < 0.005.

2.6. ERK Inhibition Induced Caspase Activation and PARP-1 Cleavages in p-MDA-MB-231 Cells,
While It Did Increase the Expression of Cyclophilin A (CypA) and AIF in RT-R-MDA-MB-231
Cells

To molecularly confirm the difference in cell death between p-MDA-MB-231 and
RT-R-MDA-MB-231 cells, we performed Western blot analysis. Figure 6 demonstrates
that, in MDA-MB-231 cells, ERK inhibition induced the cleavage PARP-1 and caspase-3,
which is a hallmark for caspase-dependent apoptosis, but that, in the RT-R-MDA-MB-231
cells, ERK inhibition induced AIF (apoptosis-inducing factor), which positively regulates
the CypA protein, which is considered a biomarker of necroptosis [22]. These findings
support ERK inhibition inducing the apoptosis of p-MDA-MB-231 and the necroptosis of
RT-R-MDA-MB-231 cells.
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Figure 5. The difference in cell morphology between p-MDA-MB-231 and RT-R-MDA-MB-231 cells
during ERK inhibition. Cells were seeded in 12-well plates with a 1 × 105 cell/well density treated
with the indicated concentrations of the MEK/ERK inhibitor (PD98059) for 24 h. (A) Mitochondrial
morphology was analyzed with a fluorescent microscope after staining with MitoTracker (red). (B) Light
microscopy of hematoxylin-stained cells showed the whole cell morphology of the MEK/ERK inhibitor-
induced cell death. (C) Nuclear morphology analysis of the MEK/ERK inhibitor-induced cell death
with DAPI staining. Results were confirmed by three independent experiments.

2.7. ERK Inhibition Reduced the Expression of Cancer Stem Cell (CSC) Markers (CD44 and Oct 3
4 )

and the EMT Phenotype, Which Is Closely Related to the Radio-Resistance of RT-R-MDA-MB-231
Cells

It was reported that CSC markers and EMT phenotypes were highly expressed in RT-R-
MDA-MB-231 cells compared to the p-MDA-MB-231 cells, and that their high expression was
closely related to radio-resistance [8]. Here, we assessed the effect of ERK inhibition on the
expression of CSC markers and the EMT phenotype on both MDA-MB-231 and RT-R-MDA-
MB-231 cells. As previously reported, Western blot analysis revealed that RT-R-MDA-MB-231
cells showed a higher expression of CSC markers (CD44 and Oct 3/4) and EMT markers (N-
cadherin and β-catenin) compared to the p-MDA-MB-231 cells (Figure 7A,B). ERK inhibition
significantly suppressed the expression of CSC markers and the EMT phenotype in both
p-MDA-MB-231 and RT-R-MDA-MB-231 cells (Figure 7A,B). In addition, the ERK inhibition
more prominently suppressed the EMT phenotype of RT-R-MDA-MB-231 cells than p-MDA-
MB-231 cells. These findings indicated that the ERK inhibition clearly suppressed the high
expression of CSC markers and the EMT phenotype of RT-R-MDA-MB-231 cells that are
reportedly associated with radio-resistance [5].
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Figure 6. Effects of ERK inhibition on cell death-related proteins in both p-MDA-MB-231 and RT-R-MDA-MB-231 cells. Cells were seeded with a seeding density of 5 × 104 cells and
were pretreated with the MEK/ERK inhibitor (PD98059) for 48 h. The control cells were left untreated. The whole cell protein lysate was prepared and 30 µg of proteins was resolved in
SDS-polyacrylamide gels. (A) Western blot analysis of various cell death-related proteins. (B) Densitometry analysis of the data in Western blot analysis by ImageJ software. The values
were normalized against β-actin, and they are represented as mean ± standard deviation (SD) (n = 3). ** p < 0.01; *** p < 0.005 vs. the control group.
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Figure 7. Effects of ERK inhibition on the expression of CSC markers (CD44 and Oct 3
4 ), β-catenin, and EMT markers (E-cadherin and N-cadherin) in both p-MDA-MB-231 and

RT-R-MDA-MB-231 cells. (A) Western blot analysis of CSC markers (CD44 and Oct 3
4 ), β-catenin, and EMT markers (E-cadherin and N-cadherin). (B) Densitometry analysis of the data in

Western blot analysis by ImageJ software. The values were normalized against β-actin, and they are represented as mean ± standard deviation (SD) (n = 5). ** p < 0.01; *** p < 0.005 vs. the
control group.

84



Int. J. Mol. Sci. 2021, 22, 4940

3. Material and Methods

3.1. Protein Array Analysis

The total proteins of p-MDA-MB-231 and RT-R-MDA-MB-231 cells were isolated with
a radioimmunoprecipitation assay (RIPA) buffer, which contained 0.1% NP-40 and 0.1%
sodium dodecyl sulfate in phosphate-buffered saline (PBS) containing a protease inhibitor
cocktail (Sigma Aldrich, St. Louis, MO, USA). The expression profiling of proteins was
analyzed by a Signaling Explorer Antibody Array (Ebiogen, Seoul, Korea).

3.2. Bioinformatics Analysis

The obtained proteins from the antibody array analysis were further submitted to
DAVID (The Database for Annotation, Visualization, and Integrated Discovery). DAVID
is an online tool that provides a biological understanding between two or more data sets
of genes, and it can also be used to determine gene ontology (GO) in terms of biological
processes and cellular processes. To determine the pathways involved in the identified
genes, KEGG (Kyoto Encyclopedia of Genes and Genomes) (https://www.genome.jp/
kegg/pathway.html, accessed on 20 October 2018) was employed. The selected genes were
investigated for potential protein–protein interactions using STRING (Search Tool for the
Retrieval of Interacting Genes) database version: 10.5 (https://string-db.org, accessed on
19 February 2021). For the display of protein interactions, selected proteins were uploaded
into the STRING database and assessed using Cytoscape Software version Cytoscape_v3.7.1
(https://www.cytoscape.org, accessed on 19 February 2021). To access the interaction of
the experimental data and to provide unambiguous comprehensive coverage, the online
tool string was used.

3.3. Cell Culture

RT-MDA-MB-231 cells were established as previously described [8]. Briefly, MDA-
MB-231 cells were fractionated with X-ray irradiation until a final dose of 50 Gy was
reached. p-MDA-MB-231 and RT-MDA-MB-231 cells were cultured in RPMI-1450 medium
supplemented with 10% heat-inactivated FBS and 1% penicillin/streptomycin. The cells
were maintained at 37 ◦C in a 5% CO2 incubator. The cells were grown with 80% confluence
and were treated with a MEK/ERK inhibitor (PD98059) dissolved in DMSO or DMSO
alone.

3.4. Cell Viability Assay

We used a calorimetric assay, MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide), to analyze the cell viability. The cells were seeded in 24-well plates with a
confluence of 1 × 105 cells/well, they were treated with the MEK/ERK inhibitor, and
they were maintained for 24 and 48 h at 37 ◦C in a 5% CO2 incubator. After incubation,
50 µL of MTT (0.5 mg in 1× PBS) was added to each well and incubated for about 2 h
at 37 ◦C in a 5% CO2 incubator. The media were removed and the formazan crystals
that formed in the live cells were dissolved with the 500 µL of DMSO. The solubilized
formazan crystals were transferred to 96-well plates and the absorbance was read by an
enzyme-linked immunosorbent assay (ELISA) reader at 540 nm. The cell viability was
quantified in percentage, while vehicle-treated control cells were set at 100%.

3.5. Colony Formation Assay

P-MDA-MB-231 or RT-R MDA-MB-231 cells (1 × 103 cells/well) were seeded in six-
well plates, treated with the indicated doses of the MEK/ERK inhibitor, and maintained at
37 ◦C in a 5% CO2 incubator. The cells were irradiated with a given concentration, and the
media were discarded after 24 h and replaced with fresh complete media every 2–3 days.
After 14 days, the medium was discarded and the cells were washed with 1× PBS thrice.
The colonies were fixed with absolute methanol for 10 min, stained with Giemsa staining
solution, and then maintained at room temperature. The number of colonies was counted
using ImageJ software.
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3.6. Cytochemical Staining Methods

3.6.1. Mitotracker Red Analysis

For mitochondrial morphology analysis, Mitotracker Red dye was used. The cells
were seeded with a confluence of 1 × 105 cell/well in 12-well plates, they were treated
with the MEK/ERK inhibitor for 24 h, and they were washed with 1× PBS and then
stained with 0.5 µL of Mitrotracker red in 500 µL of 1× PBS. The cells were incubated for
30 min in a 5% CO2 incubator at 37 ◦C. After incubation, the cells were viewed under a
fluorescent microscope for the analysis of the live mitochondrial status after the treatment
of a MEK/ERK inhibitor.

3.6.2. Hematoxylin Staining

The cells were seeded in 12-well plates with a confluence of 1 × 105 cells/well and
were grown for 24 h with the MEK/ERK inhibitor at 37 ◦C in a CO2 incubator. After
incubation, the cells were washed with 1× PBS and then fixed with 4% para-formaldehyde
overnight. The fixed cells were washed thrice with 1× PBS for about 5 min per wash,
they were stained with 200 µL of Mayer’s hematoxylin staining solution, and they were
incubated for 20 min in the dark at room temperature. Then, the cells were washed
thoroughly with 1× PBS, followed by 1 mL of 90% glycerol, and they were observed under
a phase-contrast microscope.

3.6.3. DAPI (4′,6-diamidino-2-phenylindole) Staining

For the nuclear morphological changes, DAPI staining was performed. The cells
were seeded in 12-well plates at a density of 1 × 105 cells/well with the treatment of the
MEK/ERK inhibitor for about 24 h, they were washed with 1× PBS, and they were fixed
overnight with 4% formaldehyde. After fixation, the cells were washed with 1× PBS thrice
for about 5 min per wash. DAPI solution (0.5 µL) was added to the 500 µL of 1× PBS,
which was incubated for 30 min at 37 ◦C with a 5% CO2 incubator. After incubation, the
cells were washed with 1× PBS and were fixed with 90% glycerol in 1× PBS. The cells were
viewed under a fluorescent microscope (Leica Microsystems GmbH, Wetzlar, Germany).

3.7. Western Blot Analysis

P-MDA-MB-231 and RT-MDA-MB-231 cells were seeded in 100 mm plates with a
cell density of 2 × 106 cells/plate. The cells were treated with the MEK/ERK inhibitor or
DMSO as a vehicle control and were maintained for 48 h at 37 ◦C with a 5% CO2 incubator.
After 48 h, the cells were harvested and transferred to 15 mL falcon tubes, and they were
centrifuged for 5 min at 2000 rpm. The supernatant was discarded, and the tubes were
centrifuged again to remove the residual supernatant. After complete removal of the
supernatant, 500 µL of the 2X sample buffer containing 100 mM of Tris-Cl (pH 6.8), 4%
(w/v) sodium dodecyl sulphate (SDS), 0.2% (w/v) bromophenol blue, and 200 mM of
dithiothreitol was added. The protein lysates were collected in 1.5 mL Eppendorf tubes and
kept at 100 ◦C for 10 min. The protein concentration was determined by the Bradford assay.
In addition, 30 µg of the proteins was resolved in 8–12% SDS-PAGE and was transferred to
a polyvinylidene difluoride membrane. After transfer, the membranes were blocked with
3% skimmed milk in Tris-buffered saline containing 1% Tween 20 (TBST) buffer for 30 min
at room temperature, and they were incubated at 4 ◦C overnight with antibodies against
actin (A5441, 1:10,000, Sigma-Aldrich, St. Louis, MO, USA), ERK (SC-94, 1:2000, Santa Cruz
Biotechnology, Dallas, TX, USA), p-ERK (SC-7383, 1:2000, Santa Cruz Biotechnology), CypA
(SC-134310, 1:2000, Santa Cruz Biotechnology), pro-caspase 9 (SC-56076, 1:2000, Santa Cruz
Biotechnology), pro-caspase 3 (SC-7272, 1:2000, Santa Cruz Biotechnology), AIF (SC-55519,
1:1000, Santa Cruz Biotechnology), PARP-1 (SC-8007, 1:2000, Santa Cruz Biotechnology),
CD44 (ab51037, 1:2000, Abcam, Cambridge, UK), β-catenin (SC-7199, 1:2000, Santa Cruz
Biotechnology), Oct 3/4 (SC-5279, 1:2000, Santa Cruz Biotechnology), E-cadherin (ab1416,
1:2000, Abcam), and N-cadherin (ab76011, 1:2000, Abcam). After overnight incubation
in primary antibodies, the membranes were washed with TBST buffer thrice for about

86



Int. J. Mol. Sci. 2021, 22, 4940

10 min per wash. Then, the membranes were incubated in horseradish peroxidase (HRP)-
conjugated secondary antibody for 2 h at room temperature with 1:2000 dilution. The
membranes were later washed with TBST buffer three times (10 min/wash) and were
developed with ECL (electrochemiluminescence) solutions (Bio-Rad Laboratory, Hercules,
CA, USA).

3.8. Statistical Analysis

All experiments were performed at least in triplicate, and all analyses were performed
with the use of GraphPad Prism 7 software (GraphPad Software, San Diego, CA, USA).
One-way ANOVA followed by the Newman–Keuls post hoc test was performed to compare
various treatment groups. The data were presented as mean ± standard deviation (SD).
A p-value <0.05 was considered statistically significant.

4. Discussion

Radiation therapy is one of the common and essential parts of breast cancer treatment.
Around half of the cancer patients go through radiation therapy at some point in their
treatment [23]. Ionizing radiation (IR) induces DNA damage through oxidative stress.
The free OH radicals are capable of promoting single-stranded and double-stranded DNA
breaks (SSB and DSB, respectively), which, in turn, triggers cell death [24]. Thus, cells
develop IR resistance by counteracting the four ‘R’s,’ which is DNA damage by DNA
repair, redistribution, repopulation, and reoxygenation through the activation of various
pathways [25]. Several studies have described the role of irradiation in breast cancer
pathways and the involvement of several proteins in the development of resistance against
radiation, which we have listed in Table 2. Only a small number of studies have investigated
mechanisms of acquired radio-resistance through the generation of radio-resistant cell lines,
which tend to focus on a single specific pathway. Thus, it is paramount to focus on the
signaling mechanism through the generation of the radio-resistant breast cancer cell line.

This study was designed to find the hub signaling involved in the RT resistance of
RT-R-MDA-MB-231 cells and to investigate the importance of the hub signaling in the
reversal of radio-resistance and the regulation of the CSC and EMT phenotype that is
highly associated with radio-resistance. We found that ERK signaling was highly activated
in RT-R-MDA-MB-231 cells compared to in p-MDA-MB-231 cells and that ERK signaling
was essential for the survival of both p-MDA-MB-231 and RT-R-MDA-MB-231 cells. In
addition, the RT resistance of RT-R-MDA-MB-231 cells was reversed by the inhibition of
ERK signaling (Figure 4). Furthermore, we demonstrated that the activated ERK signaling
was associated with cancer stemness and EMT phenotype (Figure 7). Considering all these
findings, we can conclude that activated ERK signaling is one of the major hub signaling
related to the acquisition of radio-resistant MDA-MB-231 cells.
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Table 2. List of studies involving radiation resistance and sensitivity in MDA-MB-231 cells or TNBC, and their possible
mechanisms behind it. The reports were mainly categorized into three parts as follows: (i) specific signaling pathways
involved in radio-resistant breast cancer cells, (ii) signaling pathways involved in radio-sensitivity, (iii) altered expression
of gene/proteins involved in radio-resistant breast cancer cells. (iv) Studies that did not fall into any of the three above
categories. Abbreviations: IFIT2—interferon-induced protein with tetratricopeptide repeats 2, TRIB3—tribbles homolog 3,
ESM-1—endothelial cell-specific molecule-1, DLX2—vertebrate distal-less homeobox 2.

No. Author Key Findings Year References

(i) Specific signaling pathways involved in radio-resistant breast cancer cells

1. Gray et al.

The radiation-resistant ER+ breast cancer cell line (MCF-7,
ZR-751) showed increased migration and invasion compared

to the radiation-resistant ER- breast cancer cell line
(MDA-MB-231). ER+ cells also showed a shift from ER to

EGFR signaling pathways with increased MAPK and
PI3K activity.

2019 [26]

2. Ediriweera et al.
A phenolic lipid, 10-Gingerol, promotes apoptosis in

radiation-resistant MDA-MB-231 cells through the PI3K/Akt
signaling pathway.

2020 [27]

3. Jin et al.

The overexpression of ESM-1 plays a critical role in
radiation-resistant MDA-MB-231 cells through the regulation

of PDK, PKC, and ERK1/2 pathways, and the subsequent
activation of transcription factors HIF-1α, NF-κB, and STAT-3

to regulate adhesion molecules, MMPs, and VEGF.

2020 [28]

4. lu et al.

The Wnt/β-catenin signaling pathway plays an important role
in the development of radioresistance and Niclosamide, an

FDA-approved anthelmintic drug that induces radiosensitivity
in radiation-resistant MDA-MB-231 via inhibiting STAT3

and Bcl-2.

2018 [29]

5. Bravatà et al.
Gene expression profiles of the MDA-MB-231 radiation cell

fraction show increased TNF signaling, Phagosome, NF-kappa
B signaling, Jak-STAT signaling, and PI3K-Akt signaling.

2019 [30]

6. Choi et al.
DLX2 expression with irradiation incidence causes the

increase in the EMT process and CSCs population through the
Smad2/3 signaling pathway in MDA-MB-231 and A549 cells.

2016 [31]

(ii) Signaling pathways involved in radio sensitivity of MDA-MB-231 cells

7. Yin et al.

Niclosamide, an antihelminthic drug, inhibited the
Wnt/β-catenin signaling pathway and increased the radiation

sensitivity to triple-negative breast cancer (TNBC) cells
(MDA-MB-231, MDA-MB-468, and Hs578T cells).

2016 [32]

8. Lin et al.
COX-2 upregulation promotes radioresistance in

MDA-MB-231 cells through the p38/MAPK-mediated
alteration of apoptosis and metastasis.

2013 [33]

9. KO et al.
Radiation-resistant MDA-MB-231 cells showed an increased
cell proliferation, cell adhesion, EMT process, and increased

stem cell population.
2018 [8]

10. Koh et al.
Baicalein reduced the stem cell-like properties and metastasis

in radiation-resistant MDA-MB-231 cells through the
upregulation of IFIT2.

2019 [34]

88



Int. J. Mol. Sci. 2021, 22, 4940

Table 2. Cont.

No. Author Key Findings Year References

(iii) Altered expression of gene/proteins involved in radio-resistant MDA-MB-231 cells.

11. Lammering et al.
Irradiation increased the expression of the EGFR protein in

MDA-MB-231 xenograft tumors.
2004 [35]

12 Kim et al.

Proteomic analysis revealed single and the fraction of
radiation increased cathepsin D (CTSD), gelsolin (GSN),

argininosuccinate synthase 1 (ASS1), and C-type mannose
receptor 2 (MRC2) in MDA-MB-231 cells.

2015 [36]

13. Miao et al.

Radiation-resistant MDA-MB-231 and MCF-7 cells showed an
altered expression of several members of the HSP70 and

HSP40, subfamilies of HSPs, and an increased level of HSPB8,
a target of NF-κB that could be responsible for the

development of radioresistance.

2019 [37]

14. Lee et al.
Increased expression of TRIB3 in radiation-resistant

MDA-MB-231 cells causes the resistance and knockdown of
TRIB3 sensitized toward radiation.

2019 [38]

15. HOU et al.
Microarray analysis of radiation-resistant MDA-MB-231 cells

showed increased cell adhesion and EMT factors.
2019 [39]

16. Yang et al.
Overexpression of a small RNA molecule miR-634 decreases

the survival rate of radiation-resistant MCF-7 and
MDA-MB-231 cells by direct interaction with STAT3.

2020 [40]

(iv) Studies that did not fall into any of the three above categories.

17. Li et al.
A small molecule, ABT-787, induces radiosensitivity in

radiation-resistant MDA-MB-231 by targeting Bcl-2 and Bcl-xL.
2012 [41]

18. Nguyen et al.

A phytochemical phenethyl isothiocyanate reduces the CSC
population in radiation-resistant MDA-MB-231 cells through

upregulating ROS levels and targeting Metadherin at the
post-transcriptional levels.

2020 [42]

19. Oommen and Prise
A novel benzylidene lactam compound, KNK437, inhibits

HIF-1α, HSF1, and AKT in hypoxia-induced MDA-MB-231
and T98G cells, which, in turn, induces radiosensitivity.

2012 [43]

20. Kuger et al.
PI3K/mTOR inhibitor NVP-BEZ235 showed a synergistic

effect with irradiation (IR) in MCF-7 and MDA-MB-231 cells.
2014 [44]

21. Holler et al.

The molecular targeting of Akt by Akt inhibitor MK2206 or the
knockdown of Akt1 led to a rapamycin-induced

radiosensitization of SK-MES-1, HTB-182, or MDA-MB-231
cells by increasing DNA-double-stranded breaks.

2016 [45]

22. Chen et al.
The estrogen receptor mediates the radiosensitivity of

TNBC cells.
2017 [46]

23. Liu et al.
Hypoxia due to a high cell density downregulated the EGFR
expression and increased the sensitivity to ionizing radiation

in MCF-7 and MDA-MB-231 cells.
2018 [47]

24. Arnold et al.
STAT3 inhibition combined with radiation reduces the cellular

plasticity in MDA-MB-231 and SUM159PT cells.
2019 [48]

Before concluding, we should discuss some questions. The first question would be
whether activated ERK signaling is the main mechanism for the radio-resistance of MDA-
MB-231 cells. In Figures 4 and 7, the MEK/ERK inhibition test revealed that MEK/ERK
inhibition induced cell death and suppressed the expression of CSC markers and the EMT
phenotypes of both p-MDA-MB-231 cells and RT-R-MDA-MB-231 cells. This finding also
suggested that ERK signaling is essential for the survival of MDA-MB-231 cells and that it
may not be related to RT resistance per se. We also agree with the point. In addition, it was
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reported that other signaling pathways such as PI3K/Akt, and STAT or other anti-apoptotic
proteins are important in the radio-resistance or radio-sensitivity of MDA-MB 231 cells
(Table 2). However, there is some evidence to support that the ERK signaling is related
to the RT-resistance of RT-R-MDA-MB-231 cells. Recent studies have depicted that the
ERK1/2 activation prevails over the cell cycle arrest in the G2/M phase where cancer cells
are susceptible to IR, thus inducing radio-resistance [5]. Another is that MDA-MB-231 cells
are a triple-negative breast cancer cell line, which is known to have high CSC properties [49].
The third is that in our previous report, RT-R-MDA-MB-231 cells also showed an increased
STAT 3 activity, which was reported to be related to cancer stemness and EMT, but that
the inhibition of STAT 3 activity by the JNK inhibitor or Janus-activated kinase 2 (JAK2)
inhibitor could not suppress the increased expression of CSC markers [50]. To solve this
question, we carried out this study with antibody microarray analysis, which revealed
that highly increased MAPK1 was enriched in all of the upregulated pathways of RT-R-
MDA-MB-231 cells (MAPK signaling, NOD-like receptor signaling, PI3K-Akt signaling,
and Pathways in cancer). In addition, the KEGG pathway enrichment analysis showed
that all enriched pathways include MAPK1, and the PPI network analysis of differentially
expressed proteins showed that MAPK1 could be related to the resistance of cell death.
The third is that the inhibition of ERK signaling reversed RT resistance (Figure 4). The
inhibition of ERK signaling was reported to increase the anti-cancer efficacy of RT [51,52].
This finding could support the reversal of RT resistance caused by the inhibition of ERK
signaling. With all of these findings, we can say that activated ERK signaling is one of the
main mechanisms for the radio-resistance of MDA-MB-231 cells.

The second point to discuss would be the relationship between ERK signaling and
EMT, as well as the CSC phenotype of RT-R-MDA-MB-231 cells, because it is mentioned that
several other signaling pathways such as JAK/STAT, Hedgehog, Wnt, Notch, PI3K/PTEN,
and nuclear factor-κB (NF-κB) signaling pathways, compared to ERK signaling, are closely
related to CSC properties [53–55], and the blocking of these pathways involved might be
an effective way to target CSCs [55]. Even though it is not common, PRMT6-dependent
CRAF/ERK signaling was reported to regulate CSC plasticity [56]. In addition, it was
reported that the CSC properties-related signal is frequently complexed, and there is
cross-talk between and among the mentioned various pathways [57]. In addition, the
influence of ERK activity in regulating the CSC phenotype is also reported in gemcitabine-
resistant pancreatic cells [58], cisplatin-resistant non-small cell lung cancer cells [59], and
docetaxel and carboplatin-resistant ovarian cancer cells [60]. To determine the real cause
of the activated ERK signaling of RT-R-MDA-MB-231 cells, we performed whole genome
sequencing. In the study, we could not find any mutations on the linear line for the
activation of ERK signaling (data not shown), such as EGFR, SOS, B-raf, Ras, or MEK.
Regarding this question, we could not give the audience clear evidence. Therefore, further
studies are required.

The third point to discuss is why the phenotype of cell death induced by ERK inhi-
bition differed between p-MDA-MB-231 cells and RT-R-MDA-MB-231 cells, while ERK
inhibition induced cell death and suppressed the increased expression of CSC markers
and the EMT phenotype of both p-MDA-MB-231 cells and RT-R-MDA-MB-231 cells. We
speculate that the reason could be that RT-R-MDA-MB-231 cells exhibit a decreased activity
of caspase. It has been reported that the cancer cells harboring caspase defects frequently
undergo necroptosis or necrosis instead of apoptosis when the death signal appears [61].
Initially, we thought that the defects in caspase 3 activity were the main cause that was
associated with increased ERK signaling, which was revealed by string analysis of the PPI
network. By whole genome sequencing, we also found that RT-R-MDA-MB-231 cells har-
bor a nonsynonymous single nucleotide mutation in CASP9 (Arg173His; rs2308950), which
is known to be involved in the pathogenesis of various cancers (data not shown) [62,63].
We speculate that this mutation is also responsible for RT-R-MDA-MB-231 cells undergoing
necroptosis during the inhibition of ERK signaling.
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The fourth point to discuss would be the role of the other upregulated and downregu-
lated proteins in RT-R-MDA-MB-231 cells. Although we could not discuss here all of the
26 proteins, recent studies have suggested that the inhibition of CLK1 also decreases cell
proliferation [64]. CLK1 and FGF22 are oncogenes in cancer and their inhibition leads to
the inhibition of breast cancer growth in cell culture and xenograft models [65,66]. This
supports the possible contribution of upregulated CLK1 to the rapid growth of RT-R-MDA-
MB-231 cells. The most downregulated protein, caspase 3, may also contribute to the
radio-resistance of RT-R-MDA-MB-231 cells, by avoiding IR-induced apoptosis [67]. All
of these findings suggest that the changes in the expression of proteins may be involved
in the biological phenotype of RT-R-MDA-MB-231 cells. Regarding these points, further
studies are warranted.

The fifth point to discuss would be the mechanisms driving the upregulation of ERK
signaling in RT-R-MDA-MB-231 cells. As we know that radiotherapy works by damaging
the DNA of cancer cells, our first thought was that the upregulation of ERK signaling
would be related to some of the mutations in the Ras-Raf-MEK-ERK pathway. Therefore,
we performed whole genome sequencing, but there was no additional mutation of ERFR,
PI3K/Akt, Ras, Raf, MEK, or ERK molecules of MDA-MB-231 cells (data not shown).
In this paper, we inhibited ERK signaling with PD98059, a non-adenosine triphosphate
competitive MAPK (MEK) inhibitor [68]. Therefore, we can speculate that the upregulation
of ERK signaling would be caused by some hidden mutations in the upstream of the
Ras-Raf-MEK-ERK pathway.

The weakness of this study is that we performed the experiment with only one cell line.
It is in question whether the main mechanism of the radio-resistance of RT-R-MDA-MB-231
cells can be applied to all radiation-resistant breast cancer cell lines or can be generalized
to triple-negative breast cancer cells. In addition, even regarding the radio-resistance of
RT-R-MDA-MB 231 cells, other signaling pathways are also suggested as a key signaling
pathway involved in the resistance. Similar to the signaling involved in CSC, the signaling
involved in the radio-resistance of RT-R-MDA-MB 231 cells could also be complexed.
However, aberrantly upregulated ERK signaling contributes to cancer cell proliferation,
survival, and metastasis [14], and many other reports have suggested that ERK signaling is
an important signaling pathway in radio-resistance [5,15,52]. Therefore, further research is
also warranted regarding ERK signaling on the radio-resistance of breast cancer, especially
on TNBC.

5. Conclusions

In summary, we found that ERK signaling was highly activated in RT-R-MDA-MB-
231 cells compared to p-MDA-MB-231 cells. The activated ERK signaling was associated
with an increased cancer stemness and EMT phenotype. In addition, the RT resistance of
RT-R-MDA-MB-231 cells was reversed by the inhibition of ERK signaling. Furthermore,
the inhibition of ERK suppressed the CSC marker proteins. With all of these findings,
we conclude that activated ERK signaling is one of the major hub signals related to the
acquisition of radio-resistant MDA-MB-231 cells. This study suggests a distinct and advan-
tageous therapeutic value of the targeting of the ERK signaling pathway in MDA-MB-231
cells. Further research is also warranted regarding ERK signaling on the radio-resistance of
breast cancer, especially on TNBC.
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Abbreviations

CSCs Cancer stem cells
CypA Cyclophilin A
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Abstract: Targeting the innate immune system has attracted attention with the development of anti-
CD47 antibodies. Anti-CD47 antibodies block the inhibition of the phagocytic activity of macrophages
caused by the up-regulation of CD47 on tumor cells. In this study, public genomic data was used
to identify genes highly expressed in breast tumors with elevated CD47 expression and analyzed
the association between the presence of tumor immune infiltrates and the expression of the selected
genes. We found that 142 genes positively correlated with CD47, of which 83 predicted favorable and
32 detrimental relapse-free survival (RFS). From those associated with favorable RFS, we selected
the genes with immunologic biological functions and defined a CD47-immune signature composed
of PTPRC, HLA-E, TGFBR2, PTGER4, ETS1, and OPTN. In the basal-like and HER2+ breast cancer
subtypes, the expression of the CD47-immune signature predicted favorable outcome, correlated with
the presence of tumor immune infiltrates, and with gene expression signatures of T cell activation.
Moreover, CD47 up-regulated genes associated with favorable survival correlated with pro-tumoral
macrophages. In summary, we described a CD47-immune gene signature composed of 6 genes
associated with favorable prognosis, T cell activation, and pro-tumoral macrophages in breast cancer
tumors expressing high levels of CD47.

Keywords: CD47; immune activation; pro-tumoral macrophages; immunotherapy; breast cancer

1. Introduction

Administration of inhibitors of immunosuppressive signals has become an effective
therapeutic strategy for the treatment of different types of cancer [1,2]. This approach has
clearly modified the concept of cancer therapeutics, opening the door for the exploitation of
the immune system to treat oncogenic processes [3]. In contrast to classical chemotherapy
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or targeted agents, immunotherapy aims to stimulate the patient’s own immune system to
attack tumor cells, therefore inducing long-lasting responses [3].

Programmed cell death 1 (PD1) and its ligand, PD-L1, are negative regulators of T cell
activation that act as ‘checkpoint molecules’ [4]. Targeting PD1 and PD-L1 for the treat-
ment of cancer enhances the response of T cells against the tumor [1–3,5]. Unfortunately,
not all treated patients respond to checkpoint inhibitors, but immune-activated tumors,
including those with high PD-L1 expression, are more prepared to orchestrate an adequate
immune response following checkpoint blockade [6,7]. In this context, several studies
have explored the potential of genomic signatures to predict outcomes and response to
checkpoint inhibitors by identifying immune-activated tumors [8–10].

Exploiting immunotherapy as a therapeutic tool has mainly focused on the adaptive
immune system to induce and boost an efficient T cell response [3]. Targeting innate
immunity has recently attracted attention as a potential therapeutic option for many types
of human cancers [11,12]. Macrophages, one of the components of the innate immune
system, can contribute to the elimination of tumor cells by phagocytosis and contact-
dependent and independent killing. Of note, two subsets of macrophages have been
described: The M1 subtype, which exhibits a pro-inflammatory phenotype and displays
anti-tumoral activities and phagocytic functions, and the M2 subtype, closely related to the
so-called tumor-associated macrophages (TAMs), which has potent anti-inflammatory and
tissue-repair (fibrotic) functions and promotes tumor progression [13].

Inhibitory signals also control macrophages activation. The signal-regulatory protein
α (SIRPα) is an inhibitory receptor that presents immunoreceptor tyrosine-based inhibition
motifs (ITIMs) [14,15]. SIRPα is expressed not only on macrophages but also on dendritic
cells (DC) and neutrophils [16,17]. SIRPα plays an inhibitory role when activated by its
ligand CD47. This interaction generates a “do not eat me” signal that prevents phagocytosis.
Cancer cells may escape the immune surveillance of macrophages by the upregulation of
CD47 expression [17,18].

Strategies to block this inhibitory pathway are under evaluation and aim at mimicking
the success achieved with PD1 and PD-L1 inhibitors. Inhibition of the SIRPα-CD47 axis will
enable macrophages to phagocytize and eliminate tumor cells in an efficient manner [16,17].
Currently, more than twenty early-stage clinical studies evaluating antibodies against the
SIRPα-CD47 axis are ongoing [17]. Following the approach with checkpoint inhibitors
evaluating PD-L1 expression, some of these new studies explore the presence of CD47 in
relation to clinical efficacy. However, it is expected that the mere expression of this marker,
like for PD-L1 expression, would not completely identify responder tumors.

In this study, we aimed to identify genomic correlates associated with the expression of
CD47 in breast cancer to get insights into the immunologic characteristics of those tumors.

2. Results

2.1. Identification of Genes Expressed in Breast Tumors with High Expression of CD47

We used public genomic data to identify genes highly associated with CD47 expres-
sion at mRNA level in breast cancer tumors (n = 1764). Thereafter, we analyzed the
transcripts which were positively (Spearman correlation, SC > 0.4 and p < 0.05) and nega-
tively (SC < −0.4 and p < 0.05) correlated with CD47 expression. We identified 142 genes
with a positive and five genes with a negative correlation with CD47 expression (Figure 1a).

98



Int. J. Mol. Sci. 2021, 22, 3836

Figure 1. Immune system related transcriptional profiles associated with outcome and with CD47
expression in breast cancer. (a) Flow chart of gene selection, describing the tools and selection
criteria used. (b) Functional analyses of the selected genes described in A using Enrichr Online
Tool. For positively correlated genes (Spearman correlation (SC) > 0.4 and Hazard Ratio (HR) < 1),
gene ontologies (GO) of biological process with a p < 0.05 are shown. The processes related to the
immune system are highlighted. (c) Heat map displaying HR values extracted from Kaplan–Meier
survival plots of the association between PTGER4, ETS1, PTPRC, HLA-E, TGFBR2, OPTN, and CD47
individually expressed and patient prognosis, including relapse-free survival (RFS) (n = 1764) and
overall survival (OS) (n = 626), for all breast subtypes from the exploratory cohort. (d) Kaplan–Meier
survival plots of the association between PTGER4, ETS1, PTPRC, HLA-E, TGFBR2, and OPTN mean
expression levels and patient prognosis, including relapse-free survival (RFS) (n = 1764) and overall
survival (OS) (n = 626) for all breast subtypes from the exploratory cohort.

We next explored the association of the selected gene transcripts with patient outcome,
in terms of relapse-free survival (RFS), in 1764 breast cancer patients from all subtypes.
From the 142 genes positively correlated with CD47, 83 genes (58.5%) predicted favorable
RFS, and 32 genes (22.5%) were predicted to be detrimental to RFS. Of note, no association
with survival was observed for 27 genes (19%). The five genes negatively correlated
with CD47 were associated with a favorable prognosis (Figure 1a). A complete list of the
identified genes is shown in Figure S1.

The get insights into the biological functions of the identified genes, we used the
gene set enrichment analysis tool Enrichr (http://amp.pharm.mssm.edu/Enrichr/, ac-
cessed on 20 March 2020) [19]. For those genes correlated with detrimental prognosis, no
immunologic-related functions were found (Figure S2a), neither for the five genes nega-
tively correlated with CD47 expression (Figure S2b). For the genes positively correlated
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with CD47 and associated with favorable RFS, 17 biological processes with a p < 0.01 value
were detected (Figure 1b). As the main goal of this project was to explore immunological
correlates associated with the expression of CD47, we focused only on those biological
functions related to immunology. From those, we selected only those genes from biological
processes related to the immune system: (i) regulation of T cell-mediated cytotoxicity (PT-
PRC, HLA-E, and TGFBR2) and (ii) positive regulation of defense response (PTGER4, ETS1,
and OPTN) (Figure 1b). Other biological functions included ‘cell protein modification’,
‘endosome organization’, ‘protein localization to plasma membrane’, ‘response to peptide
stimulus’, and ‘positive regulation of biosynthetic process’, among others (Figure 1b). A
complete list of the biological functions of the proteins codified by PTPRC, HLA-E, TGFBR2,
PTGER4, ETS1, and OPTN genes obtained via UniProt is shown in Table S1.

2.2. CD47-Immune Signature is Associated with Favorable Prognosis in Breast Cancer, Especially
for the BASAL-Like and HER2+ Subtypes

Each gene individually, PTGER4, ETS1, PTPRC, HLA-E, TGFBR2, and OPTN was
associated with favorable outcomes (RFS and OS) in a statistically significant manner
(Figure 1c); although, some did not predict better than the just the expression of CD47.
However, given the fact that CD47 expression has been described as a negative regulator
of the anti-tumoral action of macrophages [20,21], we aimed to explore the association
of the CD47-immune signature composed by PTGER4, ETS1, PTPRC, HLA-E, TGFBR2,
and OPTN with clinical outcomes. Using the exploratory dataset which includes more
than 1764 patients with RFS data, and 626 patients with OS information, we found that
the combination of PTGER4, ETS1, PTPRC, HLA-E, TGFBR2, and OPTN predicted favor-
able RFS (HR = 0.65; CI = 0.55–0.76; p = 1.2 × 10−7 and OS (HR = 0.53; CI = 0.39–0.73;
p = 5.6 × 10−5) in breast cancer (Figure 1d). This prediction was better than single gene
prediction, including CD47, and displayed a very low false-discovery rate (FDR).

Next, we explored if clinical outcomes could differ based on different breast cancer
subtypes, as immune surveillance in each tumor subtype can be substantially different.
In line with this heterogeneity, the prediction capacity of each gene varied, being the
basal-like and HER2+ subtypes those in which the majority of genes predicted a favorable
outcome, particularly for OS (Figure 2a). A similar correlation was observed for most of
the genes in the basal-like, but not for the HER2 subtype, in the Molecular Taxonomy of
Breast Cancer International Consortium (METABRIC) study (Figure 2b). For the combined
signature, we found that differences in outcome were more evident for the basal-like
and HER2+ breast cancer subtypes for both RFS and OS (Figure 2c,d). In the basal-like
subgroup, the expression of the CD47-immune signature predicted favorable outcome
for RFS (HR = 0.4; CI = 0.29–0.56; p = 1.2 × 10−8) and OS (HR = 0.23; CI = 0.12–0.44;
p = 1 × 10−6) (Figure 2c). In the HER2+ subgroup a similar association was identified for
RFS (HR = 0.43; CI = 0.27–0.68; p = 0.00021) and OS (HR = 0.25; CI = 0.11–0.57; p = 0.00034)
(Figure 2d).

Given the exploratory nature of this cohort, we next analyzed these results using
a confirmatory dataset. To do so, we used the METABRIC study that involved more
than 1988 patients (PMID: 22522925). This dataset only provides information about OS.
Using the validation cohort, we confirmed that for basal-like (HR = 0.54; CI = 0.4–0.73;
p = 4.4 × 10-5) and HER2+ (HR = 0.6; CI = 0.38–0.95; p = 0.025) tumors the CD47-immune
signature predicted favorable OS (Figure 2e,f). Altogether, this data demonstrates that the
prediction observed was particularly strong and reproducible in the basal-like subtype.
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Figure 2. Kaplan–Meier survival curves of the association between transcriptomic expression of
PTGER4, ETS1, PTPRC, HLA-E, TGFBR2, and OPTN and clinical outcome in basal-like, HER2+,
luminal A, and luminal B breast cancer patients. (a,b) Heat map displaying HR values extracted from
Kaplan–Meier survival plots for the association between PTGER4, ETS1, PTPRC, HLA-E, TGFBR2,
OPTN, and CD47 individually expression levels and patient prognosis, in the exploratory cohort
and Molecular Taxonomy of Breast Cancer International Consortium (METABRIC) validation cohort,
respectively. (c,d) basal-like (relapse-free survival (RFS); n = 360 and OS; n = 153), and HER2+ (RFS;
n = 156 and OS; n = 53), breast tumors in the exploratory cohort. (e,f) basal-like (OS; n = 331) and
HER2+ (OS; n = 135) in the validation cohort (METABIRC project). (g,h) luminal B (RFS; n = 841 and
OS; n = 271), and luminal A (RFS; n = 407 and OS; n = 129) in the exploratory cohort. (i,j) luminal B
(OS; n = 816), and luminal A (OS; n = 665) breast tumors in the validation cohort (METABIRC project).
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In luminal B tumors, the association between the CD47-immune signature and pa-
tient outcome was statistically associated with outcome (RFS: HR = 0.5; CI = 0.35–0.69;
p = 3.2 × 10-5; OS: HR = 0.39; CI = 0.19–0.79; p = 0.0072) (Figure 2g). This result was con-
firmed using the validation cohort (OS: HR = 0.82; CI = 0.68–0.99; p = 0.038) (Figure 2i).
However, for the more frequent breast cancer subtype, the luminal A subgroup, no associa-
tion was observed in either of the two cohorts: for the exploratory cohort RFS: HR = 0.81;
CI = 0.63–1.03; p = 0.09; OS: HR = 0.65; CI = 0.37–1.16; p = 0.14 (Figure 2h) and for the
validation cohort: OS: HR = 0.86; CI = 0.7–1.05; p = 0.14 (Figure 2j).

2.3. CD47-Immune Signature Correlated with the Presence of Immune Infiltrates in Basal-Like and
HER2+ Breast Tumors

The expression of the six genes composing the CD47-immune signature was associated
with low tumor purity in all breast cancer subtypes analyzed (Figure 3), suggesting a high
infiltration of non-tumor cells. For the basal-like subtype a positive correlation (partial
correlation (pc) > 0.4) was observed for PTGER4, ETS1, OPTN, PTRC, and HLA-E for
DCs, neutrophils, and CD4+ T cells. PTPRC, HLA-E, and TGFBR2 were also highly
correlated with the presence of CD8+ T cells (pc > 0.5). No association was observed with
macrophages, with the exception of TGFBR2 (pc > 0.5) (Figure 3b). For the HER2+ subtype,
a positive correlation (pc > 0.4) was observed between ETS1, PTPRC, and HLA-E and CD8+
T cells, CD4+ T cells, neutrophils, and DCs, with ETS1 and PTPRC showing a pc > 0.7.
Expression of TGFBR2 was again linked with a high presence of macrophages (pc > 0.6),
while no association with macrophages was identified for the other genes (Figure 3c).
For the luminal subtype, a positive association was observed for most genes, but more
significantly for PTPRC and DC, neutrophils, CD4+ T cells, and CD8+ T cells (Figure 3d).

Figure 3. Association of the expression of the selected genes with immune infiltrates in breast cancer.
Heat map depicting the Pearson correlation coefficient (R) between gene expression (PTGER4, ETS1,
PTPRC, HLA-E, TGFBR2, and OPTN), tumor purity, and the presence of tumor immune infiltrates
in (a) all, (b) basal-like, (c) HER2+, and (d) luminal breast cancer tumors using TIMER. Tumor
immune infiltrates were separated into two groups: first, CD8+ T cells, CD4+ T cells, neutrophils,
and dendritic cells (DCs); second, B cells and macrophages.
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2.4. CD47-Immune Signature is Associated with Markers of T Cell Activation and
Antigen Presentation

Next, we explored the association between the genes included within the CD47-
immune signature and genes that encode for markers of T cell activation and antigen
presentation. We found a strong positive correlation between the expression of CD69 and
HLA-DRA, markers of T cell activation, with the expression of all the genes except for
OPTN and ETS1 in all breast cancer subtypes (Figure 4a). Similar findings were observed
when markers of antigen presentation, namely CD40, CD86, and CD83, were evaluated
(Figure 4b). Figure S3 shows the data obtained using the cohort from the TCGA project.

Figure 4. Relationship between gene expression and genomic signatures of immune activation. Heat
map depicting the Pearson correlation coefficient (R) of the association between (a) markers of T
cell activation (CD69 and HLA-DRA) or (b) antigen presentation (CD40, CD86, and CD83) and the
expression of the selected genes using CANCERTOOL and the METABRIC cohort. (c) Heat map of
Pearson correlation coefficient (R) of the expression of the CD47-immune signature and the HLA
signature, IFN gamma signature, expanded immune gene signature, and CTL level signature in all
(n = 1988), basal (n = 334), HER2+ (n = 137), luminal B (n = 680), and luminal A (n = 837) breast cancer.

2.5. CD47-Immune Signature Correlated with Gene Signatures of T Cell Activation

The findings described before suggested that the tumors expressing CD47 were en-
riched with T cells, DCs, and neutrophils. To further assess immune activation, we explored
the correlation of our six-gene signature with already described genomic profiles of immune
activation, including the HLA-A/B signature, the IFN gamma signature, the expanded
immune gene signature, and the CTL signature [10–12]. We found that the CD47-immune
signature was positively associated with these four transcriptomic profiles (Figure 4c),
suggesting that this signature identifies tumors with a high presence of activated T cells
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and DCs. Given the fact that PTPRC or CD45 is a gene that codes for a marker globally
expressed in different immune populations, being considered as a pan-leukocyte antigen,
we repeated the analysis excluding this gene. As can be seen in Supplementary Figure S4a,
the correlation was present even with the absence of this gene.

2.6. Gene-Set Enrichment Analysis (GSEA) Confirm the Association of the CD47-Immune
Signature with Pro-Tumoral Macrophages

We next used gene-set enrichment analysis (GSEA) to test whether the CD47-immune
signature composed by PTPRC, HLA-E, TGFBR2, PTGER4, ETS1, and OPTN was pref-
erentially associated with a specific macrophage polarization state. The CD47-immune
signature was not significantly enriched in the transcriptome of either anti-inflammatory
macrophages (M-MØ) or monocyte-derived pro-inflammatory (GM-MØ), suggesting
that the expression of this gene set was independent of the macrophage polarization
state (Figure 5a). However, the signature was found to be significantly enriched (FDR
q value = 0.018) in the transcriptome of IL-10-treated adherent peripheral blood mononu-
clear cells (monocytes) (Figure 5b). Since IL-10 is a major factor that determines the
pro-tumoral action of tumor-associated macrophages (TAM) [20,22], this result suggests
that the 6-gene CD47-immune signature might be regulated by factors promoting TAMs.
In a similar manner, we performed the same analysis but excluded PTPRC, observing that
the results were in the same direction (Figure S4b,c).

Figure 5. Gene-set enrichment analysis (GSEA) between gene expression and macrophage signatures. Gene-set enrichment
analysis (GSEA) of the six-gene CD47-immune signature on (a) the ranked comparison of anti-inflammatory macrophages
(M-MØ) or M2 and monocyte-derived pro-inflammatory (GM-MØ) or M1 whole transcriptomes, previously described
in [20,22] (GSE27792 and GSE68061) or (b) the transcriptomes of adherent human peripheral blood mononuclear cells either
untreated (PBMC) or treated with 10 ng/mL IL-10 for 24 h (PBMC + IL-10) that have been previously described. GSEA of the
genes that positively correlate with CD47 and are associated with good prognosis (Figure S1) on (c) the ranked comparison
of M-MØ or M2 and GM-MØ or M1 whole transcriptomes, previously described in [21,23] (GSE27792 and GSE68061) or
(d) the ranked comparison of the transcriptome of lipopolysaccharide (LPS)-treated M-MØ or M2 and LPS-treated GM-MØ
or M1 transcriptomes, previously described in [24] (GSE99056).

Last, we hypothesized that the genes that positively correlate with CD47 and that
were associated with a good prognosis (see Figure 1 and Figure S1) might be associated
with a specific type of macrophage polarization. To test this hypothesis, we analyzed
the expression of this gene set on the ranked comparison of M-MØ and GM-MØ tran-
scriptomes [21,23]. GSEA revealed a very significant enrichment of this set of genes in
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the transcriptome of pro-tumoral M-MØ (ES = 0.51; NES = 1.91; p-value = 0.000; FDR
q-value = 0.000) (Figure 5c). Indeed, and using the available information on the transcrip-
tomes of activated M-MØ and GM-MØ [24], a lower but significant enrichment was also
observed in activated pro-tumoral M-MØ (ES = 0,33; NES = 1.31; p-value = 0.074; FDR
q-value = 0.129) (Figure 5d).

Altogether, these results indicate that the expression of genes that positively correlate
with CD47 and are associated with a good prognosis are preferentially expressed by
macrophages with anti-inflammatory capacity.

3. Discussion

In the present article, we described a transcriptomic immune signature formed by
six genes that were expressed in breast tumors with high expression of CD47 and were
associated with favorable outcomes. The CD47 ligand is present on the surface of tumoral
cells, and by binding to its receptor SIRPα, inhibits the induction of phagocytosis by
macrophages [18–20]. CD47 is a perfect target to stimulate the activation of macrophages as
well as other innate immunity cells, and several therapeutic strategies blocking the CD47-
SIRPα axis are under evaluation in clinical studies.

When analyzing the genes positively correlated to CD47 expression in breast cancer,
we observed that only a very limited number of these genes, 33 (22.5%) predicted detri-
mental outcomes, while 83 genes (58.5%) predicted good outcomes. Among the identified
functions of the genes linked to favorable prognosis, our attention was attracted to the two
functions related to the immune system; the genes included within these functions were
PTGER4, ETS1, PTPRC, HLA-E, TGFBR2, and OPTN. We termed the combination of these
genes as the “CD47-immune signature”, and predicted favorable prognosis in all breast
tumors, but particularly in the HER2+ and basal-like subtype. These results obtained from
the exploratory dataset including 1764 patients was confirmed by an independent cohort
that included 1947 patients.

The CD47-immune signature includes a variety of genes that code for proteins with a
wide range of functions that have been rarely described in relation to the immune response
in cancer. PTGER4 which is a member of the G-protein coupled receptor family and can
activate T cell factor signaling [25]; ETS1 which codes for a member of the ETS family of
transcription factors that are involved in stem cell development, cell senescence and death,
and tumorigenesis [26]; PTPRC a member of the protein tyrosine phosphatase (PTP) family
that regulates a variety of cellular processes including cell growth, differentiation, mitosis,
and oncogenic transformation [27]; HLA-E which belongs to the HLA class I heavy chain
paralogues and functions as a ligand for natural killer (NK) cell inhibitory receptor KLRD1-
KLRC1, enabling NK cells to monitor the expression of other MHC class I molecules in
healthy cells [28]; TGFBR2 a transmembrane protein that has a protein kinase domain,
forms a heterodimeric complex with TGF-beta receptor type-1, and binds TGF-beta [29];
and finally, OPTN that encodes the coiled-coil containing protein optineurin that interacts
with adenovirus E3-14.7K protein and may utilize tumor necrosis factor-alpha or Fas-ligand
pathways to mediate apoptosis, inflammation or vasoconstriction [30].

To study whether CD47 positive tumors are linked to an active T cell response, we
correlated the CD47-immune signature with immune populations using bioinformatic
approaches. Data demonstrated that there was a positive correlation at a single gene level
with the presence of infiltrating T cells, DCs, and neutrophils. It is relevant to mention that
although the strongest effect was observed in the basal-like and HER2+ population, such
associations were also observed for all breast cancer patients. A limitation of our analysis
was that we were not able to dissect the presence of immune infiltrates in the two different
luminal breast cancer subtypes, luminal A and B.

Finally, we aimed to confirm this association by exploring the correlation of each gene
contained in the CD47-immune signature with well-known markers of T cell activation
and of antigen presentation. We observed a positive correlation for all genes except for
OPTN and ETS1. Moreover, a strong positive correlation was identified between the whole
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expression of the signature and that of described signatures of T cell activation, including
HLA-A/B, the CTL signature, the expanded immune gene signature, and the IFN gamma
signature [8–10,31]. Finally, a surprising finding was that no increase in the macrophage
population was observed, but those identified were pro-tumoral. This finding was further
confirmed when exploring the whole transcriptomic signature of each of the different
subtypes of macrophages, in line with the inhibitory action of CD47.

Our study had several limitations. This was an in silico study which needs further
clinical validation using human samples. We do acknowledge that our study is based
on associations and correlations among biological parameters. However, we tried to
use different datasets as well as associations between genes, biomarkers, and immune
populations to avoid findings produced by casualty.

We believe it is relevant to explore if this signature could help identify patients that
would respond to anti-CD47 agents. In line with this, the data observed here suggest the
combined administration of anti-PD-L1 inhibitors with anti-CD47/ SIRPα agents to boost
the T cell response and the activation of macrophages. In this regard, ongoing studies are
exploring the activity of targeting both pathways [16,17]. Given the fact that strategies
are under evaluation targeting CD47 and SIRPα, it might be interesting to evaluate the
transcriptomic profile of tumors with high expression of SIRPα.

4. Materials and Methods

4.1. Exploratory Cohort

Samples included in the KM Plotter Online Tool (http://www.kmplot.com, accessed
on 20 March 2020) [32] were used as an exploratory cohort. This publicly available database
shows the relationship between gene expression and patient outcome in different breast
cancer subtypes, including relapse-free survival (RFS) and overall survival (OS). Patients
were distributed according to the best cutoff values of the gene expression (lowest p-value)
into “high” vs. “low”. RFS was defined as the time from diagnosis to the first recurrence,
and OS as the time from diagnosis to patient death. The number of breast cancer patients
included in each subtype for RFS was: all: n = 1764; basal-like: n = 360; HER2+: n = 156;
luminal B: n = 407; luminal A: n = 841. For OS: all: n = 626; basal-like: n = 156; HER2+:
n = 73; luminal B: n = 129; luminal A: n = 271 (HGU133 array 2.0) (available data April 2020).

To identify genes whose expression correlated to CD47 expression, the probe set
226016 was correlated using all samples from the exploratory cohort. For each gene,
Spearman rank correlation was computed to compare its normalized gene expression
and CD47 expression. Then, the genes were ranked based on the achieved Spearman
correlation coefficients.

4.2. Validation Cohort

Survival analysis was performed in basal-like (n = 331), HER2+ (n = 135), luminal
B (n = 668), and luminal A (n = 825) patient samples from the METABRIC (Molecular
Taxonomy of Breast Cancer International Consortium) project (PMID: 22522925). Gene
expression values were quantile normalized in R. The molecular subtype designation was
based on St. Gallen criteria [33], and the expression of ESR1, ERBB2, and MKI67 on the
arrays was used to define the patient cohorts. In this, basal breast cancer was defined
by those negative for ESR1 and ERBB2, luminal A was defined as those ESR1 positive
ERBB2 negative MKI67 negative, HER2+enriched was defined as those ERBB2 positive
ESR1 negative, and luminal B comprises all remaining samples.

4.3. Gene Function Analysis

Genes positive-correlated with CD47 and associated with good or detrimental out-
comes were analyzed using the biological function enrichment analyses tool Enrichr (
http://www.amp.pharm.mssm.edu/Enrichr/, accessed on 20 March 2020) [34]. Biolog-
ical process with a p-value < 0.01 were selected for CD47 positively correlated genes
and with a p-value < 0.05 CD47 negatively correlated genes. Biological processes related
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to the immune system were grouped. Immune system processes contained the follow-
ing gene ontologies: positive regulation of defense response (GO:0031349), regulation of
T cell-mediated cytotoxicity (GO:0001914), and positive regulation of alpha-beta T cell
proliferation (GO:0046641).

4.4. Protein Functional Analyses

We used UniProt Online Tool (http://www.uniprot.org/, accessed on 20 March
2020) [35] for protein functional analysis. UniProt provides a comprehensive, high-quality,
and freely accessible resource of protein sequence and functional information. All data is
freely available on the web. Proteins codified by genes related to immune system processes
were studied. For complete protein functional analyses, we collected all biological function
gene ontologies included in UniProt.

4.5. Association between Tumor Immune Infiltrates and Gene Expression

Tumor Immune Estimation Resource (TIMER) platform (https://cistrome.shinyapps.
io/timer/, accessed on 2 April 2020) [36] was used to analyze tumor purity, and the
association between the presence of tumor immune infiltrates, namely CD4+ T cells, CD8+
T cells, DCs, macrophages, neutrophils, B cell, and macrophages and the expression of the
selected genes. TIMER contains 10,897 samples from diverse cancer types from the TCGA
(The Cancer Genome Atlas) project. We explored the tumor immune infiltrates in breast
cancer subtypes: basal-like, HER2+, and luminal. TIMER does not allow for the analysis of
the luminal A and luminal B subtypes separately.

4.6. Correlation between Gene Expression and T Cell Activation and Antigen Presentation

CANCERTOOL (http://web.bioinformatics.cicbiogune.es/CANCERTOOL/index.
html, accessed on 2 April 2020) [37] was used to explore the relationship between the
expression of CD47-immune signature genes and the expression of T cell activation (CD69
and HLA-DRA) and antigen presentation (CD40, CD86, and CD83) markers in all, basal-
like, HER2+, luminal B, and luminal A breast cancer. This open-access resource for the
analysis of gene expression provides the Pearson correlation coefficients of every pair of
genes analyzed. The datasets used for the analysis included METABRIC as the primary
cohort, and TCGA, as a validation cohort.

The complete METABRIC cohort (total: n = 1988; basal: n = 331; HER2+: n = 135;
luminal B: n = 668; luminal A: n = 825 breast cancer) was used to explore the correlation
between the identified CD47-immune signature and previously described signatures, in-
cluding: the HLA signature (HLA-A and HLA-B) [10] the interferon (IFN) gamma signature
(IDO1, CXCL10, CXCL9, HLA-DRA, ISGF-3, and IFNG) [12], the expanded immune gene
signature (CD30, IDO1, CIITA, CD3E, CCL5, GZMK, CD2, HLA-DRA, CXCL13, IL3RG,
NKG7, HLA-E, CXCR6, LAG3, TAGAP, CXCL10, STAT1, and GZMB) [29] and the cytotoxic
T lymphocyte (CTL) signature (CD8A, CD8B, GZMA, GZMB, and PRF1) [11].

4.7. Correlation between Gene Expression and Macrophage Signatures

Gene set enrichment analysis (GSEA) (http://software.broadinstitute.org/gsea/index.
jsp, accessed on 5 May 2020) [38] was done to assess enrichment of the indicated gene-
sets in the transcriptomes of human monocyte-derived pro-inflammatory (GM-MØ) and
anti-inflammatory macrophages (M-MØ) (GSE27792 and GSE68061) [20,22].

4.8. Statistical Analysis

The Kaplan–Meier (KM) plots are presented with the hazard ratio (HR), the 95%
confidence interval (CI), the log-rank p-value (p), and the false discovery rate (FDR). The
FDR was computed after performing the Cox regression analysis across all cutoff values
between the lower and upper quartiles of expression, and only results with an FDR below
10% were accepted as significant. For the METABRIC dataset, only the median was used to
define high and low cohorts, and therefore FDR values were not calculated. In addition
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to the HR and FDR cutoff values described above, statistical significance was defined as
p < 0.05. Genes that had an HR < 1 and a p < 0.05 were considered predictors of a favorable
outcome, while genes that had an HR > 1 and p < 0.05 were considered predictors of
detrimental outcome.

5. Conclusions

Here we described an immune gene signature associated with elevated levels of
CD47 that predicts favorable outcomes in breast cancer tumors. In addition, the described
signature was linked with the presence of T cell, DC, and neutrophil infiltrates, T cell
activation and antigen presentation, and correlated with pro-tumoral macrophages. Further
studies should confirm the predictive capacity of this signature in ongoing clinical studies.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ijms22083836/s1. Figure S1. Tables depicting genes 83 positively correlated with CD47
(SC > 0.4 and p-value < 0.05) associated with good prognosis (HR < 1 and p-value < 0.05); 32 genes
positively correlated with CD47 (SC > 0.4 and p-value < 0.05) associated with worse prognosis
(HR > 1 and p-value < 0.05); 27 genes positively correlated with CD47 (SC > 0.4 and p-value < 0.05)
no associated with prognosis (p-value > 0.05) and 5 negatively correlated with CD47 (SC < −0.4 and
p-value < 0.05) associated with good prognosis (HR < 1 and p-value < 0.05). Figure S2. Functional
analyses using Enrichr Online Tool. For positively correlated genes (SC.0.4 and HR < 1) Gene
ontologies (GO) of biological process with a p < 0.05 are shown for (A) genes positively correlated
with CD47 expression (SC > 0.4 and p < 0.05) associated with unfavourable prognosis (HR > 1)
and (B) genes negatively correlated with CD47 expression (SC < −0.4 and p < 0.05) associated with
favourable prognosis (HR < 1). Figure S3. Relationship between markers of T cell activation (CD69
and HLA-DRA) and antigen presentation (CD40, CD86 and CD83) expression and the expression of
the selected genes using CANCERTOOL in TCGA cohort. Figure S4. Heat map of Pearson correlation
coefficient (R) of the expression of the CD47-immune signature (excluding PTPRC) and the HLA
signature, IFN gamma signature, expanded immune gene signature, and CTL level signature in all
(n = 1988), basal (n = 334), HER2+ (n = 137), luminal B (n = 680), and luminal A (n = 837) breast cancer
subgroups. Gene-set enrichment analysis (GSEA) of the CD47-immune signature excluding PTPRC
on (b) the ranked comparison of M-MØ or M2 and GM-MØ or M1 whole transcriptomes, previously
described in (GSE27792, GSE68061) or (c) the transcriptomes of adherent human peripheral blood
mononuclear cells either untreated (PBMC) or treated with 10 ng/mL IL-10 for 24 h (PBMC+IL-10)
that have been previously described. Table S1. Complete list of the biological functions of the
proteins codified by PTPRC, HLA-E, TGFBR2, PTGER4, ETS1, and OPTN genes obtained via UniProt
Online Tool.
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Abstract: Poly (ADP-ribose) polymerase 1 inhibitors (PARPi) are used to treat recurrent ovarian
cancer (OC) patients due to greater survival benefits and minimal side effects, especially in those
patients with complete or partial response to platinum-based chemotherapy. However, acquired
resistance of platinum-based chemotherapy leads to the limited efficacy of PARPi monotherapy
in most patients. Twist is recognized as a possible oncogene and contributes to acquired cisplatin
resistance in OC cells. In this study, we show how Twist knockdown cisplatin-resistant (CisR) OC cells
blocked DNA damage response (DDR) to sensitize these cells to a concurrent treatment of cisplatin
as a platinum-based chemotherapy agent and niraparib as a PARPi on in vitro two-dimensional
(2D) and three-dimensional (3D) cell culture. To investigate the lethality of PARPi and cisplatin on
Twist knockdown CisR OC cells, two CisR cell lines (OV90 and SKOV3) were established using
step-wise dose escalation method. In addition, in vitro 3D spheroidal cell model was generated using
modified hanging drop and hydrogel scaffolds techniques on poly-2-hydroxylethly methacrylate
(poly-HEMA) coated plates. Twist expression was strongly correlated with the expression of DDR
proteins, PARP1 and XRCC1 and overexpression of both proteins was associated with cisplatin
resistance in OC cells. Moreover, combination of cisplatin (Cis) and niraparib (Nira) produced
lethality on Twist-knockdown CisR OC cells, according to combination index (CI). We found that Cis
alone, Nira alone, or a combination of Cis+Nira therapy increased cell death by suppressing DDR
proteins in 2D monolayer cell culture. Notably, the combination of Nira and Cis was considerably
effective against 3D-cultures of Twist knockdown CisR OC cells in which Endoplasmic reticulum
(ER) stress is upregulated, leading to initiation of mitochondrial-mediated cell death. In addition,
immunohistochemically, Cis alone, Nira alone or Cis+Nira showed lower ki-67 (cell proliferative
marker) expression and higher cleaved caspase-3 (apoptotic marker) immuno-reactivity. Hence,
lethality of PARPi with the combination of Cis on Twist knockdown CisR OC cells may provide
an effective way to expand the therapeutic potential to overcome platinum-based chemotherapy
resistance and PARPi cross resistance in OC.

Keywords: ovarian cancer; cisplatin; cisplatin resistance; PARPi; niraparib; Twist; lethality

1. Introduction

Ovarian cancer (OC) is the deadliest gynecologic malignancy, responsible for over
50 percent of mortality among all gynecologic malignancies worldwide [1,2]. Currently,
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cytoreductive operation preceded by combination therapy based on platinum and taxane is
used as a typical OC treatment regimen for OC [3]. Despite the high response rate of most
patients receiving platinum-based chemotherapy, the majority of patients with advanced
OC die from recurrent diseases and resistance to platinum-based chemotherapy. Therefore,
an alternative therapeutic strategy to treat patients with recurrent OC is urgently needed.

Recently, several novel strategies for potential personalized therapy have been estab-
lished, including molecular-targeted medicine (small-molecule inhibitors or antibodies),
clinical immunotherapeutic applications and the recognition of synthetic lethal partners [4].
Genetic screening techniques, including computer methods, drug screening, genetic modi-
fication with shRNA/siRNA or CRISPR, or a combination of these methods, can recognize
synthetic lethal partners [5–7]. The alteration of the DNA damage response (DDR) pathway
is a predictive biomarker of platinum-based sensitivity in various cancers, including OC [8].
The synthetic lethality interfaces between altered genes and molecules involved in DDR
that could be therapeutically exploited to preferentially eradicate cancer cells [9]. Therefore,
synthetic lethality could be an alternative therapeutic approach to overcome platinum
based chemotherapy resistance.

Poly (ADP-ribose) polymerase 1 (PARP1) is a DNA repair protein that regulates the
growth and differentiation of cells by repairing single-strand break (SSB) and double-
strand breaks (DSB) of DNA [10]. Inhibition of PARP1 is considered to be the most active
and exciting new personalized target therapy for the treatment of OC, especially in those
patients with relapsed platinum-sensitive OC [2,11]. PARP1 inhibitors (PARPi), including
olaparib (LYNPARZA), niraparib (ZEJULA) and rucaparib (RUBRACA), are recommended
for the maintenance of care in patients with recurrent ovarian cancer due to improved
benefits and fewer adverse reactions in patients with a full or partial platinum-based
chemotherapy response [12–16]. However, PARPi agents also become resistant to other
chemotherapy agents, as almost half of BRCA mutated OC patients fai to benefit from
PARPi [17,18].

Twist is a member of the core transcription factor helix-loop-helix (bHLH), known to
be an epithelial–mesenchymal transition (EMT) master regulator associated with tumor
recurrence and chemo-resistance [19–26]. Functionally, Twist was identified as a potential
oncogene and our previous studies have identified that Twist also contributed to acquire
cisplatin resistance in OC cells [27–29]. In several studies, Twist has been linked to the devel-
opment of resistance to platinum-based chemotherapy and metastasis in cancer [20,30–35].

We hypothesized that Twist knockdown cisplatin-resistant (CisR) OC cells sup-pressed
DDR and exerted synthetic lethal effect by sensitizing these cells to concurrent treatment of
cisplatin and niraparib.

2. Results

2.1. Twist Expression Is Strongly Correlated with Expression of PARP1 Involved in DNA Damage
Response and Repair in CisR OC Cells

To investigate the expression pattern of Twist during the development of cisplatin
resistance, we have established two CisR OC cell lines (OV90-CisR and SKOV3-CisR) using
intermittent incremental dosing method, starting from a low dose of 10, 20, 40, 80 to 100 µM
(10 doses for each term) of cisplatin. Beside this, we generated another 4 subline with the
level of platinum resistance in between parental (P) and CisR cell, named G1, G2, G3 and
G4 for cisplatin 10, 20, 40 and 80 µm respectively (Figure 1A). Our result revealed that
Twist expression gradually increased with increasing intermittent cisplatin doses at 10 to
100 µm which may contribute to the development of cisplatin resistance. In both cancer
cell lines, Twist amplification coincided with an increased expression of DNA damage
response (DDR) genes, including PARP1 and XRCC1 (Figure 1B and Figure S1). Next,
we examined all sublines treated with cisplatin (Cis), niraparib (Nira) and olaparib (Ola)
with 20 µM doses, each respectively, for 72 h of treatment followed by 72 h of recovery
for clonogenic assay (Figure 1C). The cisplatin and PARP inhibitor (PARPi) sensitivity
gradually decreased during the development of resistance (Figure 1C and Figure S2). Both
cell lines demonstrated decreased sensitivity toward cisplatin and PARPi (Nira and Ola) in
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their respective resistant cells (Figure 1D); in other words, CisR OC cells were cross-resistant
to PARPi.

 

Figure 1. Twist expression regulates DNA damage response (DDR) proteins, PARP1 and XRCC1 during the development
of cisplatin resistance in ovarian cancer (OC) cells. (A) Schematic repre-setantion of how four intermediate sublines were
generated between parental and CisR OC cells. (B) Western blot analysis of Twist and DDR proteins, PARP1 and XRCC1
in each subline of OV90-CisR and SKOV3-CisR. (C) Clonogenic cell growth assay for cisplatin, olaparib and niraparib
with the doses of 20 µM, each respectively, for 72 h of treatment followed by 72 h recovery in each subline of OV90-CisR
and SKOV3-CisR. (D) Measurement of 50% inhibitory concentration (IC50) values of cisplatin, olaparib and niraparib on
CisR OC cells compared with their respective parental cells. P: parental cell; CisR: cisplatin-resistant cells; G: sublines of
each respective generation. Values were represented as mean ± SD. * p < 0.05, ** p < 0.01, compared with their respective
parental cells.

2.2. The Twist Deficient Cisplatin-Resistant OC Cells Were More Susceptible to Cisplatin
and PARPi

To investigate whether Twist regulates DNA repair pathway in CisR OC, we trans-
fected cells with Twist siRNA (siTwist) and siRNA negative control (siNC). Twist knock-
down effectively downregulated PARP1 and XRCC1 expression in OV90-CisR and SKOV3-
CisR OC cells (Figure 2A).
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Figure 2. Twist regulates DDR proteins to sensitize cisplatin and PARPi in CisR OC cells. (A) Western blot analysis of
Twist-knockdown with PARP1 and XRRRC1 proteins expression at day 1, 2 and 3 in OV90-CisR and SKOV3-CisR compared
with the siNC group. (B,C) The treatment effect expressed as cell survival and IC50 of cisplatin and PARPi (niraparib) on
CisR OV90 and SKOV3 OC cells depending on Twist expression. The both drus were treated at a various concentrations
ranging from 0 to 160 µM for 72 h of incubation. CisR: cisplatin-resistant; siRNA: small interfering RNA; siNC: non-targeting
negative control siRNA; siTwist: Twist siRNA. Values were represented as mean ± SD. * p < 0.05, ** p < 0.01 compared with
the siNC group.

To examine if knockdown of Twist alters the sensitivity of CisR OC cells to Cis and
Nira, we treated both drugs at a various concentrations ranging from 0 to 160 µM for
72 h. Twist-deficient cells demonstrated more susceptibility to Cis and Nira compared with
Twist-proficient cells at doses starting from 20 µM and up (Figure 2B,C). Twist-knockdown
CisR cells showed a decreased IC50 in response to Cis and Nira as compared with Twist-
proficient CisR OC cells.

2.3. Combination Therapy Exhibits Synergetic Effect with Suppression of DNA Damage Response
Capacity and Inducing Apoptosis on Twist Deficient Cisplatin-Resistant OC Cells

Combination drug therapies induced synergistic, additive or antagonistic effects
depending on the dosage ratio [36–38]. We investigated the dose response of both drugs
(Cis and Nira) in three combination ratios of 1:1, 2:1 and 1:2 in the OV90-P and SKOV3-P,
siNC OV90-CisR and SKOV3-CisR and Twist-deficient OV90-CisR and SKOV3-CisR cells
(Figure 3A). The IC50 measurements of three combination ratio after 72 h of incubation
with original parental, siNC CisR and Twist-deficient CisR cell lines are summarized in
Supplementary Table S1. In Twist knockdown CisR cells, the IC50 values of Cis+Nira at
ratios of 1:1 was significantly smaller than that of the 2:1 and 1:2 ratio in the cell lines
studied (p < 0.05).
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Figure 3. Twist knockdown sensitizes CisR OC cells to Cis and niraparib (Nira) therapy. (A) The dose response curve of Cis
and Nira at 1:1, 2:1 and 1:2 combination ratio on parental, siNC CisR and siTwist CisR OV90 and SKOV3 cells. The cells
were co-treated with increase dose of Cis and Nira (0–160 µM) for 72 h and percentage of cell survival was determined
by EZ-cytox cell viability kit. (B) Measurement of combination index (CI) using compusyn software. P: parental CisR:
cisplatin-resistant; siRNA: small interfering RNA; siNC: non-targeting negative control, siRNA; siTwist: Twist siRNA;
DMSO: dimethyl sulfoxide, Cis: cisplatin; Nira; niraparib; Fa: fraction of affected cells.

Furthermore, using the Compusyn software program, cell cytotoxicity and quanti-
tative values of the drug interaction combination index (CI) were calculated for Twist
knockdown CisR OC cells, where CI < 1, CI = 1, and CI > 1 indicates synergism, additive
effect, and antagonism, each respectively [39]. The corresponding CI values have been
determined to interpret the value of combinations. The combination of Cis and Nira at the
ratio of 1:1 had the highest synergistic value compared to other two ratios of 2:1 and 1:2
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at fraction of affected cells value of 0.5, 0.75 and 0.90 in the both Twist-deficient CisR OC
cells (Figure 3B). For further experiments, the 1:1 mixture in which the IC50 (IC25 dosage of
Cis plus IC25 dosage of Nira) dose of respective drug was used as it showed the lowest CI
value in both Twist-deficient CisR OC cells (Table S2).

Moreover, we investigated the effectiveness of Cis and Nira on cell survival and DDR
proteins, XRCC1 and PARP1 in original parental, siNC CisR and Twist Knockdown CisR
OC. The Cis and Nira effectively reduced cell survival capacity and suppressed PARP1
and XRCC1 expression in both parental OC cells (Figure 4A,B). However, the cell survival
capacity and DDR potential of siNC CisR remained constant even after Cis and Nira
treatment (Figure 4C,D).

Established that Twist knockdown reduced cell survival capacity by suppressing DDR
proteins, we determined whether a combination of Cis and Nira (Cis+Nira therapy) en-
hanced the DDR blocking capacity and cell death of Twist-knockdown CisR cells compared
to single agents; the Twist knockdown CisR were treated with Cis alone, Nira alone and
Cis+Nira therapy. As expected, Cis+Nira markedly decreased cell clonogenicity, where the
DMSO group had greater clonal proliferation after 72 h of drug incubation followed by
72 h of recovery time (p < 0.05, Figure 5A). Indeed, the Cis+Nira effectively blocked DDR
capacity by decreased PARP1 and XRCC1 protein expression level, while the DMSO group
had significantly greater expression of DDR genes (p < 0.05, Figure 5B).

We also investigated the cell death potential of Cis+Nira by measuring relative cell
viability and detecting apoptotic proteins, Bax, cleaved caspase-9 and cleaved caspase-3.
Additionally, we did anti-apoptotic proteins, Bcl-2. The Cis+Nira significantly reduced
relative cell viability compared to the DMSO group (p < 0.05, Figure 5C). The Western
blot data revealed that Cis+Nira markedly increased cell death by inducing Bax, cleaved
caspase-9 and cleaved caspase-3, and reducing Bcl-2 proteins expression level (p < 0.05,
Figure 5D).

2.4. Combination Therapy Is Considerably Effective against Three-Dimensional Cultured of Twist
Knockdown CisR OC Cells

The monolayer culture conditions usually do not replicate the in vivo environment [40,41].
Thus, we employed a 3D spheroids culture to recapitulate the organoid traits of the in vivo
environment (Figure 6A). The DMSO treated siNC transfected microspheroids progres-
sively increased in size with tight aggregate spheres formation, while DMSO treated siTwist
transfected microspheroids increased in size with loosely aggregate sphere formation
(Figure 6B). The Cis+Nira therapy remarkably reduced sphere formation demonstrating
significantly lower cell viability (p < 0.05, Figure 5C). These findings suggest that the
Cis+Nira therapy could potentially eliminate recurred CisR OC cells in vivo.

2.5. Cancer Cell-Death by Cisplatin and Niraparib Accomplished through Boosting ER
Stress-Mediated Mitochondrial-Depended Apoptosis on Three-Dimensional Cultured of Twist
Knockdown Cisplatin-Resistant OC Cells

To determine how Endoplasmic reticulum (ER) stress effects on apoptosis following
Cis+Nira therapy in 3D cell culture, the protein expression of several ER stress markers
was examined by Western blotting. The release of ER chaperons and activation of ER
resident proteins enhancing the expression of CHOP are usually thought to be associated
with activation of ER stress [42–44]. In the present study, the protein levels of GRP78,
calnexin, cleaved ATF6, and CHOP were markedly elevated after the treatment of Cis
alone, Nira alone or Cis+Nira therapy (Figure 7A,B).
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Figure 4. The effect of Cis and Nira on DDR proteins, PARP1 and XRCC1 in parental and non-silenced CisR OC cells. (
Figure 4. The effect of Cis and Nira on DDR proteins, PARP1 and XRCC1 in parental and non-silenced CisR OC cells.
(A) Measurement of cell growth rate using clonogenic assay in parental cells administered with DMSO, Cis, Nira, and
Cis+Nira. The cells were cultured in absence or presence of Cis (18 µm, OV90—P; 21 µm, SKOV3-P) and Nira (17.5 µm,
OV90—P; 15 µm, SKOV3-P) for 72 h followed by 72 h of recovery period. (B) Western blot analysis of DDR proteins, PARP1
and XRCC1 expression levels to determine the effect on parental and siNC cells treated with DMSO, Cis, Nira and Cis+Nira.
The transfected cells were cultured in absence or presence of Cis (18 µm, OV90—P; 21 µm, SKOV3-P) and Nira (17.5 µm,
OV90—P; 15 µm, SKOV3-P) for 72 h. (C) Measurement of cell growth rate using clonogenic assay in siNC transfected CisR
cells administered with DMSO, Cis, Nira, and Cis+Nira. The cells were cultured in absence or presence of Cis (18 µm,
OV90—CisR; 21 µm, SKOV3-CisR) and Nira (17.5 µm, OV90—CisR; 15 µm, SKOV3-CisR) for 72 h followed by 72 h of
recovery period. (D) Western blot analysis of DDR proteins, PARP1 and XRCC1 expression levels to determine the effect
on parental and siNC cells treated with DMSO, Cis, Nira and Cis+Nira. The transfected cells were cultured in absence or
presence of Cis (18 µm, OV90—CisR; 21 µm, SKOV3-CisR) and Nira (17.5 µm, OV90—CisR; 15 µm, SKOV3-CisR) for 72 h.
P: parental; CisR: cisplatin-resistant; siRNA: small interfering RNA; siNC: non-targeting negative control siRNA; siTwist:
Twist siRNA. Values were represented as mean ± SD. * p < 0.05, compared with the DMSO group and ns p > 0.05, compared
with the DMSO group.
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Figure 5. The Cis+Nira therapy induces cell death with blocking DDR capacity on Twist-knockdown CisR OC cells.
(A) Measurement of cell growth rate using clonogenic assay in siTwist transfected cells administered with DMSO, Cis, Nira,
and Cis+Nira. The siTwist transfected cells were cultured in absence or presence of Cis (18 µm, OV90—CisR; 21 µm, SKOV3-
CisR) and Nira (17.5 µm, OV90—CisR; 15 µm, SKOV3-CisR) for 72 h followed by 72 h of recovery period. (B) Western blot
analysis of DDR proteins, PARP1 and XRCC1 expression levels to determine the effect of siNC and siTwist transfected
cells treated with DMSO, Cis, Nira and Cis+Nira. The transfected cells were cultured in absence or presence of Cis (18 µm,
OV90—CisR; 21 µm, SKOV3-CisR) and Nira (17.5 µm, OV90—CisR; 15 µm, SKOV3-CisR) for 72 h. (C) Measurement of
relative cell viability in siNC and siTwist transfected cells administered with DMSO, Cis, Nira, and Cis+Nira in OV90-CisR
(18 µm of Cis and 17.5 µm of Nira) and SKOV3-CisR (21 µm of Cis and 15 µm of Nira) OC cells for 4 days. (D) Western
blot analysis of cell death proteins, including Bax, cleaved caspase-9 and cleaved caspase-3 and Bcl-2 proteins and their
expression levels to determine the effect of siNC and siTwist transfected cells treated with DMSO, Cis, Nira and Cis+Nira.
The transfected cells were cultured in absence or presence of Cis (18 µm, OV90—CisR; 21 µm, SKOV3-CisR) and Nira
(17.5 µm, OV90—CisR; 15 µm, SKOV3-CisR) for 72 h. CisR: cisplatin-resistant; siRNA: small interfering RNA; siNC:
non-targeting negative control siRNA; siTwist: Twist siRNA. Values were represented as mean ± SD. # p < 0.05, compared
with siNC group; * p < 0.05, compared with the siTwist (DMSO) group.
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Figure 6. The Cis+Nira therapy is effective against three-dimensional (3D) cultures of Twist-knockdown CisR OC cells.
(A) The schematic diagram showing the experimental protocol for the formation 3D spheroid and treatment plan of DMSO,
Cis, and Nira. (B) The images representing 3D spheroids formation of siNC and siTwist transfected cells at 0, 1, 3 and
5 days on OV90-CisR and SKOV3-CisR (Magnification, 10×, scale bar 100 µm). The cells were cultured in absence or
presence of Cis (18 µm, OV90—CisR; 21 µm, SKOV3-CisR) and Nira (17.5 µm, OV90—CisR; 15 µm, SKOV3-CisR) for
120 h. (Magnification, 10×, scale bar 100 µm) (C) Relative cell viability of siNC and siTwist transfected 3D culture cells
administered with DMSO, Cis, Nira, and Cis+Nira in OV90-CisR (18 µm of Cis and 17.5 µm of Nira) and SKOV3-CisR
(21 µm of Cis and 15 µm of Nira) OC cells. CisR: cisplatin-resistant; siRNA: small interfering RNA; siNC: non-targeting
negative control, siRNA; siTwist: Twist siRNA; DMSO: dimethyl sulfoxide, Cis: cisplatin; Nira: niraparib. Values were
represented as mean ± SD. # p < 0.05, compared with siNC group; * p < 0.05, compared with the siTwist (DMSO) group.
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Figure 7. The Cis+Nira therapy enhances ER stress in 3D cultures of Twist-knockdown CisR OC cells. Western blot analysis
of ER stress proteins, GRP78, calnexin, cleaved ATF6 and CHOP in 3D cultures of Twist-knockdown (A) OV90-CisR and
(B) SKOV3-CisR OC cells. CisR: cisplatin-resistant; siRNA: small interfering RNA; siNC: non-targeting negative control,
siRNA; siTwist: Twist siRNA; DMSO: dimethyl sulfoxide, Cis: cisplatin; Nira; niraparib. Values were represented as mean
± SD. # p < 0.05, compared with siNC group; * p < 0.05, compared with the siTwist (DMSO) group.
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Mitochondrial changes are critical for apoptosis where disturbance in mitochondrial
transmembrane potential is one of the earliest intracellular actions to occur following
induction of apoptosis [45–48]. It is identified that mitochondrial outer membrane proteins,
Bax (the pro-apoptotic proteins) and Bcl-2 (anti-apoptotic) and inner protein, cytochrome
C play a vital role in triggering caspase-dependent apoptosis [47,48]. The mitochondrial
apoptosis kit employs Mitostain, a cationic dye that produce fluorescence to differentiate
healthy and apoptotic cells. Our result demonstrated that red/green ratio reduced by
DMSO (siNC), DMSO (siTwist), Cis (siTwist), Nira (siTwist), and Cis+Nira (siTwist) in
Twist-knockdown OV90-CisR cells were 8.25 ± 0.94, 6.28 ± 0.76, 4.42 ± 0.47, 3.61 ± 0.40
and 1.63 ± 0.186, respectively (Figure 8A). The values were identical to those observed
in SKOV3-CisR (9.85 ± 0.73, 7.01 ± 0.72, 4.63 ± 0.81, 3.99 ± 0.43, 2.24 ± 0.42) (Figure 8B).
By comparison, triple combination of Twist-knockdown, Cis, Nira treatment showed the
greatest decrease of mitochondrial membrane potential—four to five-times lower than that
of the DMSO (siNC) group. Triple combination treatment caused greater mitochondrial
damage in both OV90-CisR and SKOV3-CisR cell lines, as indicated by the decrease
in mitochondrial membrane potential. Most importantly, triple combination therapy
significantly upregulated Bax in 9the mitochondrial fraction (Figure S3) and upregulated
cytochrome C in the cytosolic fraction (Figure S4) in Twist-knockdown CisR OC cells.
In contrast, downregulation of Bcl-2 and cytochrome C in the mitochondrial fraction
was observed with triple combination therapy (Figure 9 A and Figure S3). The ratio of
cytochrome C in cytosol to that in mitochondria was significantly higher in the group of
combination therapy due to the release of cytochrome C from mitochondria to cytosol
(Figure 9B). These findings suggest that the efficacy of Cis and Nira on Twist-Knockdown
CisR OC cells is associated with decreasing the mitochondrial potential, followed by the
translocation of apoptotic protein Bax from cytoplasm to mitochondrial outer membrane
with diminishing Bcl-2 activity to facilitate the cytochrome C release from mitochondria
to cytoplasm.

2.6. The Synthetic Lethality of Cisplatin and Niraparib Consists of Expressing Apoptotic Marker
and Suppressing Cell Proliferative Marker on Three-Dimensional Cultured of Twist Knockdown
Cisplatin-Resistant OC Cells

We applied hematoxylin and eosin (H&E) staining and immunohistochemistry to
investigate histological features together with markers of cell proliferation and apoptosis
(Figure 9C). Proliferative activity was examined by anti-Ki-67 and apoptosis potential was
represented by anti-cleaved caspase-3 immunohistochemistry. The H&E staining of 3D
spheroids after generation exhibited tumor cell characteristics of high nucleus to cytoplasm
ratios. The siNC transfected spheroids were densely arranged in tight balls. The siTwist
transfected spheroids treated with Cis alone, Nira alone or both combinations of Cis+Nira
showed developed vascular structures with loose arrangements of discohesive OC cells.
Immunohistochemically, Cis alone, Nira alone or combinations of Cis+Nira showed lower
ki-67 activity along with higher cleaved caspase-3 immunoreactivity.
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Figure 8. The Cis+Nira therapy significantly reduced mitochondrial membrane potential in Twist-knockdown CisR OC
cells. Microscopic visualization and quantification of mitochondrial membrane potential in 3D cultures of Twist-knockdown
(A) OV90-CisR and (B) SKOV3-CisR OC cells. Magnification, 10×, scale bar 100 µm. CisR: cisplatin-resistant; siRNA:
small interfering RNA; siNC: non-targeting negative control, siRNA; siTwist: Twist siRNA; DMSO: dimethyl sulfoxide,
Cis: cisplatin; Nira; niraparib. Values were represented as mean ± SD. # p < 0.05, compared with siNC group; * p < 0.05,
compared with the siTwist (DMSO) group.
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Figure 9. The combination therapy efficiently activated mitochondrial-dependent apoptotic pathway in 
Figure 9. The combination therapy efficiently activated mitochondrial-dependent apoptotic pathway in Twist-knockdown
CisR OC cells. (A) Western blot analysis of Bax, Bcl-2 and cytochrome C in 3D cultured of Twist knockdown OC cells.
(B) The ratio of cytochrome C in cytosolic fraction to that in mitochondria fraction. (C) H&E staining for morphology
evaluation and immunohistochemistry of the cell proliferation marker, ki-67 and apoptosis marker, cleaved caspase-3
immunoreactivity prediction (Magnification, 40×, scale bar 20 µm). CisR: cisplatin-resistant; siRNA: small interfering
RNA; siNC: non-targeting negative control, siRNA; siTwist: Twist siRNA; DMSO: dimethyl sulfoxide, Cis: cisplatin; Nira;
Niraparib. Values were represented as mean ± SD. # p < 0.05, compared with siNC group; * p < 0.05, compared with the
siTwist (DMSO) group.

3. Discussion

In this study, we demonstrated that the Nira and Cis proficiently killed Twist-knockdown
CisR OC cell via induction of apoptosis under both in 2D and 3D cell culture conditions.
Additionally, through in-detail in vitro experiments, we investigated the potential mecha-
nisms underlying the synthetic lethality of Nira and Cis on Twist-deficient CisR OC cells
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and provided a schematic representation of the mechanisms and interactions in Figure 10.
We found that one of the mechanisms of synthetic lethality is through blocking DNA repair,
i.e., suppression of PARP1 and XRCC1 activation. Another important mechanism is the
ER stress-mediated mitochondrial apoptosis through boosting release of ER chaperons,
GRP78 and calnexin, and activation of ER resident protein, cleaved ATF6 with enhanced
expression of CHOP. Mitochondrial outer membrane proteins, Bax and Bcl-2, and inner
protein, cytochrome C play a vital role in triggering caspase-dependent apoptosis [47–49].
Hence, Twist-knockdown of CisR OC cells greatly improved the translocation of Bax to
the outer mitochondrial membrane with reduced activity of Bcl-2, and thus the release of
cytochrome C from mitochondria to cytoplasm, leading to irreversible cell death.

 

Figure 10. The pathway involved in the synthetic lethality of PARPi with combination of cisplatin on
Twist knockdown CisR OC cells.

Cancer cells are often considered to have abnormalities in DDR including defects in
cell cycle checkpoints and/or DNA repair [18,50]. Cancers with DDR impairment demon-
strated vulnerability to genome instability by “synthetic lethality” targeting chemother-
apy [18,51,52]. Synthetic lethality between DDR pathways has provided a standard for
cancer therapy by targeting DDR. PARP1 is an essential cofactor in DDR by incorporating
DNA repair effector proteins, such as XRCC1, into the cisplatin-induced DNA injury site
and coordinating their action of DNA single-strand break repair [53–56]. The most notable
event of DDR directing mediators is the capability of PARP1 repression as a regulated, syn-
thetic lethal approach, demonstrated in both in vitro and in vivo studies [57–62]. Although
FDA approved PARPi includes rucaparib, olaparib, talazoparib and niraparib were hypoth-
esized to be effective in a wide range of patients, only small percentage of cancer patients
receiving benefit from it due to cross-resistance to other chemotherapeutic drugs [63–66].

In patients with OC, Twist expression forecasts poor prognostic outcomes, indicating
that Twist can play a critical role in OC development [67,68]. Several studies have indicated
that Twist expression could be a useful predictor of unfavorable prognosis for OC [69,70].
However, little information is available as to the role of Twist in platinum resistance of OC.
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In this study, we demonstrated that CisR OC cells exhibit higher expression of Twist with
amplification of DDR proteins, PARP1 and XRCC1. We confirmed that both Cis and PARPi
sensitivity gradually decreased during the development of resistant cell lines, indicating
CisR cells were also cross-resistance to PARPi. Although the knockdown of Twist in
CisR OC cells reportedly blocks DDR genes activity, we confirmed that Twist-knockdown
sensitizes OC cells to Cis and Nira confirmed by the significantly lowered IC50 value.

More importantly, we observed synergetic drug interactions between Cis and Nira
in both Twist-knockdown CisR OC monolayer cell culture. Treatment of Nira causes
DNA injury and cellular damage by restricting PARP enzymatic action and enhancing
the development of PARP-DNA clusters [71,72]. Similarly, Cis induces DNA damage
by generating monoadducts and interstrand crosslinks leading to inhibition of DNA and
ultimately to cell death [56,73]. The Cis+Nira therapy significantly reduced cell growth rate,
and increased the effects of DNA damage and cell death compared with either monotherapy.
Based on these results, we believe that knockdown of the Twist with PARPi could be a
highly effective strategy in overcoming CisR in OC.

The 3D cell culture aims at recapitulating in vivo tissue architectures to provide
physiologically relevant models to study normal development and disease [74,75]. Alt-
hough the 3D culture model cannot fully recapitulate all aspects of the in vivo environment,
it offers more benefits than a 2D culture. Our study revealed that Cis+Nira therapy
with Twist-knockdown considerably decreased the formation of the micr-organoids in 3D
cell culture.

ER stress, measured by the magnitude and length of ER stress, is important for both
pro-survival and pro-apoptotic functions. It has been a possible target for developing po-
tential drug candidates that regulate specific signaling pathways to either suppress tumor
or overcome chemotherapy resistance [76]. Recently several chemotherapy candidates
have been investigated in connection to ER stress, which could directly or indirectly affect
cancers [77]. Among them, ER stress inducing agents that activated CHOP-GADD34 axis
is a promising anti-cancer approach [78–81]. Our study showed that after Cis and Nira
treatment, potential levels of GRP78, calnexin, cleaved ATF6 and CHOP were simultane-
ously elevated in 3D spheroid cell culture. Although the underlying basis influencing ER
stress- mediated apoptosis have not been fully elucidated, growing evidence indicates that
mitochondria and ER work together to trigger cell damage signal [82]. The protein levels of
pro-apoptotic Bax elevated, whereas anti-apoptotic Bcl-2 dropped after Cis+Nira therapy
in Twist-knockdown CisR OC cells. These two proteins cause the external mitochondrial
membrane to be permeabilized and consequently release cytochrome C to the cytosol and
eventually activating caspases-3, as reflected in our research.

In addition, the IHC examination of Ki-67 revealed downregulated proliferation and
increased cleaved caspase-3 expression after combination therapy in Twist knockdown 3D
spheroid OC cell culture.

4. Materials and Methods

4.1. Cell Lines

Two human ovarian cancer (OC) cell lines, OV90 and SKOV3 were obtained from
Korean Biotech Co., Ltd., Seoul, Korea, the domestic distributor of American Type Cul-
ture Collection (ATCC). The cells were cultured in their respective ATCC recommended
growth supplemented with fetal bovine serum (FBS). Two CisR OC cells, OV90/CisR
and SKOV3/CisR were generated by the stepwise increment of cisplatin dosing method
described in our previous publication [27].

4.2. siRNA Transfection

Small interfering RNA (siRNA) transfections were performed according to the man-
ufacturer’s instructions using Lipofectamine 2000 RNAiMAX transfection reagent (Invit-
rogen). Twist siRNA (#sc38604, Santa Cruz Biotechnology, Dallas, TX, USA) and control
siRNA (#sc37007, Santa Cruz Biotechnology, Dallas, TX, USA) were used to generate Twist
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knockdown (siTwist) and negative control (siNC) cells. The lyophilized siRNA duplex was
reconstituted in RNase-free water to create 10 µM stock solutions. The transfected cells
were confirmed by Western blot analysis.

4.3. Measurement of Cell Viability and IC50

Cell viability and IC50 were determined using EZ-cytox cell viability kits (#EZ-1000,
DLS-1906, DoGenBio Co., Ltd., Seoul, Korea). The cells (1 × 104 cells/well) were plated
in 96-well plates and incubated for desired period of time. The cells were treated with
different concentration of drugs. After incubation, EZ-cytox solution was added to each
well and incubated for 2 h. Absorbance was then recorded on a microplate reader (Synergy
H1; BioTek Instruments, Inc., Winooski, VT, USA) at the wavelength of 490 nm. The IC50
values were analyzed using GraphPad Prism software (version 5.0, GraphPad Software
Inc., San Diego, CA, USA).

4.4. Colony Formation Assay

The clonogenic assay was employed for the determination of cell growth using pre-
viously described method [83]. In brief, the cells were cultured plates at low density
(~500 cells per well) in 12-well for 24 h and then treated with drugs for 72 h followed by
72 h recovery. The plates were then washed with PBS and stained with 0.1% crystal violet
solution. The cells were washed until no stain was visible, air dried, and photographed.
The dye was extracted using 1% sodium dodecyl sulfate (SDS) solution by continuous
shaking and then quantified using a spectrophotometer at 570 nm.

4.5. Generation of Three Dimensional (3D) Spheroidal Model

To generate in vitro three–dimensional (3D) spheroidal model utilized combination of
hanging drop and hydrogel scaffolds modified methods [27,84]. The details of generation
of three dimensional (3D) spheroidal model are described in the supporting information,
Supplementary materials and methods, Section S1.1.

4.6. Mitochondrial Apoptosis Staining

Mitochondrial transmembrane potential was evaluated by using mitochondrial apop-
tosis staining kit (#PK-CA577-K250-25, Promo Kine, Heidelberg, Germany), according to
manufacturer instruction. The details of mitochondrial apoptosis staining are described in
the supporting information, Supplementary materials and methods, Section S1.2.

4.7. Mitochondrial and Cytosolic Separation

Mitochondrial and cytosolic fractions were isolated as described earlier [43]. The de-
tails of mitochondrial and cytosolic separation are described in the supporting information,
Supplementary materials and methods, Section S1.3.

4.8. Western Blotting

The Western blotting was performed as described previously [27]. The details of
Western blotting are described in the supporting information, Supplementary materials
and methods, Section S1.4.

4.9. Histology and Immunohistochemistry

The hematoxylin and eosin (H&E) and immunohistochemistry (IHC) staining was
performed according to routine protocols. The details of staining are described in the
supporting information, Supplementary materials and methods, Section S1.5.

4.10. Statistical Analysis

Data were statistically expressed using mean ± SD and one-way analysis of variance
(ANOVA) followed by Tukey’s multiple comparison test was used for the statistical analysis
of various three groups. p < 0.05 was considered statistically significant.
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5. Conclusions

The present study links Twist and DDR proteins (PARP1 and XRCC1) with cisplatin
resistance in OC. We demonstrated that Twist knockdown CisR OC cells are highly sen-
sitive to cisplatin and PARPi niraparib in both in vitro 2D and 3D cell culture models
(Figure 11). Our study also suggests that targeting Twist and PARPi (a synthetic lethal
partner) could potentially be a beneficial approach to overcoming cisplatin-based resistance
and a promising option for the treatment of OC.

 

Figure 11. The proposed therapeutic strategy to overcome cisplatin resistance in OC. 
Figure 11. The proposed therapeutic strategy to overcome cisplatin resistance in OC.
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Abstract: 5-Fluorouracil (5-FU) is a cornerstone drug used in the treatment of colorectal cancer
(CRC). However, the development of resistance to 5-FU and its analogs remain an unsolved problem
in CRC treatment. In this study, we investigated the molecular mechanisms and tumor biolog-
ical aspects of 5-FU resistance in CRC HCT116 cells. We established an acquired 5-FU-resistant
cell line, HCT116RF10. HCT116RF10 cells were cross-resistant to the 5-FU analog, fluorodeoxyuri-
dine. In contrast, HCT116RF10 cells were collaterally sensitive to SN-38 and CDDP compared with
the parental HCT16 cells. Whole-exome sequencing revealed that a cluster of genes associated
with the 5-FU metabolic pathway were not significantly mutated in HCT116 or HCT116RF10 cells.
Interestingly, HCT116RF10 cells were regulated by the function of thymidylate synthase (TS), a 5-FU
active metabolite 5-fluorodeoxyuridine monophosphate (FdUMP) inhibiting enzyme. Half of the TS
was in an active form, whereas the other half was in an inactive form. This finding indicates that
5-FU-resistant cells exhibited increased TS expression, and the TS enzyme is used to trap FdUMP,
resulting in resistance to 5-FU and its analogs.

Keywords: colorectal cancer cells; drug resistance; 5-Fluorouracil; thymidylate synthase; exome se-
quencing

1. Introduction

Colorectal cancer (CRC) is the third-most common cancer in the world [1], and 5-
Fluorouracil (5-FU) is the most important chemotherapeutic agent used in its treatment [2,3].
5-FU is also widely used to treat other cancers, such as gastric, pancreatic, breast, ovarian,
and head and neck cancers [2,3]. 5-FU is converted to 5-fluorodeoxyuridine monophosphate
(FdUMP), which is a potent inhibitor of thymidylate synthase (TS) [3–5]. FdUMP forms a cova-
lent complex with TS in the presence of 5,10-methylenetetrahydrofolate (CH2–THF) [2,3,5].
The inhibition of TS depletes the intracellular dTTP pool and subsequently inhibits DNA
synthesis [2–5]. Another effect by which 5-FU can exert its cytotoxic action is its incorpora-
tion as fluorodeoxyuridine triphosphate (FdUTP) and fluorouridine triphosphate (FUTP)
into DNA and RNA, respectively [2–4]. Experimental and clinical studies indicate that
continuous exposure of CRC cells to 5-FU results in acquired resistance to 5-FU and its
derivatives. This is often caused by common cancer resistance mechanisms, such as drug
inactivation, drug efflux, drug target alterations, bypass pathway activation, DNA damage
repair, and cell death [2,3]. 5-FU resistance is correlated with the level of TS protein and
enzymatic activity in cancer cells [2,3,6–8]. In addition, high TS protein and RNA expres-
sion levels in tumor tissue is also a useful biomarker for poor prognosis for 5-FU-based
chemotherapy in CRC patients [2,3,9]. Furthermore, 5-FU sensitivity is influenced by the
expression levels of dihydropyrimidine dehydrogenase (DPD) [9,10], which converts 5-FU
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to dihydrofluorouracil (DHFU) during the catabolic process [2–4,9,10]. However, 5-FU re-
sistance has not yet been circumvented clinically.

In this study, we established a 5-FU-resistant HCT116 CRC cell line (HCT116RF3 and
HCT116RF10) and analyzed its biological features. HCT116RF10 cells, which are cross-
resistant to the 5-FU analog fluorodeoxyuridine (FUdR), were collaterally sensitive to
SN-38 and CDDP compared with the parental HCT16 cells. In addition, HCT116RF10 cells
exhibited a lower ability to form tumor spheres compared with parental HCT116 cells.
Notably, HCT116RF10 cells maintained the tumor sphere formation ability compared with
HCT116 cells under 5-FU exposure conditions. Furthermore, a gene cluster associated
with 5-FU metabolic pathway was not significantly mutated in HCT116 and HCT116RF10

cells as determined by whole-exome sequencing. We found that HCT116RF10 cells regulate
intracellular TS states in which half of the TS enzyme is in a functional form and the other
half exists as an FdUMP-covalent complex (inactive form). These findings provide a better
understanding of resistance to anticancer 5-FU and its analogs.

2. Results

2.1. Establishment of the 5-Fluorouracil-Resistant HCT116 Cells

To elucidate the mechanisms underlying resistance to 5-FU, we generated a variant
of the HCT116 human colorectal cancer cell line that was resistant to 5-FU, an important
anticancer drug used for CRC treatment [2,3]. We established 5-FU-resistant HCT116RF3 or
HCT116RF10 cells by repeated exposure of parental HCT116 cells to stepwise increasing
concentrations of 5-FU over a period of approximately 12 weeks at 3 µM and 14 weeks at
10 µM, respectively (Figure 1a). The EC50 of 5-FU in HCT116RF3 (intermediate variant)
and HCT116RF10 cells were determined by a WST-8 assay after continuous exposure for
72 h. As shown in Table 1 and Figure 1b, the EC50 value of the 5-FU-resistant HCT11
6 cells was higher (1.5 × 10−5 M in HCT116RF3 and 2.9 × 10−5 M in HCT116RF10 cells)
than that of sensitive, parental HCT116 cells (5.1 × 10−6 M). The RI was approximately
2.9 for HCT116RF3 cells and 5.7 for HCT116RF10 cells (Table 1). In addition, similar results
were obtained by colony formation assay (Figure 1c,d). The EC50 value of 5-FU-resistant
HCT116 cells was significantly higher (1.6 × 10−5 M in HCT116RF3 and 3.8 × 10−5 M in
HCT116RF10 cells) than that of the parental HCT116 cells (5.5 × 10−6 M) (Table 1). The RI
of HCT116RF3 and HCT116RF10 cells was approximately 2.9 and 6.9, respectively (Table 1).
Furthermore, parental HCT116, HCT116RF3, and HCT116RF10 cells exhibited nearly similar
morphological features (Figure 1e).
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Figure 1. Establishment of HCT116RF10, a 5-FU-resistant derivative of the human colorectal cancer cell line HCT116. (a) 
Scheme for the establishment of the 5-FU-resistant HCT116 cells (HCT116RF10). (b) HCT116RF10 and parental HCT116 cells 
were tested for cell viability after a 72 h treatment with 5-FU. Results represent the averages of three independent experi-
ments with error bars showing ±SE from triplicates. (c) Drug sensitivities of HCT116RF10 and HCT116 using the colony 
formation assay. HCT116RF10 and HCT116 cells were treated with the indicated concentration of 5-FU and incubated for 
10 days. (d) HCT116 cells: Colony formation (%) represents the average of two independent experiments, each performed 
in duplicate, with error bars showing ±SE of four measurement values. HCT116RF3 and RF10 cells: Colony formation (%) 
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Scheme for the establishment of the 5-FU-resistant HCT116 cells (HCT116RF10). (b) HCT116RF10 and parental HCT116 cells 
were tested for cell viability after a 72 h treatment with 5-FU. Results represent the averages of three independent experi-
ments with error bars showing ±SE from triplicates. (c) Drug sensitivities of HCT116RF10 and HCT116 using the colony 
formation assay. HCT116RF10 and HCT116 cells were treated with the indicated concentration of 5-FU and incubated for 
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Figure 1. Establishment of HCT116RF10, a 5-FU-resistant derivative of the human colorectal cancer cell line HCT116. (a) Scheme
for the establishment of the 5-FU-resistant HCT116 cells (HCT116RF10). (b) HCT116RF10 and parental HCT116 cells were tested
for cell viability after a 72 h treatment with 5-FU. Results represent the averages of three independent experiments with error bars
showing ±SE from triplicates. (c) Drug sensitivities of HCT116RF10 and HCT116 using the colony formation assay. HCT116RF10 and
HCT116 cells were treated with the indicated concentration of 5-FU and incubated for 10 days. (d) HCT116 cells: Colony formation
(%) represents the average of two independent experiments, each performed in duplicate, with error bars showing ±SE of four
measurement values. HCT116RF3 and RF10 cells: Colony formation (%) represents the average of three independent experiments,
each performed in triplicate, with error bars showing ±SE of nine measurement values. White circle, HCT116 cells; black triangle,
HCT116RF3 cells; black circle, HCT116RF10 cells. (e) Morphological features were analyzed using a Leica DMi1 microscope with LAS
V4.12 at 200× magnification. Scale bar = 100 µm.

Table 1. Sensitivity of 5-fluorouracil in the parental HCT116, HCT116RF3 and HCT116RF10 cells.

Cell line
EC50 (M) RI

WST-8 Assay CFA WST-8 Assay CFA

HCT116 5.1 × 10−6 5.5 × 10−6 1 1
HCT116RF3 1.5 × 10−5 1.6 × 10−5 2.9 2.9
HCT116RF10 2.9 × 10−5 3.8 × 10−5 5.7 6.9

Note. EC50, 50% effective concentration; R, resistant; F3, fluorouracil 3 × 10−6 M; F10, fluorouracil 10 × 10−6 M;
RI, resistance index.

2.2. Anticancer Drug Response of the 5-FU-Resistant HCT116 Cells

We examined the effects of several anticancer drugs, including the 5-FU analog FUdR,
SN-38, an active metabolite of irinotecan, and CDDP, on the proliferation of parental
HCT116 and 5-FU-resistant HCT116RF10 cells by WST-8 (Figure 2) and colony forma-
tion assays (Figure 3). As shown in Table 2 and Figure 2a, HCT116RF10 cells were
80.0-fold (EC50 = 1.2 × 10−4 M) more resistant to FUdR than parental HCT116 cells
(EC50 = 1.5 × 10−6 M). In contrast, the resistant index for SN-38 and CDDP was 2.1-
fold (EC50 = 6.6 × 10−9 M in HCT116RF10 cells; 3.1 × 10−9 M in HCT116 cells) and 1.4-fold
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(EC50 = 1.4 × 10−5 M in HCT116RF10 cells; 1.0 × 10−5 M in HCT116 cells), respectively
(Table 2, Figure 2b,c). Similarly, for the colony-forming assay, HCT116RF10 cells were
9.7-fold (EC50 = 3.3 × 10−5 M) more resistant to FUdR than the parental HCT116 cells
(EC50 = 3.4 × 10−6 M) (Figure 3a). In addition, the RI of SN-38 and CDDP was 0.7-fold
(EC50 = 3.0 × 10−9 M in HCT116RF10 cells; 4.2 × 10−9 M in HCT116 cells) and 0.9-fold
(EC50 = 4.5 × 10−6 M in HCT116RF10 cells; 5.2 × 10−6 M in HCT116 cells), respectively
(Table 2, Figure 3b,c). These results indicate that 5-FU-resistant HCT116RF10 cells exhibit
cross-resistance to FUdR but collateral sensitivity to the anticancer drugs SN-38 and CDDP.
This finding suggests that the HCT116RF10 cells are resistant not only to 5-FU but also to
other 5-FU deoxyribose analogs such as FUdR.

Table 2. Sensitivities of several anticancer agents in the parental HCT116 and HCT116RF10 cells.

EC50 (M, WST-8) EC50 (M, CFA)

HCT116 HCT116RF10 RI HCT116 HCT116RF10 RI

FUdR 1.5 × 10−6 1.2 × 10−4 80.0 3.4 × 10−6 3.3 × 10−5 9.7
SN-38 3.1 × 10−9 6.6 × 10−9 2.1 4.2 × 10−9 3.0 × 10−9 0.7
CDDP 1.0 × 10−5 1.4 × 10−5 1.4 5.2 × 10−6 4.5 × 10−6 0.9

Note: EC50, 50% effective concentration; RF10, resistant to fluorouracil 10 × 10−6 M; RI, resistance index.
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Figure 2. Sensitivity of 5-FU-resistant HCT116RF10 and parental HCT116 cells to FUdR, SN-38, and CDDP. The cell prolif-
eration WST-8 assay of HCT116RF10 and parental HCT116 cells after a 72 h treatment with (a) FUdR, (b) SN-38, and (c) 
CDDP. Results represent the averages of two independent experiments, with error bars showing ±SE of triplicates. White 
circle, HCT116 cells; black circle, HCT116RF10 cells. 

Figure 2. Sensitivity of 5-FU-resistant HCT116RF10 and parental HCT116 cells to FUdR, SN-38, and CDDP. The cell
proliferation WST-8 assay of HCT116RF10 and parental HCT116 cells after a 72 h treatment with (a) FUdR, (b) SN-38,
and (c) CDDP. Results represent the averages of two independent experiments, with error bars showing ±SE of triplicates.
White circle, HCT116 cells; black circle, HCT116RF10 cells.
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Figure 3. Sensitivity of 5-FU-resistant HCT116RF10 and parental HCT116 cells to FUdR, SN-38, and CDDP. Colony for-
mation by HCT116RF10 and parental HCT116 cells after 10 days of treatment with (a,b) FUdR, (c,d) SN-38, and (e,f) CDDP. 
Colony formation (%) represents the averages of two independent experiments each performed in duplicate (b) or tripli-
cate (d,f), with error bars showing ±SE of four (b) or six (d,f) measurement values. White circle, HCT116 cells; black circle, 
HCT116RF10 cells. 

Figure 3. Sensitivity of 5-FU-resistant HCT116RF10 and parental HCT116 cells to FUdR, SN-38, and CDDP. Colony formation
by HCT116RF10 and parental HCT116 cells after 10 days of treatment with (a,b) FUdR, (c,d) SN-38, and (e,f) CDDP.
Colony formation (%) represents the averages of two independent experiments each performed in duplicate (b) or triplicate
(d,f), with error bars showing ±SE of four (b) or six (d,f) measurement values. White circle, HCT116 cells; black circle,
HCT116RF10 cells.
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2.3. Biological Features of the 5-FU-Resistant HCT116 Cells

We analyzed the tumor sphere formation ability of HCT116RF10 cells and parental
HCT116 cells in three-dimensional cell culture experiments (Figure 4). HCT116RF10 cells
exhibited a lower ability to form tumor spheres compared with parental HCT116 cells
under untreated conditions (Figure 4a left panel and b). Interestingly, HCT116RF10 cells
maintained a tumor sphere formation ability compared with parent HCT116 cells during
5-FU treatment conditions (Figure 4a,c). We next examined the sensitivity of parental
HCT116 and HCT116RF10 tumor sphere cells to 5-FU. As shown in Figure 4d, HCT116RF10

cells were 18.7-fold (EC50 = 2.8 × 10−5 M) more resistant to 5-FU than parental HCT116
cells (EC50 = 1.5 × 10−6 M). These data indicate that 5-FU-resistant HCT116RF10 cells
are less prone to tumorigenesis than sensitive, parental HCT116 cells, but formed tumor
spheres that retained a higher 5-FU resistance.
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Figure 4. Tumor sphere formation of 5-FU-resistant HCT116RF10 and parental HCT116 cells. (a) Tu-
mor sphere formation was analyzed using a Leica DMi1 microscope with 50× magnification.
Scale bar = 500 µm. HCT116RF10 and parental HCT116 cells were treated with or without 3 × 10−5 M
5-FU for 3 or 14 days. Control, no 5-FU, solvent (DMSO) alone. To assess the ability of HCT116RF10

and parental HCT116 cells to form tumor spheres, the cells were treated with solvent alone (b) or
3 × 10−5 M 5-FU (c) for 14 days. Tumor sphere size was calculated as described in the Materials and
Methods. White circle, HCT116 cells; black circle, HCT116RF10 cells. (d) Drug sensitivity of 5-FU
in HCT116 and HCT116RF10 tumor spheres. Tumor sphere formation by HCT116RF10 and parental
HCT116 cells after a 14-day treatment with 5-FU at the indicated concentrations. Results are the aver-
ages for groups of three tumor spheres each with error bars showing SE. White circle, HCT116 cells;
black circle, HCT116RF10 cells.

2.4. Exome Sequencing Analysis of HCT116 Parent Cells and 5-FU-Resistant HCT116RF10 Cells

We analyzed variants of 5-FU metabolic pathway-related enzyme genes, including TYMS,
which encodes for TS, and DPYD, which encodes for DPD in HCT116 and HCT116RF10

cells. TS is a major intracellular target of 5-FU, whereas DPD catalyzes the rate-limiting
step in the catabolism of 5-FU [2,3,11]. The pathways involved in the metabolism of
5-FU and its analog FUdR are shown in Figure 5. The genetic alteration status of nearly all of
the 5-FU metabolic pathway-related genes was of similar status in both cells.
Importantly, the variants of TYMS and DPYD in HCT116 and HCT116RF10 cells con-
tained heterozygous mutations or intron variants. We identified two TYMS intron vari-
ants, 454+197_454+202delTTTTTT and 454+199_454+202delTTTT, in HCT116RF10 cells.
In contrast, only one TYMS intron variant, 454+200_454+202delTTT, was present in sen-
sitive parental HCT116 cells. Similarly, the three DPYD variants, 2999A>T, 2623-59T>G,
and 2442+78delA, were present in the HCT116RF10 cells. In addition, three DPYD vari-
ants, 2442+77_2442+delAA, 40-461delT, and -113T>C, were present in HCT116 cells.
Herein, we show that one of the DPYD heterozygous variants, 2999A>T, is a missense
mutation (Asp1000Val) in DPD of 5-FU-resistant HCT116RF10 cells.
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Figure 5. Metabolic pathways associated with 5-FU. 5-FU, 5-fluorouracil; DHFU, dihydrofluorouracil; FUPA, fluorourei-
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methylenetetrahydrofolate; DHF, dihydrofolate; THF; tetrahydrofolate; TS, thymidylate synthase; DPD, dihydropyrimi-
dine dehydrogenase; DPYS, dihydro pyrimidase; DHFR, dihydrofolate reductase; BUPI, β-ureido propionase; TP, thymi-
dine phosphorylase; TK, thymidine kinase; SHMT, serine hydroxymethyltransferase; and OPRT, orotate phosphoribosyl-
transferase 1. 
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Figure 5. Metabolic pathways associated with 5-FU. 5-FU, 5-fluorouracil; DHFU, dihydrofluorouracil; FUPA, fluoroureidopropionate;
FBAL, fluoroalanine; FUdR, fluorodeoxyuridine; FdUMP, fluorodeoxyuridine monophosphate; FdUTP, fluorodeoxyuridine triphos-
phate; FUMP, fluorouridine monophosphate; FUTP, fluorouridine triphosphate; dUMP, deoxyuridine monophosphate;
dTMP, deoxythymidine monophosphate; dTTP, deoxythymidine triphosphate; CH2-THF, 5,10-methylenetetrahydrofolate;
DHF, dihydrofolate; THF; tetrahydrofolate; TS, thymidylate synthase; DPD, dihydropyrimidine dehydrogenase;
DPYS, dihydro pyrimidase; DHFR, dihydrofolate reductase; BUPI, β-ureido propionase; TP, thymidine phosphorylase;
TK, thymidine kinase; SHMT, serine hydroxymethyltransferase; and OPRT, orotate phosphoribosyltransferase 1.

2.5. Regulation of TS and DPD in HCT116 Parent Cell and 5-FU-Resistant HCT116RF10 Cells

To elucidate the association of TS and DPD expression with 5-FU resistance, we ana-
lyzed TS and DPD expression levels in parental HCT116 and 5-FU-resistant HCT116RF10

cells by Western blot analysis (Figure 6a). Interestingly, as shown in Figure 6a (top panel)
and 6b, free-TS protein levels were almost identical in HCT116RF10 and HCT116 cells.
Conversely, the FdUMP–TS covalent complex was 1.8-fold higher in HCT116RF10 cells than
in HCT116 cells (Figure 6a top panel and 6c). Importantly, it should be noted that total TS,
the free form, the FdUMP-covalent form, and total TS was overexpressed in HCT116RF10

cells rather than in HCT116 cells (Figure 6a top panel and Figure 6d). The upper band
of TS, indicated FdUMP-covalent form, which represents TS in ternary complexes and is
correlated with the intracellular concentration of FdUMP [12–14]. In addition, DPD protein
levels were slightly decreased in HCT116RF10 cells than in parental HCT116 cells (Figure 6a
second panel and Figure 6e). GAPDH and beta-actin were used as an internal controls
(Figure 6a third and bottom panels). In parental HCT116 cells and HCT116RF10 cells,
both internal control proteins, GAPDH and beta-actin, had similar levels. After treatment
with 1 × 10−4 M 5-FU for 24 h, the protein levels of free TS, FdUMP–TS covalent complex,
and total TS were individually about 1.5-fold higher in HCT116RF10 cells than in parental
HCT116 cells (Figure 7a–d). Intriguingly, these data indicated that the proportion of active
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free TS in the intracellular total TS was highly regulated in the 5-FU resistant HCT116RF10

cells. These findings suggested that the regulation of TS status, which includes the bal-
ance of active free TS or the inactive FdUMP–TS covalent complex, may confer resistance
to 5-FU.
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Figure 6. Protein levels of TS and DPD in 5-FU-resistant HCT116RF10 and parental HCT116 cells. (a) Whole-cell lysates 
were prepared from parental HCT116 and HCT116RF10 cells. Protein levels of TS, DPD, GAPDH, and beta-actin were 
measured by Western blot analysis. The expression levels of GAPDH and beta-actin were used as an internal control. Data 
are representative of at least three independent experiments. Protein levels of (b) free TS, (c) FdUMP-TS, (d) total TS, and 
(e) DPD in parental HCT116 and HCT116RF10 cells. Levels of TS and DPD protein in HCT116RF10 cells are represented by 
the ratio of TS or DPD density to GAPDH density relative to the value for parental HCT116 cells. Results represent the 
averages of three independent experiments with error bars showing ±SE of triplicates.  p < 0.05. 

Figure 6. Protein levels of TS and DPD in 5-FU-resistant HCT116RF10 and parental HCT116 cells. (a) Whole-cell lysates
were prepared from parental HCT116 and HCT116RF10 cells. Protein levels of TS, DPD, GAPDH, and beta-actin were
measured by Western blot analysis. The expression levels of GAPDH and beta-actin were used as an internal control. Data
are representative of at least three independent experiments. Protein levels of (b) free TS, (c) FdUMP-TS, (d) total TS, and (e)
DPD in parental HCT116 and HCT116RF10 cells. Levels of TS and DPD protein in HCT116RF10 cells are represented by the
ratio of TS or DPD density to GAPDH density relative to the value for parental HCT116 cells. Results represent the averages
of three independent experiments with error bars showing ±SE of triplicates. * p < 0.05.
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Figure 7. Protein levels of TS in 5-FU-resistant HCT116RF10 and parental HCT116 cells after treatment with 5-FU. (a) Whole-
cell lysates were prepared from parental HCT116 and HCT116RF10 cells after 24 h treatment with 1 × 10−4 M 5-FU. Protein 
levels of TS, GAPDH, and beta-actin were measured by Western blot analysis. Data are representative of at least three 
independent experiments. Protein levels of (b) free TS, (c) FdUMP-TS, and (d) total TS in parental HCT116 and HCT116RF10 
cells. Levels of TS protein in HCT116RF10 cells are represented by the ratio of TS density to GAPDH density relative to the 
value for parental HCT116 cells. Results represent the averages of three independent experiments with error bars showing 
±SE of triplicates.  p < 0.05.  
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5-FU and its derivatives are widely used in anticancer chemotherapy [2,3]. Studies to 

date have shown that cancer cells develop resistance to 5-FU through complex mecha-
nisms [2,3]. Of note, the TS enzyme and other enzymes involved in 5-FU anabolism or 
catabolism are often altered in expression or function to promote 5-FU resistance [2,3]. In 
addition, altered cell death and autophagy, expression/functional changes in drug trans-
porters, epigenetic changes, and non-coding RNA (i.e., microRNA and long non-coding 
RNA) dysfunction represent putative 5-FU-resistant mechanisms [2,3]. It has been widely 
believed that TS is the main molecular mechanism that influences 5-FU sensitivity and 
targeting TS is a major strategy for reversing 5-FU resistance. Importantly, there are cur-
rently no specific therapies to overcome 5-FU resistance. 

We established a 5-FU-resistant cell line, HCT116RF10, and analyzed its characteris-
tics. Importantly, HCT116RF10 cells were cross-resistant to the 5-FU analog, FUdR (Figures 
2 and 3). In contrast, HCT116RF10 cells did not exhibit cross-resistance to the anticancer 
drugs, SN-38 and CDDP (Figures 2 and 3). Similarly, Boyer et al. also reported that 5-FU-

Figure 7. Protein levels of TS in 5-FU-resistant HCT116RF10 and parental HCT116 cells after treatment with 5-FU. (a) Whole-
cell lysates were prepared from parental HCT116 and HCT116RF10 cells after 24 h treatment with 1 × 10−4 M 5-FU.
Protein levels of TS, GAPDH, and beta-actin were measured by Western blot analysis. Data are representative of at least
three independent experiments. Protein levels of (b) free TS, (c) FdUMP-TS, and (d) total TS in parental HCT116 and
HCT116RF10 cells. Levels of TS protein in HCT116RF10 cells are represented by the ratio of TS density to GAPDH density
relative to the value for parental HCT116 cells. Results represent the averages of three independent experiments with error
bars showing ±SE of triplicates. * p < 0.05.

3. Discussion

5-FU and its derivatives are widely used in anticancer chemotherapy [2,3]. Studies to
date have shown that cancer cells develop resistance to 5-FU through complex mecha-
nisms [2,3]. Of note, the TS enzyme and other enzymes involved in 5-FU anabolism or
catabolism are often altered in expression or function to promote 5-FU resistance [2,3].
In addition, altered cell death and autophagy, expression/functional changes in drug trans-
porters, epigenetic changes, and non-coding RNA (i.e., microRNA and long non-coding
RNA) dysfunction represent putative 5-FU-resistant mechanisms [2,3]. It has been widely
believed that TS is the main molecular mechanism that influences 5-FU sensitivity and tar-
geting TS is a major strategy for reversing 5-FU resistance. Importantly, there are currently
no specific therapies to overcome 5-FU resistance.

We established a 5-FU-resistant cell line, HCT116RF10, and analyzed its characteristics.
Importantly, HCT116RF10 cells were cross-resistant to the 5-FU analog, FUdR (Figures 2 and 3).
In contrast, HCT116RF10 cells did not exhibit cross-resistance to the anticancer drugs,
SN-38 and CDDP (Figures 2 and 3). Similarly, Boyer et al. also reported that 5-FU-
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resistant HCT116 cells were not cross-resistant to oxaliplatin or irinotecan [15]. In addition,
the sensitivities to 5-FU and FUdR were similar to the levels observed individually in
parental HCT116 cells. Of note, previous reports indicated that FUdR is more potent than
5-FU and that the inhibition of cell proliferation was approximately 10- to 100-fold higher
than that of 5-FU in multiple cancer cell lines [16–18]. These findings suggest that the
common target or mechanism of action of 5-FU and FUdR is the key to 5-FU resistance
in this resistant cell model. Furthermore, our results revealed that HCT116RF10 cells are
resistant to 5-FU and its derivatives, but are not multidrug resistant.

To elucidate the underlying cause of 5-FU resistance, we investigated 5-FU metabolism-
related genes, including TYMS and DPYD, in HCT116RF10 and parent HCT116 cells by
using whole-exome sequencing. The results revealed that the genetic alteration of almost
all of the 5-FU metabolic pathway-related genes was similar in status, intron variants,
and heterozygous mutation in both cells (Table 3). Interestingly, we found that the one
functional DPD mutation, Asp1000Val, is present in HCT116RF10 cells. However, the effects
of DPYD missense mutation on 5-FU resistance are not well understood.

Next, to evaluate TS and DPD in HCT116RF10 and parent HCT116 cells, we analyzed
the expression of these genes by Western blot analysis (Figure 6). 5-FU and FUdR are
converted to FdUMP, and it has been shown to form a covalent complex with TS in
the presence of CH2-THF [2,3,5]. Our results indicated that the free-TS protein (active
form) levels were similar in HCT116RF10 and HCT116 cells. Interestingly, the FdUMP–TS
covalent complex (inactive form) was higher in HCT116RF10 cells than in HCT116 cells.
Notably, this result indicates that TS is not overexpressed, but rather there are two types of
TS in HCT116RF10 cells: free TS and FdUMP-coupled TS. We observed that 5-FU-resistant
HCT116RF10 cells exhibit upregulated TYMS expression and use a fraction of TS to trap
FdUMP, resulting in resistance to 5-FU and its analogs. In addition, our data suggest that
the regulation of the TS complex, which refers to the balance of the active free-TS form and
the inactive FdUMP–TS covalent complex, may confer to 5-FU resistance.

Numerous studies have shown that TYMS gene amplification, leading to mRNA and
enzyme overproduction, is a major mechanism of resistance to fluoropyrimidines 5-FU
and FUdR and their derivatives [19]. Also, free TS binds to its own mRNA, resulting in
translational repression, that is, translational autoregulation [12,20–23]. Indeed, TS lig-
ands, including 5-FU, disrupt the interaction of the TS enzyme with TS mRNA, leading to
translational derepression and enzyme upregulation [12,22,23]. Additionally, to transla-
tional derepression, enzyme stabilization has been indicated as the primary mechanism of
TS induction by fluoropyrimidines in human colon and ovarian cancer cell lines [24–26].
Furthermore, it is proposed that fluoropyrimidine-mediated increases in TS levels occur
through an effect on enzyme stability with no effect on its mRNA [25,27]. It is also sug-
gested that TS stabilization could be the result of conformational changes that may occur
upon the formation of a ternary complex, reducing the susceptibility of the TS enzyme to
proteolysis [28]. These findings indicated that understanding translational derepression
and enzyme stabilization as the process of TS induction has significance for elucidating
the mechanism of resistance acquisition. Further investigation is needed on the functions
of the FdUMP–TS covalent complex and free TS in both translational regulation and en-
zyme stabilization for fluoropyrimidine resistance mechanisms using 5-FU-resistance and
5-FU-sensitive parental HCT116 cell lines. Collectively, our findings provide a better under-
standing of the anticancer drugs, 5-FU and its fluoropyrimidine derivatives, with respect
to resistance mechanisms and anticancer treatment strategies.
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Table 3. Mutations of 5-FU metabolic enzyme genes in the parental HCT116 and HCT116RF10 cells.

Gene Symbol HCT116 HCT116RF10

DPYD

wt
mt(c.2908-58G>C)het
mt(.2907+55C>T)hom

wt
wt

mt(c.2442+77_2442+78delAA)het
mt(c.2059-94G>T)het

mt(c.1740+40A>G)hom
mt(c.1740+39C>T)het

mt(c.1627A>G)het
mt(c.234-123G>C)het
mt(c.40-461delT)het

mt(c.-113T>C)het

mt(c.2999A>T)het
mt(c.2908-58G>C)het
mt(.2907+55C>T)hom
mt(c.2623-59T>G)het
mt(c.2442+78delA)het

wt
mt(c.2059-94G>T)het

mt(c.1740+40A>G)hom
mt(c.1740+39C>T)het

mt(c.1627A>G)het
mt(c.234-123G>C)het

wt
wt

DPYS

mt(c.1444-145C>T)hom
mt(c.951-113T>C)hom
mt(c.424-62G>T)hom
mt(c.265-58T>C)hom

mt(c.216C>T)hom
mt(c.-1T>C)hom

mt(c.1444-145C>T)hom
mt(c.951-113T>C)hom
mt(c.424-62G>T)hom
mt(c.265-58T>C)hom

mt(c.216C>T)hom
mt(c.-1T>C)hom

BUPI n.d. n.d.

TP n.d. n.d.

TK1

mt(c.393+168C>T)het
mt(c.393+1G>A)het

mt(c.225A>G)het
mt(c.98+97_98+101delCCCCT)het

mt(c.33T>C)het

wt
wt

mt(c.225A>G)het
mt(c.98+97_98+101delCCCCT)het

mt(c.33T>C)het

TK2

mt(c.619-53A>G)het
mt(c.619-63C>G)het

mt(c.156+836G>A)het
mt(c.156+742G>A)het
mt(c.125-116G>A)het

mt(c.-30C>G)het
mt(c.-38A>G)het

mt(c.619-53A>G)het
mt(c.619-63C>G)het

mt(c.156+836G>A)het
mt(c.156+742G>A)het
mt(c.125-116G>A)het

mt(c.-30C>G)het
mt(c.-38A>G)het

TYMS

mt(c.97T>C)het
mt(c.280-43G>A)hom
mt(c.454+50T>C)hom

wt
wt

mt(c.454+200_454+202delTTT)hom
mt(c.556+123_556+126delATTG)hom

mt(c.*19C>T)hom
mt(c.*89A>G)het

mt(c.97T>C)het
mt(c.280-43G>A)hom
mt(c.454+50T>C)hom

mt(c.454+197_454+202delTTTTTT)het
mt(c.454+199_454+202delTTTT)het

wt
mt(c.556+123_556+126delATTG)hom

mt(c.*19C>T)hom
mt(c.*89A>G)het

DHFR1
wt
wt

mt(c.-204T>C)het

mt(c.137-25T>G)het
mt(c.137-43T>C)het

mt(c.-204T>C)het

DHFR2 mt(c.247C>G)hom mt(c.247C>G)hom

SHMT1

mt(c.*66C>T)het
mt(c.*47C>G)het
mt(c.1420C>T)het

mt(c.1171+59A>G)het
mt(c.1054+141C>T)het

mt(c.815-23C>T)het
mt(c.601+174C>T)het
mt(c.601+173G>A)het
mt(c.243-256A>G)het
mt(c.-19-101T>C)hom

mt(c.*66C>T)het
mt(c.*47C>G)het
mt(c.1420C>T)het

mt(c.1171+59A>G)het
mt(c.1054+141C>T)het

mt(c.815-23C>T)het
mt(c.601+174C>T)het
mt(c.601+173G>A)het
mt(c.243-256A>G)het
mt(c.-19-101T>C)hom

SHMT2
mt(c.595-6G>A)het

mt(c.717+14dupG)het
mt(c.1279+30G>A)het

mt(c.595-6G>A)het
mt(c.717+14dupG)het
mt(c.1279+30G>A)het

Note. wt, wild-type; mt, mutation-type; n.d., not detected; hom, homozygous; het, heterozygous.
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4. Materials and Methods

4.1. Reagents

The anticancer drugs 5-FU, FUdR, CDDP, and SN-38 were obtained from FUJIFILM Wako
Pure Chemical Corporation (Osaka, Japan). 5-FU, CDDP, and SN-38 were stored as 100 mM
stocks in dimethyl sulfoxide (DMSO, Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) at
−20 ◦C. FUdR was stored as a 20 mM stock solution in ultrapure water at −20 ◦C.

4.2. Cell Culture

The human colon cancer cell line HCT116 was obtained from the American Type
Culture Collection. Parental and 5-FU-resistant HCT116 cell lines were cultured in DMEM
medium containing 10% heat-inactivated fetal bovine serum, 100 units/mL penicillin,
and 100 µg/mL streptomycin in a 37 ◦C incubator under an atmosphere containing 5%
CO2 and 100% relative humidity.

4.3. Generation of the 5-FU-Resistant HCT116 Cell Line

5-FU-resistant HCT116 cells were obtained by continuous exposure of cells to 3 µM
5-FU for approximately 12 weeks and following at 10 µM for an approximate 14-week
period. A derivative of HCT116 was isolated and named HCT116RF3 or HCT116RF10.
The HCT116RF10 cells were maintained in culture in the presence of 10 µM 5-FU.

4.4. Cell Viability by WST-8 Assay

Cell viability assays were performed as previously described [29]. Cell viability was deter-
mined using the WST-8 (Cell Counting Kit-8) cell proliferation assay (Dojindo, Tokyo, Japan).
Briefly, cells were seeded into 96-well plates (1000 cells per well) in triplicate and then
treated with various concentrations of anticancer drugs or DMSO and water (as a negative
control). Following incubation for 72 h, WST-8 reagent was added to each well and the
plate was placed in a 5% CO2 incubator at 37 ◦C for an additional 1 h. Optical density was
measured at 450 nm on a Tecan microplate reader (Mannedorf, Switzerland). The EC50
value was defined as the concentration of drug producing 50% inhibition of cell prolifera-
tion. The resistance index (RI) was defined as the ratio of EC50 values between the resistant
and parental cell lines. Experiments were repeated at least three times.

4.5. Colony Formation Assay

Colony formation assay was performed as previously described [29–32]. HCT116 and
HCT116RF10 cells were dissociated with Accutase, suspended in medium, inoculated into
6-well plates (200 cells per well) in triplicate, and then incubated overnight. The cells
were treated with various concentrations of drugs or with solvent (DMSO or water) as
a negative control. After incubation for 10 days, cells were fixed with 4% formaldehyde
solution and stained with 0.1% (w/v) crystal violet, and the number of colonies in each
well was counted.

4.6. Tumor Sphere Assay

HCT116 and HCT116RF10 cells were seeded into 96-well PrimeSurface® plate 96U
(Sumitomo Bakelite Co., Ltd., Tokyo, Japan) plates (1000 cells per well) in triplicate
and then treated with various concentrations of 5-FU or DMSO (as a negative control).
Following incubation for 14 days, tumor sphere size was monitored once every 3–4 days.
Tumor sphere volume (V) was calculated using the following formula: V = ab2/2 (a and b
are the long and short diameters of the tumor sphere, respectively).

4.7. Exome Sequencing Analysis

DNA extraction was performed as previously described [29]. Genomic DNA was ex-
tracted from cells (5 × 106 cells) by using a DNeasy Tissue Kit (QIAGEN, Venlo, Netherlands),
according to the manufacturer’s instructions. Exome sequencing of parental HCT116 and
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HCT116RF10 cells was performed by APRO Life Science Institute, Inc. (Tokushima, Japan)
and Macrogen Global Headquarters (Seoul, Korea).

4.8. Western Blot Analysis

Western blot analysis was performed as previously described [29,32–34]. The antibod-
ies used were rabbit anti-thymidylate synthase (D5B3) monoclonal antibody (9045S, 1:1000,
Cell Signaling Technologies, Danvers, MA, USA), mouse anti-DPYD (A-5) monoclonal anti-
body (sc-376712, 1:1000, Santa Cruz Biotechnology, Dallas, TX, USA), rabbit anti-GAPDH
antibody (2275-PC-100, 1:20,000, Trevigen, Gaithersburg, MD, USA), mouse anti-beta-actin
monoclonal antibody (A19178-200UL, 1:20,000, Sigma-Aldrich), horseradish peroxidase-
linked anti-rabbit IgG (1:20,000, GE Healthcare, Pittsburgh, PA, USA), and horseradish
peroxidase-linked whole antibody anti-mouse IgG (1:20,000, GE Healthcare).

4.9. Statistical Analysis

The data are presented as means ± standard deviation. The significance of differ-
ences among groups was evaluated using a Student’s t-test; p < 0.05 was considered
statistically significant.
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Abstract: Current cancer therapies are frequently ineffective and associated with severe side effects
and with acquired cancer drug resistance. The development of effective therapies has been hampered
by poor correlations between pre-clinical and clinical outcomes. Cancer cell-derived spheroids are
three-dimensional (3D) structures that mimic layers of tumors in terms of oxygen and nutrient and
drug resistance gradients. Gold nanoparticles (AuNP) are promising therapeutic agents which permit
diminishing the emergence of secondary effects and increase therapeutic efficacy. In this work,
3D spheroids of Doxorubicin (Dox)-sensitive and -resistant colorectal carcinoma cell lines (HCT116
and HCT116-DoxR, respectively) were used to infer the potential of the combination of chemotherapy
and Au-nanoparticle photothermy in the visible (green laser of 532 nm) to tackle drug resistance in
cancer cells. Cell viability analysis of 3D tumor spheroids suggested that AuNPs induce cell death in
the deeper layers of spheroids, further potentiated by laser irradiation. The penetration of Dox and
earlier spheroid disaggregation is potentiated in combinatorial therapy with Dox, AuNP functionalized
with polyethylene glycol (AuNP@PEG) and irradiation. The time point of Dox administration and
irradiation showed to be important for spheroids destabilization. In HCT116-sensitive spheroids,
pre-irradiation induced earlier disintegration of the 3D structure, while in HCT116 Dox-resistant
spheroids, the loss of spheroid stability occurred almost instantly in post-irradiated spheroids,
even with lower Dox concentrations. These results point towards the application of new strategies
for cancer therapeutics, reducing side effects and resistance acquisition.

Keywords: 3D spheroids; photothermy; gold nanoparticles; doxorubicin resistance; colorectal cancer

1. Introduction

Effective cancer eradication is being hampered by tumor cells’ acquired resistance to a wide
spectrum of unrelated drugs, resulting in the so-called multidrug resistance (MDR) [1]. Despite the
existence of different strategies for cancer treatment, including surgery, immune-, endocrine, gene,
radio- or chemotherapies, the latter remains the method of choice [1]. However, exposure for a
prolonged time to drugs, together with genetic alterations in tumor cells, hinder increased resistance
to chemotherapeutics [1,2]. The acquired MDR, together with tumor heterogeneity, which is often
correlated to characteristic tumor microenvironments, is forcing the development of new strategies to
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tackle cancer [1,3,4]. These strategies mainly rely on the application of combined therapies aiming to
target multiple pathways in the tumor, circumventing MDR and lowering secondary effects [1,3,5,6].

Nanomedicine puts forward a multitude of conceptual tools to tackle cancer cells directly and/or
to improve the delivery of therapeutic moieties, such as drugs, small interfering RNA (siRNA),
antibodies, etc. [7–11]. Among these, nanoparticles able to convey different therapeutic cargos and with
unique physico-chemical properties have allowed the design of novel combinatory strategies to tackle
cancer [7–11]. Gold nanoparticles (AuNPs) possess remarkable optical properties that depend on their
easy tunable size and shape and a large surface area to volume ratio, optimal for ease of functionalization
with different agents [12]. Among these optical properties, the localized surface plasmon resonance
(SPR) of AuNPs makes them suitable as photothermal agents in non-invasive photothermal therapy
since they are extremely effective at converting light into heat [12–20]. Importantly, if the size is right,
the irradiation may be in the visible region of the spectrum, allowing for visual control of the target
subjected to therapy while improving the photothermal conversion ratio by using more energetic
radiation than the conventional rear-infrared. What is more, this photothermy may be attained by
means of green lasers commonly used in medical surgery for photocoagulation [16,21].

Thus far, most of the pre-clinical research and development of new cancer chemotherapeutics has
been focused on two-dimensional (2D) cell cultures and murine animal models, whose limitations have
been critical aspects for failure of clinical translation [22–24]. In fact, solid tumors are three-dimensional
(3D) entities composed of tumor cells with variable proliferation, amidst oxygen and nutrient
gradients, and communicating with a complex network of stromal, immune and endothelial cells in a
characteristic extracellular matrix (ECM)—the tumor microenvironment [3,7]. Anticancer drugs are
found in gradients in tumors, associated to deferential cell response. However, these intra-tumoral
gradients are absent in 2D monolayers, which, coupled to differentially activated signaling pathways,
might introduce a misleading bias when interpreting data originating from these in vitro 2D systems [25].
Another handicap of these 2D systems is the lack of ECM, which is preponderant for the mechanical
properties of the tumor and improve intra- and inter-cellular communications [23]. Murine models,
while substantially more complex to handle, still fall short of accurately representing the human
tissues and organs [23]. To bridge this gap, 3D cultures, such as spheroids and organoids, have been
introduced as relevant models for in vitro testing that combine the simplicity of 2D cell cultures with
the three-dimensional, more complex tumor microenvironment (TME) [22,23]. Spheroids, consisting of
3D cell aggregates formed in ultra-low attachment coating microplates, mimic some important
characteristics of tumors, such as the existence of ECM and the typical layering of solid tumors for
spheroids with more than 200 µM [26–29]. The outermost proliferative zone with more oxygen supply
and less interstitial pressure; the middle layer is the region with senescence cells (quiescent zone)
characterized by higher interstitial pressure and middle level of oxygen supply; the innermost layer,
or necrotic core, is characterized by low oxygen supply and high interstitial pressure with few to
none cell proliferation [27,28]. The hypoxic and acidic environments found in the quiescent zone and
necrotic core have been associated with low penetrability of drugs into tumors, and acquisition of
radiotherapy and chemotherapy resistance [7,27,30,31]. The growth kinetics and the genetic expression
of in vivo tumors are also mimicked in spheroids [26–28].

Herein, we evaluated the combination of photothermal irradiation using AuNPs with the
chemotherapeutic agent Doxorubicin (Dox) to tackle a 3D model of colorectal cancer. Results suggested
that spheroid treatment with AuNPs functionalized with polyethylene glycol (AuNP@PEG)
combined with Dox and irradiation are promising therapeutic strategies to increase the therapeutic
efficacy and decrease the dosage of the agent, even in drug-resistant cells.

2. Results and Discussion

We used 3D tumor spheroids to assess the drug gradient uptake and the effect of localized
photothermy mediated by AuNP functionalized with polyethylene glycol (AuNP@PEG) alone or in
combination with Dox. With that purpose, spheroids of colorectal cancer cells sensitive and resistant to
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Dox (HCT116 and HCT116-DoxR, respectively) were produced using ultra-low attachment plate wells.
The HCT116-DoxR cell line was derived from a standard sensitive HCT116 cell line by culturing with
increasing concentrations of Dox up to 3.6 µM [21].

2.1. Localized Irradiation of Spheroids

Firstly, the spheroids’ cell viability was inferred after a 24 h incubation with AuNP@PEG,
followed by 30 min, 1 h 30 min or 24 h incubation with a fresh medium supplemented with CellTox
green dye. Results suggest a decreased viability of cells at the periphery of the spheroid after treatment
with AuNP@PEG (Figure 1A,B) when compared to untreated spheroids (Figure 1C,D). The fluorescent
peripherical corona increases over time, suggesting increased cell death induced by AuNP@PEG,
which is corroborated by the disintegration of the spheroid observed in Brightfield images (Figure 1,
Figure S1 and Movie S1–S4). A decrease in cell viability in the presence of AuNP@PEG has previously
been observed and associated to reactive oxygen species (ROS)-mediated apoptosis [32–35]. After 24 h,
there is an increase of fluorescence in the central area of the spheroids correlating to widespread cell
death at the core (Figure S1). This effect might be associated to the diminished supply of nutrients and
oxygen, indicating that a necrotic region was formed in HCT116 spheroids, mimicking those of tumors
growing in vivo [28]. It is of particular relevance to observe the dynamics of fluorescence within the
spheroid, which provides valuable information on the evolution of the overall systema rather than the
momentary intensity of a particular observation field. The dynamics of fluorescence signal between
core and periphery of the spheroid observed over time as function of challenging the structure with
AuNP@PEG provide a more precise approximation to that of solid tumors (Figure S1).

culturing with increasing concentrations of Dox up to 3.6 μM [21].

’

–

–

 

and green filter images. Scale bar corresponds to 100 μm.

Figure 1. AuNP@PEG effect on cell viability measured by CellTox green dye. (A) HCT116 spheroids
incubated for 24 h with 8 nM AuNP@PEG; (B) HCT116-DoxR spheroids incubated for 24 h with
8 nM AuNP@PEG; (C) HCT116 spheroids alone; (D) HCT116-DoxR spheroids alone. Microscopy
images were acquired in Brightfield or with a green fluorescence filter to evaluate CellTox green dye
fluorescence, after 30 min, 1 h 30 min or 24 h incubation. The combined images result from the overlap
between Brightfield and green filter images. Scale bar corresponds to 100 µm.
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These spheroids were then subjected to localized photothermy mediated by AuNP@PEG [16,21].
HCT116 and HCT116-DoxR spheroids were incubated with AuNP@PEG as described above,
washed three times to ensure removal of AuNP@PEG in suspension and irradiated with a 532 nm
laser for 1 min, and cell viability was assessed with CellTox after 30 min, 1 h 30 min or 24 h.
As observed for the AuNP@PEG alone, there is a more pronounced loss of viability of cells located
at the periphery (Figure 2A–D). Analyzing this process with further detail shows that for HCT116
spheroids, the fluorescent signal increases over time, allowing the distinction of three layers (Figure 2A):
(1) the peripheral layer that presents a high fluorescent signal that is not observed in irradiated
spheroids (Figure 2B and Figure S2), suggesting that AuNP@PEG are responsible for cell death
at the periphery; (2) a middle layer with low fluorescence; (3) the innermost core with increased
fluorescence observed also in control spheroids (Figure 2B and Figure S2). Interestingly, HCT116-DoxR
spheroids incubated for 24 h with AuNP@PEG and irradiated show scattered fluorescence throughout
the spheroid, indicating extensive cell death culminating with the disintegration of the whole 3D
structure (Figure 2C). The observed effect can be, at least partially, attributed to the photothermal effect,
as previously reported [16]. In fact, the increase in temperature (∆T) following 60 s irradiation is
higher for spheroids pre-incubated with AuNP@PEG (∆T = 10.2 ◦C), relative to irradiated non-treated
spheroids (∆T = 6.4 ◦C) or control, i.e., medium alone incubated with AuNP@PEG, washed three times
with phosphate buffer saline (PBS) and then irradiated (∆T = 6.6 ◦C).

–







–

 

Figure 2. Combined effect of AuNP@PEG and irradiation on cell viability measured by CellTox
green. (A) HCT116 spheroids incubated for 24 h with 8 nM AuNP@PEG and then irradiated with a
532-nm green laser for 1 min; (B) HCT116 spheroids irradiated with a 532-nm green laser for 1 min;
(C) Doxorubicin-resistant HCT116 (HCT116-DoxR) spheroids incubated for 24 h with 8 nM AuNP@PEG
and then irradiated with a 532-nm green laser for 1 min; (D) HCT116-DoxR spheroids irradiated with
a 532-nm green laser for 1 min. Microscopy images were acquired in Brightfield or with a green
fluorescence filter to evaluate CellTox green dye fluorescence, after 30 min, 1 h 30 min or 24 h incubation.
The combined images result from the overlap between Brightfield and green filter images. Scale bar
corresponds to 100 µm.

When cells are irradiated without AuNPs, a pattern of cell death over time is also observed,
with more fluorescent tumor cells in the inner core after 24 h (Figure 2B,D and Figure S2). This might
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be a side-effect of the light absorption by cytochromes present in cells, which are able to focus
the irradiated light creating minute focal heating spots, but with considerably lower photothermal
conversion efficiency when compared to AuNP@PEG. It should be noted that cells at the core of the
spheroid are under stress due to limitations to the supply of nutrient and oxygen, which cumulatively
contribute to the loss of viability in growing 3D cell structures [27–29]. The integrity of spheroids
upon incubation with AuNP@PEG and irradiation was also followed in real time (Movie S5 and S6).
Upon irradiation, HCT116 spheroids show a localized cell bursting effect at the periphery that follows
the trend observed for AuNP@PEG gradient into the 3D structure. This localized photothermal effect
continues for at least 48 h. Together, these results suggest that AuNP@PEG induce cell death in
spheroid layers that is potentiated by irradiation.

2.2. Combination Therapy in 3D Models–Dox and Localized Photothermy Mediated by AuNP@PEG

Irradiation of AuNPs has been shown to promote cell permeabilization [18–20]. Hence,
we hypothesized that AuNPs, with or without laser irradiation, might be able to increase drug
penetration into spheroids, thus improving anti-tumor efficacy. A synergistic effect between
photothermy mediated by AuNP@PEG and visible irradiation and Dox against breast cancer cells has
been reported [16].

Firstly, we analyzed Dox diffusion in HCT116 and HCT116-DoxR spheroids via its intrinsic
fluorescence (λexc=470 nm; λem=599 nm) [36]. Spheroids were incubated with 8 µM of Dox,
corresponding to 20x the IC50 of Dox in a standard 2D monolayer of HCT116 cells (0.4 µM),
and HCT116-DoxR spheroids were incubated also with an additional concentration of Dox
(120 µM) [21,37] for 30 min, 1 h 30 min and 24 h (Figure 3). Dox showed a small diffusion into
the central core of the spheroid and preferential accumulation at the periphery of HCT116 spheroids
(Figure S3). In HCT116-DoxR spheroids, there was a low amount of fluorescence for the initial time
points (30 min and 1 h 30 min) and equally distributed within the spheroid for both Dox concentrations
(Figure S3). After 24 h of incubation with 120 µM of Dox, there was a noticeable increase in fluorescence
at the periphery and intermediate areas of the spheroid, suggesting that Dox was accumulating in
these sections (Figure 3C and Figure S3). In fact, previous reports have described a time-dependent
penetration of Dox into HCT116 spheroids with the same pattern of distribution [38,39].

Cell viability evaluation via the CellTox green dye in these models seems to suggest that
pre-incubation of sensitive and resistant HCT116 spheroids with Dox did not have an effect on the
overall cell viability within the spheroids for the lower concentration (Figures S4 and S5).

We then followed the integrity of the spheroids in real time while monitoring the internalization
of Dox by acquiring images every 15 min over a 48 h period. After 17 h incubation with Dox,
disintegration of the 3D structure of HCT116 spheroid could be observed (Movie S7), as well as
disintegration of HCT116-DoxR spheroid incubated with even lower concentrations of Dox after 32 h
(Movie S8).

To assess the combinatory effect on 3D spheroids of chemo- and localized photothermy, we first
pre-incubated the spheroids with AuNP@PEG and subsequently challenged these with Dox. As a result,
an overall increase in red fluorescence in all spheroids was observed, suggesting that Dox had diffused
faster and/or more easily within the 3D structures (Figure 4 and Figure S6). Curiously, there was a slight
difference in observed accumulation of Dox between HCT116 and HCT1116-DoxR. The former showed
higher accumulation of Dox in the intermediary region of the spheroid, whereas the latter showed
a lower extent of penetration for the lower concentration of Dox (Figure 4 and Figure S6). Together,
these data seem to suggest that the lower cell viability at the periphery (Figure 1) might allow deeper
penetration of the drug into the spheroids due to disturbance of the 3D cell structure. This hypothesis is
further supported by the observation that following pre-incubation with AuNP@PEG, the simultaneous
incubation with Dox and the CellTox dye showed a general increase in green fluorescence at the
intermediary section of these spheroids (Figure S7).
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Scale bar corresponds to 100 μm.
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Figure 3. Dox diffusion in sensitive and resistant spheroids. (A) HCT116 spheroids incubated with
8 µM of Dox; (B) Dox-resistant HCT116 (HCT116-DoxR) spheroids incubated with 8 µM of Dox;
(C) HCT116-DoxR spheroids incubated with 120 µM of Dox. Microscopy images were acquired in
Brightfield or with a red fluorescence filter after 30 min, 1 h 30 min or 24 h incubation. The combined
images result from the overlap between Brightfield and red filter images. Scale bar corresponds to
100 µm.

μM of Dox. Microscopy images were acquired in 

μm.

 

spheroids incubated with 8 nM AuNP@PEG and then with 8 μM of Dox; 
DoxR) spheroids incubated with 8 nM AuNP@PEG and then with 8 μM of Dox; 

DoxR spheroids incubated with 8 nM AuNP@PEG and then with 120 μM of Dox. Microscopy images 

Figure 4. Doxorubicin (Dox) diffusion in spheroids after incubation with AuNP@PEG.
(A) HCT116 spheroids incubated with 8 nM AuNP@PEG and then with 8 µM of Dox; (B) Dox-resistant
HCT116 (HCT116-DoxR) spheroids incubated with 8 nM AuNP@PEG and then with 8 µM of Dox;
(C) HCT116-DoxR spheroids incubated with 8 nM AuNP@PEG and then with 120 µM of Dox.
Microscopy images were acquired in Brightfield or with a red fluorescence filter after 30 min, 1 h 30 min
or 24 h incubation. The combined images result from the overlap between Brightfield and red filter
images. Scale bar corresponds to 100 µm.
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Figures 5 and 6 show the effect of irradiation in the penetration of Dox into the spheroids.
HCT116 spheroids incubated with Dox showed a similar penetration profile of the drug in
pre-irradiated and non-irradiated cells (Figure 3A, Figure 5A and Figures S3 and S8). Noteworthily,
spheroid disintegration occurs earlier for non-irradiated spheroids treated with Dox (after 17 h)
while pre-irradiated spheroids treated with Dox disintegrate only after 24 h (Movie S7 and S9).
Interestingly, irradiation after incubation with Dox resulted in the swelling of the spheroid with no
visible disintegration until at least 48 h (Movie S10).

corresponds to 100 μm.

incubated with AuNP@PEG, irradiated and then incubated with 8 μM Dox is highly affected, with 
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ith 8 μM Dox and then irradiated with 
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Figure 5. Effect of AuNPs and irradiation on Doxorubicin (Dox) diffusion in HCT116 spheroids.
(A) HCT116 spheroids irradiated with a 532-nm laser for 1 min and then incubated with 8 µM Dox;
(B) HCT116 spheroids incubated with 8 nM AuNP@PEG, irradiated with a 532-nm laser for 1 min
and then incubated with 8 µM Dox; (C) HCT116 spheroids incubated for 6 h with 8 µM Dox and
then irradiated with a 532-nm laser for 1 min; (D) HCT116 spheroids incubated with 8 nM AuNPs,
incubated for 6 h with 8 µM Dox and then irradiated with a 532-nm laser for 1 min. Microscopy images
were acquired in Brightfield or with a red fluorescence filter after 30 min, 1 h 30 min or 24 h incubation.
The combined images result from the overlap between Brightfield and red filter images. Scale bar
corresponds to 100 µm.

These results clearly indicate that combination of Dox and AuNP@PEG photothermal irradiation
might be an excellent strategy to tackle 3D tumor structures. What is more, the harmonization of Dox
accumulation and moment of irradiation is critical for spheroid destabilization, paving the way for the
establishment of therapeutic strategies deferred in time to maximize efficacy.

Concerning the Dox-resistant spheroids (HCT116-DoxR), a similar penetration profile in
pre-irradiated, post-irradiated and non-irradiated cells is observed (Figure 6A,B, Figure 3B and
Figure S10), which is associated to lower cell death (Figure S11). The real-time analysis showed
a similar behavior of pre-irradiated and non-irradiated spheroids incubated with 8 µM Dox,
with disintegration observed after 30 h and 32 h, respectively (Movie S8 and S13). However,
spheroid disintegration of post-irradiated spheroids occurs earlier—after 10 h of time of irradiation
(Movie S14). Pre-incubation with AuNP@PEG showed an increase in drug diffusion within the spheroid,
which is more evident when the spheroid is irradiated following incubation with AuNP@PEG and Dox
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(Figure 6C,D). Disintegration of the pre-irradiated HCT116-DoxR spheroid occurred at 30h, while that
of the HCT116-DoxR spheroid incubated with AuNP@PEG, irradiated and incubated with Dox was
observed after 6h (Movie S15). Once again, time of irradiation is critical to maximize disintegration and
tumor ablation since irradiation after pre-incubation with AuNP@PEG and Dox resulted in an almost
immediate loss of spheroid integrity (Movie S16). Once again, disintegration of the 3D structure leads
to lower values of fluorescence intensity than expected (Figure S10D), pointing out the importance of
real-time imaging and monitoring of spheroid dynamics.

 

incubated with 8 μM Dox; ( DoxR spheroids incubated for 6 h with 8 μM Dox and 

8 μM Dox; (
DoxR spheroids incubated with 8 nM AuNPs, incubated for 6 h with 8 μM Dox and then 

overlap between Brightfield and red filter images. Scale bar corresponds to 100 μm.

—

Figure 6. Effect of AuNPs and irradiation in Doxorubicin (Dox) diffusion in Dox-resistant HCT116
(HCT116-DoxR) spheroids. (A) HCT116-DoxR spheroids irradiated with a 532-nm laser for 1 min
and then incubated with 8 µM Dox; (B) HCT116-DoxR spheroids incubated for 6 h with 8 µM Dox
and then irradiated with a 532-nm laser for 1 min; (C) HCT116-DoxR spheroids incubated with
8 nM AuNP@PEG, irradiated with a 532-nm laser for 1 min and then incubated with 8 µM Dox;
(D) HCT116-DoxR spheroids incubated with 8 nM AuNPs, incubated for 6 h with 8 µM Dox and then
irradiated with a 532-nm laser for 1 min. Microscopy images were acquired in Brightfield or with a red
fluorescence filter after 30 min, 1h 30 min or 24h incubation. The combined images result from the
overlap between Brightfield and red filter images. Scale bar corresponds to 100 µm.

An instantaneous increase to cell death was observed in the spheroid intermediary area when
HCT116-DoxR spheroids were irradiated and then incubated with 120 µM Dox (Figure S12C).
Once again, improved penetration of the drug occurs after pre-incubation with AuNP@PEG followed
by irradiation and incubation with 120 µM of Dox, or vice-versa (Figure S12).

The cumulative effect of AuNP@PEG and irradiation might allow the use of lower doses of
chemotherapeutic agents for the effective destabilization of tumor cells.

3. Materials and Methods

3.1. Gold Nanoparticles Synthesis, Functionalization and Characterization

AuNPs with a diameter of ~18 nm (18.4 ± 0.3 nm) were synthesized via the citrate methods
and subsequently functionalized with polyethylene glycol (PEG, MW 350 g/mol, Sigma-Aldrich,
St. Louis, MO, USA) to obtain 100% PEG coverage and characterized by dynamic light scattering
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for hydrodynamic size and zeta potential with a SZ-100 equipment from Horiba (Kyoto, Japan),
and by transmission electron microscopy (TEM) in a JEOL 1200EX electron microscope (Tokyo, Japan)
as previously described (Figure S13) [16,21,40].

3.2. Cell Cultures and Cell Cultures Maintenance

Colorectal carcinoma cell line HCT116 (CCL-247) was obtained from the American Type Culture
Collection (ATCC®, Manassas, VA, USA). HCT116 Doxorubicin-resistant cell line (HCT116-DoxR)
was derived from the sensitive HCT116 cells as previously described [21]. The HCT116 and
HCT116-DoxR cultures were cultured as previously described [21]. Briefly, cells were maintained
in Dulbecco’s Modified Eagle Medium (DMEM) (Thermo Fisher Scientific, Waltham, MA, USA)
supplemented with 10 % (v/v) fetal bovine serum (FBS, Thermo Fisher Scientific, Waltham, MA, USA),
and a mixture of Penicillin 100 U/mL and Streptomycin 100 µg/mL (Pen/Strep, Thermo Fisher Scientific,
Waltham, MA, USA) at 37 ◦C with 99% (v/v) humidity and 5% (v/v) CO2. The culture medium for
the HCT116-DoxR cell line was additionally supplemented with 3.6 µM Dox (for easier reading,
supplemented media will be termed simply as DMEM).

3.3. Spheroids Preparation and Handling

HCT116 and HCT116-DoxR spheroids were prepared according to Baek et al. (2016), with few
modifications [29]. Cultures were seeded at a density of 5 × 103 cells per well in a super-low attachment
96-well culture plate (NunclonTM SpheraTM Microplate, Thermo Fisher Scientific, Waltham, MA, USA),
shacked in an orbital direction and incubated for 7 days, when spheroids with a 750-µm diameter are
obtained (Figure S14, HCT116, Movie S17, HCT116 and Movie S18, HCT116-DoxR).

After 7 days of growth, the medium was replaced by a fresh medium supplemented with
8 nM AuNP@PEG and incubated for 24 h. Spheroids were then washed three times for 1 min with
PBS to remove non-internalized nanoparticles. HCT116 spheroids were incubated with DMEM
(without phenol red) supplemented with 8 µM Dox (Merck, Darmstadt, Germany), and HCT116-DoxR
spheroids were incubated with DMEM (without phenol red) supplemented with 8 µM or 120 µM
Dox. As a control, spheroids were also incubated with Dox vehicle dimethyl sulfoxide (DMSO,
Sigma-Aldrich, St. Louis, MO, USA), under the same conditions.

3.4. Spheroids Irradiation

The spheroids were irradiated with a 532- nm green diode-pumped solid-state laser (dpss)
(Changchun New Industries Optoelectronics Tech. Co., Ltd., Changchun, China) coupled to a 1-mm
diameter optical fiber with the tip placed 2 cm above the bottom of the well and a power set to
3.78 w.cm−2 for 1 min. The medium temperature before and after irradiation was measured using a
multilogger thermometer hh806u (Omega Engineering, Norwalk, CT, USA).

3.5. Cell Viability

The CellToxTM Green cytotoxicity assay (Promega Corporation, Madison, WI, USA) was used,
following the manufacturer’s recommendations, for evaluating cell viability. Briefly, following spheroid
incubation, the culture medium was removed and replaced by DMEM, without phenol red,
supplemented with CellToxTM Green dye 1x. The following settings were used: C1) spheroids incubated
with CellTox green dye for 30 min, 1 h 30 min or 24 h; C2) spheroids were irradiated and then incubated
with CellTox green dye for 30 min, 1 h 30 min or 24 h; C3) spheroids were incubated for 24 h
with AuNP@PEG and then with CellTox green dye for 30 min, 1 h 30 min or 24 h; C4) spheroids
were incubated for 24 h with AuNP@PEG, irradiated and then incubated with CellTox green dye
for 30 min, 1 h 30 min or 24 h. Spheroids were observed and images were acquired with a Ti-U
eclipse inverted microscope (Nikon, Tokyo, Japan) and respective software NIS Elements Basic
software vs 3.1 (Nikon, Tokyo, Japan), using the Fluorescein isothiocyanate (FITC) filter (excitation at
480/30 nm and emission at 535/45 nm). The CellTox Green dye is a cyanine dye that enters cells with
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compromised membrane integrity and become fluorescent (excitation at 485–500 nm and emission at
520–530 nm) after binding to DNA, allowing the distinction between healthy cells (low fluorescence)
from dead cells (high fluorescence). The cytotoxicity of the treatment could be inferred through the
fluorescence intensity, as the fluorescent signal is proportional to the binding of the dye to the DNA
of cells with compromised membranes [41,42]. ImageJ software (https://imagej.net/, version 1.53a)
was used to measure the green fluorescence intensity (mean fluorescence x area) of the periphery and
core (denser zone of the spheroid) of each spheroid. Bars in graphs represent the average of three
different z-stacks of the peripheral and core zone of the spheroid (corresponding to middle layer and
innermost core).

3.6. Effect of Doxorubicin

For the analysis of Dox diffusion, the following settings were used: D1) spheroids were incubated
with DMSO for 30 min, 1 h 30 min or 24 h; D2) spheroids were incubated with Dox for 30 min, 1 h
30 min or 24 h; D3) spheroids incubated with Dox for 6 h, irradiated and incubated for 30 min, 1 h
30 min or 24 h; D4) spheroids incubated first with AuNP@PEG for 24 h, and then with Dox for 30 min,
1 h 30 min or 24 h; D5) spheroids incubated first with AuNP@PEG for 24 h, then with Dox for 6 h,
irradiated and incubated for 30 min, 1 h 30 min or 24 h. Images of Dox diffusion were acquired
in a Ti-U eclipse inverted microscope (Nikon, Tokyo, Japan) and respective software NIS Elements
Basic software vs 3.1 (Nikon, Tokyo, Japan), using a red filter (G2A filter—excitation at 535/50 nm
and emission > 580 nm). ImageJ software (https://imagej.net/, vs 1.53a) was used to measure the
red fluorescence intensity (mean fluorescence x area) of the periphery and core (denser zone of the
spheroid) of each spheroid. Bars in graphs represent the average of three different z-stacks of the
peripheral and core zone of the spheroid.

The analysis of cell viability was also evaluated via incubation with CellTox Green dye after
spheroids’ treatment (as described above).

Spheroids’ morphology was visualized via a cell culture video monitoring Cytosmart Lux2
(Cytosmart technologies, Eindhoven, The Netherlands) with Brightfield with digital contrast phase.
The monitorization of Dox internalization in spheroids was performed for 2 days, with the exact time
stated in movie caption, in a Fluorescent Lux2 (Cytosmart technologies, Eindhoven, The Netherlands),
and red fluorescence with maximum exposure and gain 4. The focus of the microscope was set to be at
the bottom of the spheroid. The loss of spheroid integrity was considered to begin when cell debris
and/or many cells started to detach from the surface of the spheroid.

4. Conclusions

The combinatory effect of different therapeutic approaches has been put forward as an effective
strategy to tackle drug resistance in cancer. Here, we have demonstrated the combinatory effect of
Dox and localized photothermy mediated by spherical AuNPs against colorectal tumor cells in 3D
spheroid models. Using these spheroid models, we highlight the effect of diffusion through the 3D
structures in cell viability and structural organization of the tumor cells. Data suggest that AuNP@PEG
are effective against cancer cells and induce severe loss of integrity in HCT116 and HCT116-DoxR
spheroids. This is more so when combined with photo-induced hyperthermia. A combination of
these approaches enhanced the penetration of the chemotherapeutic agent into the 3D structures.
The moment of irradiation is critical to potentiate the loss of spheroid stability. These results seem
to indicate that such a combinatory strategy may reduce the amount of drug needed to attain the
same efficacy, thus reducing the possibility of side effects. In cancer cells already showing resistance to
chemotherapy, this combinatory strategy may allow to increase the stress imposed to these cells and
tackle resistance and relapse.

Our study clearly emphasizes the importance of real-time assessment of spheroid dynamics
over time. Often, the effect of agents on spheroids is reported by evaluation of single time points,
i.e., data retrieved from a still image. More important than the fluorescence intensity, per se, is the
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dynamic of fluorescence variation, both in time and space, namely between the core and the periphery
of the spheroid. This is of particular relevance when combinatory strategies are being studied and
evaluated, since each one of these ought to tackle a distinct pathway and/or chain of events, leading to
ablation of the tumor. What is more, only dynamic acquisition of data allows to follow the structural
alteration of the 3D spheroids (e.g., cell death and consequent disintegration) and the stages leading
to this ultimate fate. Further studies will be needed to demonstrate whether this strategy might be
broadly applicable to other chemotherapeutics used in clinical oncology.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/21/
8017/s1.
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Abstract: Gaining insight into the mechanisms of signal transduction networks (STNs) by using
critical features from patient-specific mathematical models can improve patient stratification and help
to identify potential drug targets. To achieve this, these models should focus on the critical STNs for
each cancer, include prognostic genes and proteins, and correctly predict patient-specific differences
in STN activity. Focussing on colorectal cancer and the WNT STN, we used mechanism-based
machine learning models to identify genes and proteins with significant associations to event-free
patient survival and predictive power for explaining patient-specific differences of STN activity. First,
we identified the WNT pathway as the most significant pathway associated with event-free survival.
Second, we built linear-regression models that incorporated both genes and proteins from established
mechanistic models in the literature and novel genes with significant associations to event-free patient
survival. Data from The Cancer Genome Atlas and Clinical Proteomic Tumour Analysis Consortium
were used, and patient-specific STN activity scores were computed using PROGENy. Three linear
regression models were built, based on; (1) the gene-set of a state-of-the-art mechanistic model in the
literature, (2) novel genes identified, and (3) novel proteins identified. The novel genes and proteins
were genes and proteins of the extant WNT pathway whose expression was significantly associated
with event-free survival. The results show that the predictive power of a model that incorporated
novel event-free associated genes is better compared to a model focussing on the genes of a current
state-of-the-art mechanistic model. Several significant genes that should be integrated into future
mechanistic models of the WNT pathway are DVL3, FZD5, RAC1, ROCK2, GSK3B, CTB2, CBT1,
and PRKCA. Thus, the study demonstrates that using mechanistic information in combination with
machine learning can identify novel features (genes and proteins) that are important for explaining
the STN heterogeneity between patients and their association to clinical outcomes.

Keywords: cancer; colorectal cancer; signal transduction networks; pathways; event-free survival;
biomarkers; WNT pathway; targeted therapy

1. Introduction

Colorectal cancer (CRC) is the second leading cause of cancer-related death world-
wide [1–3]. From the four global consensus molecular subtypes (CMS) of CRC, CMS1–4,
no specific drugs have been identified that target a specific CMS [4]. However, there
are multiple studies showing that some CMS subtypes benefit from specific therapeutic
regimens [5–7]. For CMS2 and 3, both of which are poorly immunogenic in comparison to
CMS1 and 4, the only associated treatment is toxic chemotherapy, which results in poor
patient prognosis [2,8]. Biomarkers are foundations of clinical and personalised medicine;
despite being vital tools in the area of clinical diagnostics, many are based on single time-
point measurements and lack the dynamic information that is needed to follow diseases
and therapy [9]. Therefore, we hypothesised that by integrating tumour profiling data
with dynamic information about signal transduction networks (STNs), mechanism-based
machine learning models could aid in the prediction of patient survival and response to
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therapy, and overall provide insight into the disease and drug-response mechanisms and
reveal potential drug targets and novel biomarkers.

STNs are extremely adjustable and dynamic [10]. To better understand these STNs
in the context of CRC, knowledge about how active these STNs are and how this activity
varies between patients and relates to patient outcomes is desired. To date, numerous
CRC STNs have been identified, including TGF-β (transforming growth factor beta),
PI3K/Akt (phosphatidylinositol 3-kinase/protein kinase B), TP53 (tumour protein P53),
MAPK (microtubule-associated protein kinase), Apoptosis, Cell Cycle (cell-division cycle),
mTOR (mammalian target of rapamycin), Notch, and WNT (Wingless-related integration
site) [3,11]. Table 1 portrays these critical CRC STNs and their associated functions. This
study analyses only five of these critical pathways, including TGF-β, PI3K/Akt, TP53,
MAPK, and WNT, because PROGENy (pathway responsive genes for activity inference) is
not available for Notch, Apoptosis, mTOR, and Cell Cycle.

Table 1. Critical CRC STNs and the associated key functions. Nine major CRC STNs, WNT, Apoptosis, PI3K-Akt, TP53,
MAPK, TGF-Beta, Cell Cycle, mTOR, and Notch are located in the first column. The “features” column represents the
number of features within each STN, i.e., the number of genes in each pathway. The correlated key functions of each
pathway in CRC are briefly explained in the third column [12–23].

CRC Signalling
Pathways

Features Key Functions in Colorectal Cancer

WNT 119

Function: Normal activation leads to tumour growth in advanced CRC. This function depends
on the amount of B-catenin in the cytoplasm
Cellular Activities: Cell fate specification, proliferation, migration, and asymmetric cell division
Activated: WNT signal or APC mutation

PI3K/Akt 340

Function: Oncogenic role in the initiation and progression of CRC
Inhibition: Reduction in CRC cell growth and increase in apoptosis
Cellular Activities: Cell growth, proliferation, differentiation, and migration
Activated: EGFR (epidermal growth factor receptor) Signalling

• Akt is a downstream effector of PI3K, mediating effects on tumour growth and progression

MAPK 252
Function: Oncogenic role in CRC associated with tumour growth and disease progression
Cellular Activities: Cell growth, differentiation, and survival

TGFß 135

Function: Reduces colon epithelial cells proliferation and induces apoptosis and differentiation
Cellular Activities: Cell proliferation, differentiation, migration, apoptosis, and adhesion.
Activated: Binding of TGF-β ligands to type II TGF-β receptors

• Tumour suppressor in the normal epithelium
• Tumour promotor in the last stage of CRC

TP53 38 Function: Regulation of the cell cycle, DNA replication and apoptosis

Apoptosis 87
Function: Apoptotic cell death induction by two main pathways, intrinsic and extrinsic
signalling
Resulting in the formation of a death-inducing signalling complex and an apoptosome

Cell Cycle 122 Function: Controls cell division

mTOR 51
Function: Regulation of cell growth and division
Cellular Activities: Cell growth, proliferation, and survival

Notch 48
Function: Promotes CRC through regulating the cell cycle and cell apoptosis by regulation of
p21 and PUMA (p53 upregulated modulator of apoptosis) genes
Cellular Activities: Normal cell development, differentiation, proliferation, and apoptosis

STNs can be mapped to their most frequent mutations. Interestingly, APC (adeno-
matous polyposis coli) negatively regulates WNT activity since it is an integral part of the
destruction complex, which targets ß-catenin for degradation. Mutations in APC thus lead
to hyperactive WNT signalling [18]. Across all CRC STNs, the role of WNT signalling in
carcinogenesis has most notably been described for CRC [24]. Roughly all CRCs present
hyperactivation of the WNT pathway, which in many cases is believed to be the initiating
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and driving event [3,25,26]. Despite this, most mechanistic models of the canonical WNT
signalling pathway (β-catenin-dependent) are based on solely the intracellular steps, ne-
glecting the extracellular steps [27–32]. Classically, the term “canonical” for this pathway
refers to the pathway components, which lead to the stabilisation of β-catenin in response
to WNT ligands. Consequently, the analysis for this study was restricted to this specific
WNT sub-pathway, i.e., canonical. In contrast to most studies, Kogan et al. developed
a flexible framework for identifying potential drug targets in the WNT STN. This mech-
anistic model was based on the initial steps of the activation solely and analysed the
effects of two extracellular inhibitors, DKK (Dickkopf) and sFRP (secreted frizzled-related
protein) [27]. This validated mathematical model, which predicts effective combinational
therapy by sFRP and DKK, is the most recent WNT STN model to date and, interestingly
has never been validated in human cell lines. Overall, it is not instinctively apparent
which components of the WNT STN are best to target for therapeutic intervention or how
such interventions should be designed in order to achieve the best clinical outcomes [27].
However, it has emerged that in recent years, using patient-specific mathematical models
can improve patient-stratification and help to identify potential drug targets and largely
improve patient response to therapy [9,10,33]. Additionally, combining mechanism-based
machine learning models of disease dynamics has been proven to enhance the development
of novel disease interventions [34]. Concretely, mechanism-based machine learning models
are firmly based upon the behaviour and critical features of mechanistic signal transduction
networks of interest, whilst formed by classic linear regression. Adapting this, a schematic
of the approach is shown in Figure 1.

Figure 1. Cascade of events in the WNT Signalling Pathway. Our approach is to combine critical
features (genes forming the model) from the most recent mathematical model of the WNT STN, by
Kogan et al., with adjustable machine learning models [27]. The schematic represents the initial
steps of activation of the WNT pathway. WNT binds to FZD (frizzled), and the co-receptor LRP5/6
(low-density lipoprotein receptor-related protein 5/6), which is recruited in the vicinity of FZD
receptors upon WNT binding. This binding prevents the formation of the whole destruction complex
consisting of AXIN, APC, and GSK3β (Glycogen Synthase Kinase 3 Beta), thereby causing rising
levels of β-catenin, β-catenin translocation into the nucleus, and expression of WNT target genes,
CCND1 (Cyclin D1), MYC, MYCN, AXIN2, and FZD7 [27]. Using machine learning tools, such as
PROGENy, the WNT pathway activity can be calculated for each individual patient by analysing
their gene expression [35,36]. Created with BioRender.com.
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In the present study, we developed adjustable linear regression machine learning
models of the activation of the canonical WNT signalling pathway and incorporated genes
and proteins that were significantly associated with event-free patient survival in CRC.
The term “adjustable” in such models represents the capability to vary (include/remove)
features with ease to determine which features are most important. The results revealed
that the machine learning models can not only help to understand the behaviour of the
initial steps of this complex network by identifying novel features not yet included in
mechanistic models but also interpret its behaviour by relating pathway activity to clinical
outcomes on the level of individual patients.

2. Results

2.1. Determining Significant Genes and Proteins in CRC: A Kaplan–Meier Survival Analysis

In line with the literature, five signalling pathways critical in CRC were selected to
analyse, from several network databases, including WikiPathways, Gene Set Enrichment
Analysis (GSEA), and KEGG [14,21,22,37,38]. These five signalling pathways comprise
WNT, PI3K-Akt, TP53, MAPK, and TGF-Beta. As mentioned above, the motivation behind
choosing these five pathways is due to the limited data available to perform a PROGENy
analysis. The five STNs analysed are the only CRC STNs available on PROGENy. To
determine which genes and proteins are significant in CRC, components of each pathway
were used to integrate data from the listed resources. In total, 1156 features were analysed
across all pathways. The correlation between patient event-free survival and the expression
of proteins and genes from a Kaplan–Meier and log-rank test resulted in 464 significant
features. In total, 389 genes and 75 proteins were found to be significant across the eight
major CRC signalling pathways. A concrete list of all significant genes and proteins is
available in the supplemental data. The associated hazard ratios and p-values of each
significant feature are denoted below in Tables 2 and 3. All significant genes were obtained
from the transcriptomic TCGA (The Cancer Genome Atlas), Firehose legacy dataset, with
a cohort of 329/636 patients. The 329/636 TCGA patients selected were solely from the
transcriptomic, mRNA (messenger ribonucleic acid) expression dataset; all patients had the
necessary clinical data available. Similarly, all significant proteins were obtained from the
proteomics TCGA Firehose legacy dataset, a cohort of 73 patients [39,40]. The associated
clinical information can be found in the supplemental data.

2.1.1. Significant Genes from RNA Sequencing

The total number of genes whose RNA expression correlated with event-free patient
survival in this cohort was 389 of 872 genes across all CRC signalling pathways considered.
For most pathways, including the WNT pathway, approximately half of the genes were
significant using a fold change and p-value cut-off of 0.5 and 0.05, respectively.

Next, we wanted to obtain a more comprehensive picture of the significant genes
within a pathway. Using the WNT pathway as an exemplar, the volcano plot in Figure 2
shows the p-values of the significant genes in the y-axis against their log2 fold change
on the x-axis. Genes above the dashed threshold line, to the right, DVL3 (dishevelled
segment polarity protein 3), VANGL2 (vang-like protein 2), CER1 (cerberus 1), and TCF7L1
(transcription factor 7-like 1), etc., are found to be significant, with the lowest p-values and
greatest positive hazard-ratio fold-changes. These genes were associated with increased
risk. Conversely, genes to the left above the threshold line, including MAPK8, have a
negative hazard-ratio fold change and were thus associated with decreased risk. Overall,
15 genes were found to be significant negative markers, and the remaining 39 genes were
significant positive markers determined for the WNT signalling pathway.
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Table 2. The top two significant genes across five CRC relevant signalling pathways from the TCGA Legacy dataset. A
Kaplan–Meier estimate and log-rank test were used to compute the association between patient event-free survival and
gene expressions. The associated hazard ratio, 95% confidence interval, p-value, mafdr (estimate positive false discovery
rate for multiple hypothesis testing), and standard error are apparent. “Patient” indicates the number of patients for which
data were available. The last column, “significant”, indicates the number of significant genes out of the total number of
genes for this pathway. The fold change and p-value cut-off used were 0.5 and 0.05, respectively.

Genes
Hazard
Ratio

95% Confidence
Interval

p-Value mafdr
Standard

Error
Patient Significant

(1) WNT 53/119

DVL3 2.8158 (1.6159–4.9066) 2.58 × 10−4 1.37 × 10−2 0.2833 329
VANGL2 2.7692 (1.5039–5.0992) 1.08 × 10−3 1.40 × 10−2 0.3115 329

(2) PI3K-Akt 159/340

EFNA1 3.2860 (1.8496–5.8377) 4.96 × 10−5 9.92 × 10−5 0.2932 329
KRAS 0.2853 (0.1502–0.5418) 1.27 × 10−4 1.26 × 10−4 0.3272 329

(3) TP53 11/38

BCL2 0.4610 (0.2960–0.7179) 6.12 × 10−4 0.0012 0.2260 329
CDKN2A 1.8156 (1.1931–2.7629) 5.36 × 10−3 0.0054 0.2142 329

(4) MAPK 113/252

KRAS 0.2853 (0.1502–0.5418) 1.27 × 10−4 2.09 × 10−4 0.3272 329
CACNA1I 2.7685 (1.6159–4.7432) 2.10 × 10−4 2.09 × 10−4 0.2747 313

(5) TGF-Beta 53/135

TERT 2.8734 (1.6639–4.96201) 1.53 × 10−4 3.05 × 10−4 0.2787 328
TGFB1I1 2.2381 (1.3807–3.6281) 1.08 × 10−3 0.0011 0.2465 329

Table 3. The top two significant proteins across five CRC relevant signalling pathways from the TCGA Legacy dataset. A
Kaplan–Meier estimate and log-rank test were used to compute the Pearson correlation between patient event-free survival
and protein expressions. The associated hazard ratio, 95% confidence interval, p-value, mafdr (estimate positive false
discovery rate for multiple hypothesis testing), and standard error are apparent. “Patient” indicates the number of patients
the corresponding protein was determined in. The last column, “significant”, in the format X/Y/Z lists the number of
significant proteins in each STN (X), the number of genes within the pathway with available protein information (Y), and
the total number of genes in the pathway (Z).

Genes
Hazard
Ratio

95% Confidence
Intervals

p-Value mafdr
Standard

Error
Patient Significant

(1) WNT 6/27/119

PRKCA 0.1557 (0.0490–0.4947) 1.61 × 10−3 0.0036 0.5898 63
ROCK2 5.7810 (1.9229–17.3789) 1.78 × 10−3 0.0036 0.5616 71

(2) PI3K-Akt 29/100/340

PPP2R1B 6.8050 (2.2113–20.9407) 8.26 × 10−4 8.32 × 10−4 0.5735 73
EIF4E 7.6285 (2.3168–25.1176) 8.32 × 10−4 8.32 × 10−4 0.6080 73

(3) TP53 2/5/38

BAX 10.8648 (3.3684–35.0445) 6.54 × 10−5 1.30 × 10−4 0.5975 71
BID 0.2650 (0.0814–0.8616) 2.73 × 10−2 0.0273 0.6016 67

(4) MAPK 20/80/252

STK3 8.6543 (2.4297–30.8245) 8.69 × 10−4 0.0092 0.6481 65
PRKCA 0.1557 (0.0490–0.4947) 1.61 × 10−3 0.0092 0.5898 63

(5) TGF-Beta 15/71/135

SMAD2 10.4343 (2.7196–40.0330) 6.30 × 10−4 0.0013 0.6860 67
SPTBN1 5.8318 (1.9510–17.4318) 1.60 × 10−3 0.0016 0.5587 73
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 × 10ିସ × 10ିଷ
 × 10ିସ × 10ିଷ

logଶ

 ሺെlogଵLogଶ Figure 2. Significant genes in the WNT signalling pathway. Distribution of the p-value (− log10P)
over the hazard ratio (Log2 fold change) from the genes analysed from the RNA Sequencing TCGA
legacy dataset. Features were divided in two; significant and not significant, represented by the blue
and yellow dots, respectively. Labels represent the gene names of some significant features. p-value
cut-off used = 0.05. Log2 fold change cut-off used = 0.5. Total number of features in WNT signalling
pathway = 119. Total number of significant genes determined = 53.

Plotting the event-free survival Kaplan–Meier curve for DVL3, the most significant
gene in the WNT signalling pathway, resulted in a log2 hazard ratio of 1.49 and a 95%
confidence interval between 0.69 and 2.29 (Figure 3). Kaplan–Meier scanning to determine
the optimal cut-off divided the patients into high (n = 26) and low (n = 303) groups by
scanning the group size from 10–90 to 90–10 percent splits, where 10–90 means that 10%
of the patients were in the low group and 90% of the patients in the high group and
calculating the p-value for the overall event-free survival difference between the groups
using a log-rank test with Yates’ correction. A high expression of DVL3 resulted in poor
patient survival, where a 2-year event-free survival equals 38% in the high group (n = 26).
The Kaplan–Meier curves for the most significant gene found for each CRC STN is shown
in Figure 3.
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Figure 3. Kaplan–Meier curve of event-free survival for the most significant gene of each CRC STN.
The most significant gene in each signalling pathway from the RNA Sequencing TCGA legacy dataset
was (A) DVL3 for WNT STN, (B) EFNA1 for PI3K-Akt STN, (C) BCL2 for TP53 STN, (D) KRAS for
MAPK STN, and (E) TERT for TGF-Beta STN. The patients were stratified into two groups according
to the expression level of each feature. The optimal cut-off was determined using Kaplan–Meier
scanning (see Methods). The groups are represented as high (orange line), and low (blue line),
where n indicates the total number of patients in each group. For each group, the Kaplan–Meier
curve of event-free survival was tested for statistically significant differences using a log-rank test.
Log2HR = log base 2 of the hazard ratio. CI95% = 95% Confidence Interval. P-val = p-value.

2.1.2. Significant Proteins from Proteomics

Across all of the CRC signalling pathways considered, 75 of 284 proteins exhibited
expressions that correlated with event-free patient survival. For each pathway, about 4–10%
of the pathway proteins exhibited an association with event-free survival. The top two
significant proteins across each CRC signalling pathway are shown in Table 3. PRKCA
(protein kinase c alpha) and ROCK2 (rho associated coiled-coil containing protein kinase 2)
were found to be the most correlated to the patient’s survival in the WNT signalling
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pathway. PRKCA was found to be the most significant protein with an associated hazard
ratio of 0.1557 and a p-value of 1.61 × 10−3. The signalling pathway PI3K-Akt has the
greatest number of significant proteins associated, 29 proteins in total.

Six significant proteins within the WNT signalling pathway were found from the
proteomics dataset, including PRKCA, ROCK2, CSNK2A1 (casein kinase 2 alpha 1), LRP1
(low-density lipoprotein receptor-related protein 1), CSNK1A1 (casein kinase 1 alpha 1),
and GPC4 (glypican 4). This is represented by the volcano plot in Figure 4. In total, 92
proteins in this pathway could not be analysed because of missing values. Significant
proteins, ROCK2 and CSNK2A1, have a positive hazard ratio with a log2 fold change above
1.5. All other significant proteins have a low-risk association with hazard ratios below −1.5.
In summary, six proteins were found to be significant, two with an increased risk and four
with decreased risk.

ሺെlogଵlogଶ 
Logଶ 

logଶ −
− − 1.61 ×  10ିଷ

Figure 4. Significant proteins in the WNT signalling pathway. Distribution of the p-value (− log10P)
across the hazard ratio (log2 fold change) from the proteins analysed from proteomics TCGA legacy
dataset. Features were divided into two; significant and not significant, represented by the blue
and yellow dots, respectively. Labels represent the gene names of some significant features. p-value
cut-off used = 0.05. Log2 fold change cut-off used = 1. Total number of features in WNT signalling
pathway = 119. Total number of significant proteomics determined = 6.

Plotting the event-free survival Kaplan–Meier curve for PRKCA, the most significant
protein in the WNT signalling pathway, resulted in a log2 hazard ratio of −2.68, a confi-
dence interval between −4.35 and −1.02, and a p-value of 1.61 × 10−3. From Kaplan–Meier
scanning, 55 patients were in the high expression group, and 8 were in the low expression
group. High expression of PRKCA resulted in improved patient survival, with 2-year

170



Int. J. Mol. Sci. 2021, 22, 9970

event-free survival of about 90% in the high group (n = 55). The Kaplan–Meier curves for
the most significant proteins found for each CRC STN are shown in Figure 5.

Figure 5. Kaplan–Meier curve of event-free survival for the most significant protein, of each CRC
STN. The most significant protein in each signalling pathway from the proteomics TCGA Firehose
legacy dataset was (A) PRKCA for WNT STN, (B) PPP2R1B for PI3K-Akt STN, (C) BAX for TP53
STN, (D) STK3 for MAPK STN, and (E) SMAD2 for TGF-Beta STN. The patients were stratified into
two groups according to the expression level of each feature. The optimal cut-off was determined
using Kaplan–Meier scanning (see Methods). The groups are represented as high (orange line),
and low (blue line), where n indicates the total number of patients in each group. For each group,
the Kaplan–Meier curve of event-free survival was tested for statistically significant differences
using a log-rank test. Log2HR = log base 2 of the hazard ratio. CI95% = 95% Confidence Interval.
P-val = p-value.
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2.1.3. Summary of the Event-Free Survival Analysis Results

Across five critical CRC signalling pathways, the results from the WNT signalling
pathway introduced several significant genes and proteins that have not yet been accounted
for in current WNT mechanistic models. Therefore, the results of this section reinforce
the need to propose a strategy to incorporate them into current WNT mechanistic models.
To summarise, Table 4 is composed of all 53 significant genes and 6 significant proteins
found in the WNT signalling pathway. These results were from the TCGA Legacy, the
transcriptomic dataset of 329 CRC patients, and the proteomic from mass spectroscopy
dataset of 73 patients. Interestingly, some significant genes (DVL3, DKK1, SFPR2, WNT3A,
WNT3, SFPR1, and GSK3B) are found in published mechanistic models of the WNT
pathway [27–32]. The remaining 52 significant features found in this study are not found
in these mechanistic models. Thus, we have identified many genes that were associated
with event-free survival and that constitute prime candidates to improve current WNT
mechanistic models. These improved models could then be used for patient stratification
and predicting response to therapy [9,33].

Table 4. Significant genes and proteins in the WNT signalling pathway from TCGA legacy datasets.
(A) List of significant genes and their associated hazard ratio, p-value, and mafdr (estimate positive
false discovery rate for multiple hypothesis testing). Hazard ratios smaller than one (between 0 and
1) indicate a negative association (decreased risk), hazard ratios of >1 indicate a positive association
(increased risk). The last column, proteomics, indicates whether proteomics data for this gene were
available. If yes, a Y is depicted. (B) List of significant proteins and their associated hazard ratio,
p-value, and mafdr. Significant features highlighted in blue were found in published mechanistic
models of the WNT pathway [27–32].

A Genes Hazard Ratio p-Value mafdr Patient Proteomics

1 DVL3 2.8158 2.58 × 10−4 1.37 × 10−2 329

2 VANGL2 2.7693 1.08 × 10−3 1.40 × 10−2 329

3 WNT6 2.3175 1.34 × 10−3 1.40 × 10−2 299

4 TCF7L1 2.0324 1.35 × 10−3 1.40 × 10−2 329

5 CER1 2.8871 1.42 × 10−3 1.40 × 10−2 147

6 SOX17 2.1048 1.59 × 10−3 1.40 × 10−2 329

7 NKD2 2.8598 1.85 × 10−3 1.40 × 10−2 329

8 DKK1 1.9732 2.16 × 10−3 1.43 × 10−2 309

9 SFRP2 1.8539 3.94 × 10−3 2.09 × 10−2 327 Y

10 PLCB1 2.9436 4.32 × 10−3 2.09 × 10−2 329

11 PRICKLE1 1.8229 5.01 × 10−3 2.09 × 10−2 329

12 MAPK8 0.5491 5.19 × 10−3 2.09 × 10−2 329 Y

13 PRICKLE2 1.8104 5.38 × 10−3 2.09 × 10−2 329

14 MYC 0.5535 5.53 × 10−3 2.09 × 10−2 329

15 WIF1 2.4639 6.46 × 10−3 2.20 × 10−2 246

16 CAMK2B 1.9981 6.66 × 10−3 2.20 × 10−2 302

17 WNT3A 2.3137 7.09 × 10−3 2.21 × 10−2 243

18 LEF1 1.9751 8.65 × 10−3 2.52 × 10−2 329

19 RHOA 0.4792 9.47 × 10−3 2.52 × 10−2 329 Y

20 MAPK10 1.7294 9.88 × 10−3 2.52 × 10−2 329
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Table 4. Cont.

A Genes Hazard Ratio p-Value mafdr Patient Proteomics

21 CAMK2D 0.5514 1.05 × 10−2 2.52 × 10−2 329 Y

22 WNT3 1.8141 1.06 × 10−2 2.52 × 10−2 328

23 FZD8 1.8913 1.09 × 10−2 2.52 × 10−2 329

24 SERPINF1 1.7116 1.14 × 10−2 2.52 × 10−2 329 Y

25 FZD1 1.7251 1.24 × 10−2 2.55 × 10−2 329

26 NKD1 1.8480 1.25 × 10−2 2.55 × 10−2 329

27 CXXC4 1.8290 2.62 × 10−2 1.34 × 10−2 318

28 PPP3CA 0.4335 2.62 × 10−2 1.39 × 10−2 329 Y

29 PLCB3 0.5772 2.74 × 10−2 1.50 × 10−2 329

30 CSNK1A1L 0.4710 2.74 × 10−2 1.55 × 10−2 321

31 PLCB2 1.6955 3.46 × 10−2 2.10 × 10−2 329

32 ROR2 1.6511 3.46 × 10−2 2.14 × 10−2 329

33 PRKCB 0.5888 3.46 × 10−2 2.15 × 10−2 329

34 WNT2 0.5479 3.52 × 10−2 2.26 × 10−2 329

35 SFRP1 1.6386 3.53 × 10−2 2.33 × 10−2 322

36 WNT10A 2.1170 3.69 × 10−2 2.56 × 10−2 328

37 GSK3B 1.6397 3.69 × 10−2 2.61 × 10−2 329 Y

38 FRAT1 0.6144 3.69 × 10−2 2.65 × 10−2 329

39 SENP2 2.2535 3.84 × 10−2 2.92 × 10−2 329

40 DKK4 1.7497 3.84 × 10−2 2.96 × 10−2 301

41 CTNNBIP1 1.5838 3.84 × 10−2 2.97 × 10−2 329

42 FZD7 2.0424 4.18 × 10−2 3.40 × 10−2 329

43 WNT1 1.7533 4.18 × 10−2 3.46 × 10−2 244

44 DKK2 1.8152 4.18 × 10−2 3.59 × 10−2 326

45 WNT16 2.0367 4.18 × 10−2 3.62 × 10−2 276

46 WNT2B 0.6417 4.18 × 10−2 3.68 × 10−2 329

47 NFATC4 1.5715 4.18 × 10−2 3.70 × 10−2 329

48 NLK 1.7784 4.23 × 10−2 3.83 × 10−2 329

49 NOTUM 1.5754 4.34 × 10−2 4.08 × 10−2 329

50 CSNK2A3 0.4868 4.34 × 10−2 4.09 × 10−2 329

51 WNT4 0.6060 4.82 × 10−2 4.64 × 10−2 329

52 FZD5 0.6579 4.82 × 10−2 4.81 × 10−2 329

53 DAAM1 1.7076 4.82 × 10−2 4.82 × 10−2 329

B Proteins Hazard Ratio p-Value mafdr Patient

1 PRKCA 0.1557 1.62 × 10−3 3.66 × 10−3 63

2 ROCK2 5.7810 1.78 × 10−3 3.66 × 10−3 71

3 CSNK2A1 5.6824 1.83 × 10−3 3.66 × 10−3 73

4 LRP1 0.2594 2.62 × 10−2 3.93 × 10−2 72

5 CSNK1A1 0.2846 3.71 × 10−2 4.46 × 10−2 72

6 GPC4 0.2512 4.58 × 10−2 4.58 × 10−2 50
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2.2. Predicting Pathway Responsive Genes for Activity Interference from Gene Expression:
A PROGENy Analysis

Having identified the significant genes and proteins within the pathways, we now
sought to obtain activity scores for each pathway. The purpose was two-fold. Firstly, to
identify pathway activities that correlate with event-free patient survival; and secondly,
to relate the genes and proteins expression of a pathway to its activity score. The RStudio
package function PROGENy was used to obtain pathway scores from the RNA sequencing
data of the TCGA legacy dataset. Albeit PROGENy’s composition of 14-cancer relevant
pathways, specifically for this study, only the CRC pathways were analysed in depth. The
only available CRC pathways in PROGENy were PI3K, MAPK, TGF-Beta, WNT, and p53.

The PROGENy activity scores for each CRC signalling pathway are shown in Figure 6.
Although the TGF-Beta and PI3K appear to have an inverse relationship, most pathways
exhibit a cluster of high activity scores in a small subset of patients. However, specific
activity patterns are difficult to discern.

Figure 6. PROGENy pathway activity scores from the RNA Sequencing expression dataset. Heatmap
visualising the z-coefficients matrix for all features in each CRC signalling pathway for all 329 patients
within the RNA sequencing TCGA legacy dataset cohort. The colourmap on the left indicates the
activity score values ranging from 3–−3. The Euclidean distance metric was used to pass the pairwise
distance between observations between both rows and columns. The complete linkage method was
used to create the hierarchical cluster tree. Data were clustered along the columns of data, then along
the rows of row-clustered data.

Kaplan–Meier Survival Analysis on PROGENy Activity Scores

To investigate the correlation between the PROGENy pathway activity scores and
patient event-free survival, a Kaplan–Meier analysis and log-rank test were used. The
activities of the WNT, PI3K, TGF-Beta, and MAPK pathways were all significantly corre-
lated with event-free survival (Table 5). In particular, we found that activity of the WNT
STN exhibited the strongest association with event-free patient survival (hazard ratio and
p-value of 1.9731 and 0.0013, respectively).
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Table 5. The association between PROGENy pathway activity and patient event-free survival.
PROGENy scores were analysed using Kaplan–Meier analysis and the log-rank test to obtain hazard
ratios and p-values.

Pathway Hazard Ratio p-Value

WNT 1.9731 0.0013

PI3K 0.5775 0.0276

TGFβ 1.5792 0.0477

MAPK 1.8058 0.0489

p53 0.5972 0.0687

The event-free survival Kaplan–Meier curves for the CRC STNs MAPK, TGF-Beta,
PI3K, p53, and WNT, associated with patient survival through PROGENy activity scores,
are shown in Figure 7. The STNs MAPK, TGF-Beta, and WNT followed a similar trend,
where a high pathway activation was associated with shorter event-free survival. From
the literature, this is expected considering that both pathways, MAPK and WNT, drive
cell proliferation. Activation of the WNT pathway in CRC increases the levels of β-catenin
within the cytosol, causing it to further travel into the nucleus and express WNT target
genes, including genes that control the cell cycle [41]. For the WNT signalling pathway,
the log2 hazard ratio was 0.98 with a 95% confidence interval between 0.38 and 1.58 and
a p-value of 1.3 × 10−3. The high group characterised by high WNT activity consisted of
108 patients and the low group of 221 patients. Similarly, the results for TGF-Beta are in
line with its immunosuppressive function. Conversely, for the other STNs, p53 and PI3K, a
high pathway activity was associated with longer event-free survival. The p53 result is in
line with its known functions as a tumour-suppressor. The PI3K result is counterintuitive
considering that the PI3K/AKT pathway is a classical survival signalling pathway but
might be a confounding factor explained by “side-effect” activation due to crosstalk.

2.3. Developing Linear Regression Machine Learning Models

Having ascertained the significant genes, proteins, and pathways, we next sought
to determine how well the expression of genes and proteins of a pathway can predict
its activity scores. The results should give valuable insight into which candidate genes
and proteins should be prioritised in follow-up studies focusing on constructing patient-
specific mechanistic models with significant value. The WNT STN was the most significant
pathway (Table 5, Figure 7); thus, we focused solely on it. Because there was a limited
overlap between the mRNA and proteomics data in the TCGA legacy dataset (only five
patients had data for both), we focused the analysis on the CPTAC (Clinical Proteomic
Tumor Analysis Consortium) dataset. Both mRNA and proteomics data were available for
the entire CPTAC cohort of 79 patients.

In total, three machine learning models were developed to predict the PROGENY
pathway scores using different features as inputs. The features were the genes and proteins
of the WNT pathway and their associated gene or protein expression values. To minimise
the risk of overfitting, 10-fold cross-validation was used to build each model. The predictive
power of each model was judged based on the root mean squared error (RMSE), the
correlation coefficient (R), and the p-value. A p-value less than 0.05 was taken as significant
for this field of study. The RMSE is an appropriate measure of predictive power for this
study because model complexity was not an issue, and RMSE measures the differences
between predicted and actual PROGENy values. There is no absolute threshold; however,
lower values indicate a better overall fit of how accurately the model predicts the response.
An acceptable range for the RSME values is difficult to define, but Model 1, consisting of
the genes of the current mechanistic model, can act as a baseline benchmark. Notably, the
predicted values of Model 2 show a much better correlation with the true values and a
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lower RMSE value compared to Model 1. (Figure 8B); thus, demonstrating a much better
fit. We focus our analysis on three models:

• Model 1: Features are eleven genes taken from the most recent WNT mechanistic
model developed by Kogan et al.: APC, AXIN1, CTNNB1, DKK2, DVL3, GSK3B,
LRP6, SFRP1, SFRP2, and WNT3.

• Model 2: Features are the mRNA expression of nine genes: seven features selected
using LASSO and the two most significant genes (DVL3, VANGL2): DKK3, FZD5,
NKD1, NOTUM (notum, palmitoleoyl-protein carboxylesterase), WNT11, PRKCA,
and ROCK2.

• Model 3: Features are the protein expression of seven proteins; five identified using
LASSO and the two most significant proteins (PRKCA, ROCK2): CTBP1 (c-terminal
binding protein 1), CTBP2 (c-terminal binding protein 2), GPC4, PLCB4 (phospholi-
pase c beta 4), and RAC1 (ras-related C3 botulinum toxin substrate 1).

Model 1 was developed based on the mechanistic WNT signalling pathway. The
selected features were the eleven genes of the mechanistic models in the literature [27–32],
using the mRNA expression data from the CPTAC dataset (Table 6). The gene DKK1 is
typically found in the mechanistic WNT pathway; however, it was not available in the
RNA CPTAC dataset; therefore, its paralogue, DKK2, replaced it [42]. Models 2 and 3 were
developed using systematic feature selection based on the entire set of 119 WNT pathway
genes. LASSO regression was used to identify the features based on the mRNA expression
data (Model 2) or protein expression data (Model 3). To complete the model, the two most
significant genes (Model 2) or proteins (Model 3) were also included as features. LASSO
regression on the mRNA data of the 119 WNT network genes selected seven genes as
features. Thus, Model 2 consisted of nine features: seven identified by LASSO plus the
two most significant genes. LASSO regression on the protein data of the 27 proteins of
the WNT network for which data were available selected five proteins as features. Thus,
Model 3 consisted of seven features: five identified by LASSO plus the two most significant
proteins.

How well can the mechanism-based, mRNA-based, and protein-based models predict
the pathway scores? Model 1, based on the genes of the mechanistic models, serves as
a benchmark and achieved a reasonable predictive power with a Spearman correlation
coefficient of 0.5241, a p-value of 7.12 × 10−7, and an RMSE of 1.0167. Model 2, based on
LASSO identified genes from the canonical WNT pathway, resulting in a greater predictive
power, compared to Model 1, with a Spearman correlation coefficient of 0.8367, a p-value
of 7.88 × 10−22, and an RMSE of 0.6416. Despite the smaller number of input features for
Model 2, compared to Model 1, Model 2 evidentially has greater predictive power, shown
by the higher p-value, correlation coefficient, and lower RMSE. Similarly to Model 2, Model
3 used LASSO to identify proteins from the canonical WNT pathway. In total, data for only
27 proteins were available due to missing data and imputation (see materials and methods).
Model 3 is the least predictive model. The associated Spearman correlation coefficient,
RMSE, and p-value were 0.4095, 1.0509, and 1.78 × 10−4, respectively. Most features used
in these machine learning models have nonzero regression coefficients (Figure 8D–F).
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Figure 7. Kaplan–Meier curves of event-free survival associated with CRC PROGENy pathway
activity scores. Kaplan–Meier curves associated with PROGENy pathway activity scores for the
signalling pathways (A) MAPK, (B) TGFß, (C) PI3K, (D) p53, and (E) WNT. The patients were
stratified into two groups according to the expression level of each feature. The groups are represented
as high (orange line) and low (blue line), where n indicates the total number of patients in each group.
For each group, the Kaplan–Meier curve of event-free survival was tested for statistically significant
differences using a log-rank test. Log2HR = log base 2 of the hazard ratio. CI95% = 95% Confidence
Interval. P-val = p-value. RNA Sequencing data is from the TCGA legacy dataset.
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Figure 8. Linear regression machine learning models of the mechanistic and canonical WNT signalling pathways. Scatter
plot visualising the correlation between the predicted score from (A) Model 1, using the 11 features of the mechanistic
model (y-axis), and the PROGENy scores (x-axis). (B) Model 2, using the nine features of the canonical WNT model and
significant genes (y-axis), and the PROGENy scores (x-axis). (C) Model 3, using the seven features of the canonical WNT
model and significant proteins (y-axis), and the PROGENy scores (x-axis). Each blue dot represents 1 of 79 patients in the
cohort. The black line indicates perfect predictions. “R” denotes the Pearson correlation coefficient, and “RMSE” is the root
mean square error. The second row of figures represents the corresponding linear regression correlation coefficients for
Models 1–3. Presented are the regression coefficients for the (D) Model 1, (E) Model 2, and (F) Model 3. The features used
for each machine learning model are shown on the vertical axis, with the associated correlation coefficients shown on the
horizontal axis. The blue dot represents the regression correlation coefficient, and the blue line (error bar) is the associated
standard error. The dashed vertical yellow line represents the midline for the linear regression coefficients at 0.
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Table 6. Overview of the significant genes and proteins and the linear regression machine learning
models. (A) List of the top six significant features from RNA sequencing and proteomics from TCGA
Legacy datasets. (B) Model 1: An overview of the features used for the Mechanistic WNT pathway
model. Models 2 and 3: An overview of the features used for the canonical WNT pathway, from
CPTAC RNA and proteomics datasets, respectively. The number of features used and associated
RMSE for each model is listed in the first column. “RMSE” = root mean squared error. Significant
features are highlighted in blue.

(A) Top Six Prognostic Genes and Proteins Features

mRNA Sequencing
TCGA Legacy

DVL3

VANGL2

WNT6

TCF7L1

CER1

SOX17

Proteomics
TCGA Legacy

PRKCA

ROCK2

CSNK2A1

LRP1

CSNK1A1

GPC4

(B) Linear Regression Models Features

APC

AXIN1

CTNNB1

DKK2

DVL2

DVL3

GSK3B

LRP6

SFRP1

SFRP2

Model 1: Mechanistic Model
Model Input: CPTAC RNA

RMSE: 1.0167
11 Features

WNT3

DKK3

FZD5

NKD1

NOTUM

WNT11

DVL3

PRKCA

ROCK2

Model 2: Canonical WNT model with top two prognostic
genes and proteins

Model Input: CPTAC RNA
RMSE: 0.6416

9 Features

VANGL2

CTBP1

CTBP2

GPC4

PLCB4

PRKCA

RAC1

Model 3: Canonical WNT model with top two prognostic
proteins

Model Input: CPTAC proteomics
RMSE: 1.0509

7 Features

ROCK2
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2.4. Summary

By incorporating the results from the event-free survival analysis, the PROGENy anal-
ysis, and the development of the linear regression machine learning models together, it is
apparent that each finding paves the way to a valuable tool for predicting the heterogeneity
of the WNT STN activity on an individual patient level. Concretely, each finding from
each analysis builds sequentially upon another. The event-free survival analysis brings
forth critical and novel features for the WNT pathway that have not yet been accounted
for mechanistically. Interesting, from the PROGENy analysis, we found that the WNT
signalling pathway was the most significant pathway associated with event-free patient
survival. This finding solidifies the idea that there is a relationship between this pathway
and patient survival that should be continued to be researched mechanistically. Finally, the
motivation for using linear regression machine learning was particularly because it is an
appropriate tool to predict WNT pathway activity from specified features (i.e., prognostic
genes and proteins) on an induvial patient level. Precisely, the machine learning models
additionally identified several features that were not only significantly associated with
event-free patient survival, but also important for predicting the patient-specific WNT
pathway activity scores. Thus, by incorporating such features into an updated mechanistic
model of the canonical WNT STN activation, one would expect to better understand the
patient-specific differences in the control of pathway activity, but also to relate pathway
activity to clinical outcomes on the level of individual patients.

3. Discussion

Our experimental workflow employed numerous Kaplan–Meier survival scans, a
PROGENy analysis, and developed three machine learning models based on mechanistic
WNT pathway models and LASSO identified genes and proteins of the extant WNT
network. The models can serve as a platform for improving current mechanistic models
and WNT pathway activity-based patient stratification. Conversely, all models of the
WNT signalling pathway to date have focussed on a few genes and proteins of the core
pathway [27–32]. Building upon this work that describes the initial steps of WNT pathway
activation, our work builds upon this by identifying new features and regression models
that describe the heterogeneity of the WNT pathway activity scores across patients from
two CRC cohorts [27]. We have also shown that the activity scores of the WNT pathway
were the most significant in terms of the association to event-free patient survival compared
to four other key pathways of CRC; the MAPK, PI3K, TGF-Beta, and p53 pathways.

3.1. Event-Free Survival Analysis

This study determined novel genes and proteins significantly associated with event-
free survival in CRC across the major five CRC signalling pathways, WNT, PI3K-Akt, TP53,
MAPK, and TGF-Beta. In total, 389 genes and 75 proteins were found to be significant
across all signalling pathways from a sum of 872 genes and 284 proteins. A total of 59
of these features were significant in the WNT signalling pathway, and interestingly, only
seven of these significant features, DVL3, DKK1, SFPR2, WNT3A, WNT3, SFPR1, and
GSK3B, are found within previous mechanistic WNT models [27–32]. Thus, in order to
build new and improved mechanistic models of the WNT pathway with the potential to
fulfil the promise of precision medicine, future modelling should focus on these significant
genes and proteins.

For the WNT signalling pathway, the number of significant genes determined from
RNA sequencing was 53. The top two significant genes found were DVL3 and VANGL2.
The most significant gene was DVL3, with a corresponding hazard ratio of 2.8158 and a
p-value of 2.58 × 10−4. WNT ligands bind to FZD receptors and the LRP5/6 co-receptor,
which leads to the recruitment of cytosolic DVL3, then relays this signal to downstream
signalling events that result in the translocation of ß-catenin to the nucleus and target gene
expression. Thus, DVL is recruited by the receptor Frizzled and prevents the fundamental
destruction of cytosolic β-catenin [43]. Previous studies demonstrated that a high expres-
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sion of DVL3 in CRC acts as an unfavourable prognostic marker [44]. Additionally, Zhao
et al. suggest that DVL3 is a key regulator in CRC chemoresistance and targeting it may be
a potential strategy for CRC therapy [45]. Our study solidifies this further, as shown in the
Kaplan–Meier curve in Figure 3, in which a high expression of DVL3 was associated with a
lower event-free patient survival. VANGL2, the second most significant gene in the WNT
signalling pathway, has a hazard ratio and p-value of 2.7692 and 1.08 × 10−3, respectively.
Studies show that VANGL2 can be activated by WNT through Frizzled receptors [46].
Furthermore, within the WNT pathway, six proteins were significantly associated with
event-free patient survival. The most significant protein was PRKCA. High PRKCA protein
expression correlated with longer event-free survival (Figure 5). Interestingly, the PRKCA
protein was also important for explaining the WNT pathway activity scores in Model 3,
with a significant negative regression coefficient (Figure 8), which is in line with the known
function of PRKCA, which is to inhibit WNT signalling via several mechanisms, including
the phosphorylation of β-catenin, and enhance CRC cell death, concretely fitting to the
survival data presented in Figure 5 [47]. Together, these results suggest a model in which
PRKCA exerts its positive effects on patient survival via repressing the WNT activity.

Finally, the results for the WNT pathway analysis identified several significant genes
and proteins that were associated with event-free survival but have not yet been accounted
for in current WNT mechanistic models. Most, if not all, models to date are based on a few
intracellular and extracellular components of the core WNT pathway [27–32]. Focusing
on describing the general mechanistic details of WNT pathway activation, these models
were not intended to model patient specific differences and describe the WNT signalling
heterogeneity across patients. In contrast, our analysis and machine learning models aimed
at identifying genes and proteins with significant event-free survival associations and
describing patient-specific differences of WNT pathway activation. In total, the remaining
52 significant features found in this study are not found in these mechanistic models.
Thus, we have identified many genes that were associated with event-free survival and
that constitute prime candidates to improve current WNT mechanistic models. These
improved models could then be used for patient stratification and predicting response to
therapy [9,33].

3.2. A PROGENy Analysis

The second part of this study consisted of a PROGENy pathway activity score analysis.
There were several reasons why PROGENy and not classical GSEA was performed. One
major reason PROGENy does not require predefined groups for comparisons, unlike GSEA,
which determines whether a defined set of genes shows statistically significant, concurring
differences between two groups, for example, normal and tumour tissue [14,48]. PROGENy,
on the other hand, predicts specific pathway activity scores for each individual patient;
thus, allowing us to build models that can explain these scores [35,49].

An advantage of the PROGENy analysis is that it reveals patient-specific differences,
showing that different pathways are active in different patients (Figure 6). Interestingly,
the PROGENy analysis did not reveal a striking hyperactivation of the WNT pathway
(Figure 6); most values were found to be between 0 and 0.5 despite it being the main driving
event in tumorigeneses within most CRC patients. This finding is explained by the fact that
the pathway analysis is a differential analysis. PROGENy results are z-scores quantifying
standardised (mean normalised and scaled) relative differences, yet all patients might have
high WNT activity in absolute terms.

The results correlating the PROGENy pathway activity scores to patient event-free
survival show that the WNT, PI3K, TGF-Beta, and MAPK pathways, when activated, were
significantly associated with event-free patient survival. It is very interesting to note that
the WNT signalling pathway was the most significant pathway associated with event-free
patient survival. These results are in line with the literature, where high WNT pathway
activation was associated with shorter survival [27–32]. The activation of the WNT pathway
in CRC increases the levels of β-catenin within the cytosol, causing it to translocate into
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the nucleus and express WNT target genes that drive cell-proliferation [41]. How can the
patient-specific differences of the WNT pathway activity be explained?

3.3. Development of Linear Regression Models

The final part of this study developed three linear regression machine learning models
with the aim to predict the PROGENy WNT pathway activity scores. Current mechanistic
models describe the pathway components and provide deterministic insights into how the
WNT pathway is activated but neglect patient-specific differences [27–32]. Thus, combining
machine learning that focuses on patient-specific differences with mechanistic models has
great potential for building explainable machine learning models.

Overall, Model 2 was found as the most predictive model. In comparison, the RMSE of
Model 2 was 0.3751 times smaller than Model 1. Five features were identified that were both
prognostic of event-free patient survival and predictive of WNT pathway activity, including
DVL3, PRKCA, VANGL2, GPC4, and ROCK2. Of these, DVL3 was the only feature found
in the mechanistic model, Model 1. The finding also highlights a lack of features in current
mechanistic models that can explain patient-specific differences. Concretely, solidifying the
need to propose such a strategy to incorporate them. In particular, our work identified the
four overlapping features above (PRKCA, VANGL2, GPC4, and ROCK2) that should be
the focus of mechanistic modelling in the future. Machine learning, Model 2, accounting
for such features, outperformed the current mechanistic model and can accurately predict
the WNT pathway activity scores.

Interestingly, the protein PRKCA was found to be both significantly associated with
event-free survival and a significant predictive feature of the WNT pathway activity score
(Table 6). The results in Figure 8 show that most features used in the machine learning
models have nonzero regression coefficients, in particular: DVL3, FZD5, RAC1, ROCK2,
GSK3B, CTB2, CBT1, and PRKCA. These features provide valuable WNT network nodes to
be included in future mechanistic models of the WNT network. The presented machine
learning models incorporate patient specific significant features that describe pathway
activity and can thus be termed “explainable”. Despite this, these prognostic features
have not yet been accounted for in current WNT models. The finding that a LASSO-
based machine learning model (Model 2) identified new features outperforms the current
mechanistic model, and can accurately predict the WNT pathway activity scores, highlights
the need to improve current mechanistic models by incorporating these features.

4. Conclusions

In conclusion, we developed machine learning models of the activity of the canon-
ical WNT signalling pathway and incorporated significant genes and proteins that are
associated with event-free patient survival. This model is a valuable tool for predicting
the heterogeneity of WNT pathway activity on an individual patient level. In this study,
we identified several features (DVL3, FZD5, RAC1, ROCK2, GSK3B, CTB2, CBT1, and
PRKCA) that were not only significantly associated with event-free patient survival but
also important for predicting the patient-specific WNT pathway activity scores. We expect
that integrating these features into mechanistic models of WNT pathway activation in the
future will not only help to better understand the patient-specific differences in the control
of pathway activity but also to relate pathway activity to clinical outcomes on the level of
individual patients.

5. Materials and Methods

5.1. Data Acquisition from the Literature

All data used throughout this study was open-source data. The first datasets were
from the 2016 TCGA Colorectal Adenocarcinoma, GDAC Firehose Legacy study, previously
known as TCGA provisional. The datasets used for this study included Genomic from RNA
sequencing (20,532 genes), proteomic from mass spectrometry (5562 proteins), and the
associated clinical dataset [39,40]. The TCGA legacy datasets, due to the minimum overlap
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between patients, were only used to determine prognostic genes and proteins within such
patients. Pre-processing across the datasets was performed before the survival analyses
were complete. Across all datasets, patients who did not have the associated censoring
status or disease-free survival months available were removed. The second set of data
was from the 2019 prospective CPTAC-COAD colon adenocarcinoma studies, genomic
from RNA sequencing (13,482 genes), proteomic from mass spectrometry (6422 proteins),
and clinical datasets were all downloaded from LinkedOmics [39,40,50,51]. Minor pre-
processing across the CPTAC datasets was performed before the following analyses were
complete. The pre-processing included analysing the datasets, RNA, proteomics, and
clinical to ensure that the same patients were overlapping across all and, if not, removing
these patients. In total, 79 patients remained across all datasets. Additionally, for the
CPTAC proteomics dataset, several NAN values were present. These values were imputed
for the machine learning LASSO regression analysis of the WNT STN. This was achieved
in the application Perseus using a low-shifted distribution of width 0.3 and a downshift
of 1.8 across the total matrix [52]. Furthermore, proteins with data points of 10% or less
were removed. In total, 27/39 proteins in the WNT STN remained after imputation. All
datasets analysed and pre-processed for this study can be found in the supplementary data;
consequently, Table 7 and Figure 9 represent key metrics and pre-processing steps for all
datasets used.

Table 7. Important key metrics of datasets and corresponding analyses performed for each dataset. The two studies used,
TCGA Legacy and CPTAC, are located in the first column [39,40,50,51]. The “datasets” column represents the type of omic
dataset used from the corresponding study in column one, with key metrics identified. The “analyses” column represents
the type of analysis performed on each specified dataset. “RSEM” = RNA-sequencing by expectation-maximisation.
“UQ” = upper quantile normalisation. “TMT” = tandem mass tag.

Study Datasets Analyses

2016 TCGA Colorectal
Adenocarcinoma, GDAC

Firehose Legacy

1. Genomic from RNA Sequencing

20,532 genes
Cohort of 329 patients
2. Proteomic from Mass Spectrometry

5562 proteins
Cohort of 74 patients
3. Corresponding Clinical Dataset

Event Free Survival

1. Kaplan Meier Survival analysis for genes
and proteins in pathways to find
prognostic features

2. PROGENy analysis on the TCGA RNA
sequencing legacy dataset to find a
common core of CRC pathway activities

2019 Prospective
CPTAC-COAD Colon

Adenocarcinoma

1. Genomic from RNA Sequencing

RNA Expression (RSEM-UQ, Log2(Val+1))
13,482 genes
Cohort of 106 patients
2. Proteomic from Mass Spectrometry

Protein Expression (TMT, Log2ratio)
6422 proteins
Cohort of 96 patients
3. Corresponding Clinical Dataset

Cohort of 110 patients
79 patients analysed
Event Free Survival

1. Determine the associations between
PROGENy pathway activity scores and
event free survival

2. Linear Regression Machine Learning
models to predict WNT pathway activity
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Figure 9. Pre-processing flow chart detailing all pre-processing steps completed prior to each analysis. Pre-processing
flowchart for, (A) the 2016 TCGA Colorectal Adenocarcinoma, GDAC Firehose Legacy Study and (B) the 2019 Prospective
CPTAC-COAD Colon Adenocarcinoma Study.

The five critical CRC STNs used in this study stemmed from the literature [3,11,23].
The network databases WikiPathways, KEGG, and GSEA, were used to create a list of
gene-sets for each pathway including WNT, PI3K-Akt, TP53, MAPK, and TGF-Beta [21,
22,37,38,53–62]. Each gene-set consisted of every gene listed for each homo-sapiens STN
pathway on WikiPathways. These gene-sets were then used as input scripts to determine
which genes and proteins are prognostic and correlate to patient event-free survival. All
gene sets are found in the supplementary data.

5.2. Kaplan–Meier Survival Analysis

The Kaplan–Meier survival analysis was simulated three times, the first to find the
prognostic genes from RNA sequencing, the second to find the prognostic proteins from
proteomics, both using the TCGA legacy datasets, and finally to determine the associations
between PROGENy pathway activity scores and event-free survival using the RNA CPTAC
dataset. The optimum cut-off for stratifying the patient populations into low and high
groups was identified by scanning the group sizes from 10–90 to 90–10 percent splits, where
10–90 means that 10% of the patients were in the low group and 90% of the patients were
in the high group and calculating the p-value for the overall event-free survival difference
between the groups using a log-rank test with Yates’ correction. The cut-offs were based on
the TCGA legacy datasets: RNA sequencing (329 patients) and proteomics (73 patients),
and the CPTAC RNA dataset (79 patients). The inputs for the first two simulations were
based on the gene or protein sets for each CRC STN identified above. The output was a
Kaplan–Meier curve for the gene or protein expressed, indicating the number of patients
in the high expression or low expression group with the corresponding statistical values
apparent. The inputs for the final simulation were the PROGENy CRC pathway activity
scores, and the output was 5 Kaplan–Meier curves for each CRC STN. The number of
patients in the high activity or low activity group was identified with the corresponding
statistical values. All statistical computations and Kaplan–Meier analyses were performed
in MATLAB (version R2020b Update 5 (9.9.0. 1592791), The MathWorks, Inc., Natick, MA,
USA) using the statistics toolbox and the log-rank (www.mathworks.com/matlabcentral/
fileexchange/22317-logrank (accessed on 7 April 2021)) and kmplot (www.mathworks.
com/matlabcentral/fileexchange/22293-kmplot (accessed on 7 April 2021)) functions from
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the MATLAB (version R2020b Update 5 (9.9.0. 1592791), The MathWorks, Inc., Natick, MA,
USA) file exchange [63].

5.3. PROGENy Analysis

PROGENy is a machine learning based tool installed from Bioconductor as an RStudio
package (RStudio Team (2020). RStudio: Integrated Development for R. RStudio, PBC,
Boston, MA URL http://www.rstudio.com/) [35,49]. A PROGENy analysis was performed
on the TCGA RNA sequencing legacy dataset to find a common core of CRC pathway
activities. Despite PROGENy’s composition of 14-cancer relevant pathways, specifically
for this study, only the CRC pathways were analysed in depth [35,49]. The available CRC
pathways using PROGENy were PI3K, MAPK, TGF-Beta, WNT, and p53. The associated
PROGENy CRC pathway activity scores for the entire TCGA legacy patient cohort is found
in the supplementary data. PROGENy (version 1.12.0) was used in the study [35,49].

5.4. Developing Linear Regression Machine Learning Models

The three linear regression machine learning models developed in the study were
performed in MATLAB using the regression learner app [64]. The three trained models
were a variety of linear, stepwise linear, and robust linear regression models. Each model
consisted of 79 observations, i.e., the entire CPTAC patient cohort. Cross-validation of
10-fold was used for each model. All models were developed solely from the CPTAC
datasets from RNA and proteomics. The selected input features for the models were
obtained through LASSO regression of both datasets. For both LASSO regression analyses,
the lambda value with minimal mean squared error plus one standard deviation was
applied. A threshold (p-value) of 0.05 was used to determine if a feature was significant.
For the proteomics dataset, this resulted in 5/27 features (proteins) found to be significant,
including CTBP1, CTBP2, PLCB4, PRKCA, and RAC1. Similarly, for the RNA sequencing
dataset, 5/89 features (genes) were significant, DKK3, FZD5, NKD1, NOTUM, and WNT11.
All associated datasets are found within the supplementary data.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ijms22189970/s1.
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Abstract: Lung cancer is one of the most common malignant neoplasms. As a result of the disease’s
progression, patients may develop metastases to the central nervous system. The prognosis in
this location is unfavorable; untreated metastatic lesions may lead to death within one to two
months. Existing therapies—neurosurgery and radiation therapy—do not improve the prognosis for
every patient. The discovery of Epidermal Growth Factor Receptor (EGFR)—activating mutations
and Anaplastic Lymphoma Kinase (ALK) rearrangements in patients with non-small cell lung
adenocarcinoma has allowed for the introduction of small-molecule tyrosine kinase inhibitors to
the treatment of advanced-stage patients. The Epidermal Growth Factor Receptor (EGFR) is a
transmembrane protein with tyrosine kinase-dependent activity. EGFR is present in membranes of
all epithelial cells. In physiological conditions, it plays an important role in the process of cell growth
and proliferation. Binding the ligand to the EGFR causes its dimerization and the activation of the
intracellular signaling cascade. Signal transduction involves the activation of MAPK, AKT, and JNK,
resulting in DNA synthesis and cell proliferation. In cancer cells, binding the ligand to the EGFR also
leads to its dimerization and transduction of the signal to the cell interior. It has been demonstrated
that activating mutations in the gene for EGFR-exon19 (deletion), L858R point mutation in exon 21,
and mutation in exon 20 results in cancer cell proliferation. Continuous stimulation of the receptor
inhibits apoptosis, stimulates invasion, intensifies angiogenesis, and facilitates the formation of
distant metastases. As a consequence, the cancer progresses. These activating gene mutations for
the EGFR are present in 10–20% of lung adenocarcinomas. Approximately 3–7% of patients with
lung adenocarcinoma have the echinoderm microtubule-associated protein-like 4 (EML4)/ALK
fusion gene. The fusion of the two genes EML4 and ALK results in a fusion gene that activates the
intracellular signaling pathway, stimulates the proliferation of tumor cells, and inhibits apoptosis.
A new group of drugs—small-molecule tyrosine kinase inhibitors—has been developed; the first
generation includes gefitinib and erlotinib and the ALK inhibitor crizotinib. These drugs reversibly
block the EGFR by stopping the signal transmission to the cell. The second-generation tyrosine
kinase inhibitor (TKI) afatinib or ALK inhibitor alectinib block the receptor irreversibly. Clinical trials
with TKI in patients with non-small cell lung adenocarcinoma with central nervous system (CNS)
metastases have shown prolonged, progression-free survival, a high percentage of objective responses,
and improved quality of life. Resistance to treatment with this group of drugs emerging during TKI
therapy is the basis for the detection of resistance mutations. The T790M mutation, present in exon
20 of the EGFR gene, is detected in patients treated with first- and second-generation TKI and is
overcome by Osimertinib, a third-generation TKI. The I117N resistance mutation in patients with the
ALK mutation treated with alectinib is overcome by ceritinib. In this way, sequential therapy ensures
the continuity of treatment. In patients with CNS metastases, attempts are made to simultaneously
administer radiation therapy and tyrosine kinase inhibitors. Patients with lung adenocarcinoma
with CNS metastases, without activating EGFR mutation and without ALK rearrangement, benefit
from immunotherapy. This therapeutic option blocks the PD-1 receptor on the surface of T or B
lymphocytes or PD-L1 located on cancer cells with an applicable antibody. Based on clinical trials,
pembrolizumab and all antibodies are included in the treatment of non-small cell lung carcinoma
with CNS metastases.

Keywords: brain metastases; treatment; non-small cell lung carcinoma; EGFR; ALK; immunotherapy
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1. Introduction

Lung cancer is one of the most common malignant neoplasms and the main cause of
death from malignant neoplasms in Poland. Each year, more than 22,000 new lung cancer
cases are recorded [1].

Metastases of lung cancer to the brain occur in 18–61% of patients [2–4]. Improving the
effectiveness of oncological treatment leads to a higher survival rate but also increases the
population of patients at risk of this complication [5,6]. Metastases to the central nervous system
(CNS) are different from other metastases due to the occurrence of neurological disorders and
often require discontinuing systemic treatment in order to carry out palliative care [7].

2. The Mechanism of Brain Metastasis Formation Is Similar to Other Organ Locations

As a result of mutations in cancer cells, the degree of invasiveness increases [8,9]
(Figure 1). The cells detach themselves from the primary tumor and penetrate the blood
vessels, reaching other organs through the bloodstream. Being a very well-vascularized
organ, the brain is often subjected to metastases [10]. Metastatic cells arrest at distinct sites
and extravasate through vascular walls into the brain parenchyma. Cancer cells proliferate
at the metastatic niche, form colonies in this parenchyma, and the subsequent proliferation
of cells leads to clinically detectable metastatic lesions [8,9].

Figure 1. The main stages of cancer cell colonization of brain parenchyma (source: You H. et al., Front Immunol., 2019 [8]).

Untreated metastases to the CNS lead to a gradual deterioration of the patient’s
performance and to death within one to two months as a result of increased intracranial
pressure. Avoiding or delaying these complications requires expertise in the radical and
adjunctive treatment of brain metastases [11].
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3. Non-Small Cell Lung Carcinoma without Activating the Mutation of Epidermal
Growth Factor Receptor (EGFR) or Anaplastic Lymphoma Kinase (ALK)

A treatment method is chosen for lung carcinoma patients with CNS metastases based
on their prognosis. It is determined by Radiation Therapy Oncology Group recursive
partitioning analysis—RPA [12] (Table 1).

Table 1. Prognostic stages in patients with central nervous system metastases according to the
Radiation Therapy Oncology Group (RPA). KPS: Karnofsky Performance Status.

Prognostic Class Characteristic Median Survival (Months)

I
KPS ≥ 70, < 65 years, controlled primary
tumor and no extracranial metastases

7.1

II

KPS ≥ 70, primary tumor not controlled

4.2
KPS ≥ 70, controlled primary tumor
≥ 65 years

KPS ≥ 70, controlled primary tumor

<65 years and extracranial metastases

III KPS < 70 2.3

The eligibility criteria are the patient’s age, general performance, and the presence
of metastases outside the CNS. The first group (class I) includes patients in good general
condition, with a KI (Karnofsky Index) of 70% or more, less than 65 years old, without
extracerebral metastases, and with good primary tumor control. The third class are patients
in poor general condition, with a KI below 70%. The second class includes the remaining
patients. In class III, radiotherapy of metastases to the CNS is not recommended due to a
very bad prognosis. It is optimal to implement the best adjunctive treatment. The average
period of survival is about two months [12].

In the case of a single metastasis to the brain up to four metastatic lesions to the CNS,
either surgical removal or stereotactic radiotherapy (SRS) is recommended by the RPA in
class I or II patients [7,13].

There is no evidence that the addition of whole-brain radiation therapy (WBRT) to
stereotactic radiotherapy or surgery affects the overall survival of patients [14].

Data from a prospective study by Japanese researchers (JLGK0901) indicates that
stereotaxis may be relevant in patients with more than three CNS metastases [15]. The
observational trial lasted three years and included 1194 patients [15] with 1–10 newly
diagnosed CNS metastases. The largest tumor volume was <10 mL and <3 cm in the
longest dimension. The total cumulative volume did not exceed 15 mL, and the Karnofsky
performance status was 70% or higher. All patients qualified in this way received stereo-
tactic CNS radiotherapy. The overall survival (OS) of patients after stereotaxis was 13.9
months in 455 patients with a single metastasis, 10.8 months in 531 patients with two–four
metastatic lesions, and 10.8 months in 208 patients with 5–10 metastatic lesions. An equal
overall survival (OS) in patients with two–four metastatic lesions and 5–10 lesions indicates
that stereotactic radiosurgery (SRS) is an important alternative to whole-brain radiotherapy
in selected patients in good general condition.

Stereotaxis with or without whole-brain radiotherapy was analyzed in a third phase
trial in which patients with one–four brain metastases of lung carcinoma were random-
ized [16]. Three hundred and sixty-four patients meeting the criteria for inclusion in the
trial were analyzed. Fifty-one percent of patients received only stereotactic radiotherapy,
while 49% received SRS followed by whole-brain radiation therapy (WBRT). It was shown
that the age of patients significantly affects their survival. Stereotactic radiotherapy as a
stand-alone treatment improves survival in patients aged 50 years or younger, with no
difference in the age group over 50 years. Patients with a single metastasis experienced
significantly longer survival than patients with two–four metastases. In the assessment of
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cognitive disorders during treatment, patients under 50 years of age tolerated the therapy
better in both arms of the trial. Patients with a single CNS metastasis, compared to patients
with two–four lesions, had less severe cognitive impairment. Local disease control was
better in the arm with SRS plus WBRT in both age groups.

In the third-phase QUARTZ trial [17], the role of whole-brain radiation therapy
(WBRT) was assessed in patients with non-small cell lung carcinoma with inoperable CNS
metastases. The patients were randomized into two groups. In one group, they received
radiation therapy—WBRT 20 Gy in four fractions—and steroid therapy, and in the other
group, the best adjunctive treatment without radiotherapy. The mean survival duration
of patients in the radiotherapy arm was 49 days and 51 days in the optimal adjunctive
treatment arm. In both groups, there were no differences in the quality of life and the use
of steroids. The entire brain can be subjected to radiation therapy in a 20-Gy regimen in
five fractions or 30 Gy in 10 fractions [18]. Alternative fractionation: 40 Gy in 20 fractions
twice a day does not affect patients’ survival times. Attempts have been made to use
chemotherapy as a radiosensitizer without improving patients’ survival times [19].

In patients with asymptomatic CNS metastases who have not yet received systemic
treatment, the therapy sequence should be considered. In a study published in 2014 [20],
patients with non-small cell lung carcinoma with asymptomatic CNS metastases (one
to four lesions) received either stereotactic radiosurgery (SRS) followed by a two-drug
cisplatin-based chemotherapy or chemotherapy alone. The average age of the patients
was 58 years, with a mean total survival time of 14.6 months in the arm with stereotactic
radiotherapy and chemotherapy; in the arm with chemotherapy alone—15.3 months. The
average time to progression in the CNS was 9.4 months in the arm with SRS; in the arm
with chemotherapy alone—6.6 months. The symptomatic progression of CNS lesions was
more frequently observed in patients without stereotactic radiotherapy [19].

In the phase 3 trial [21], patients with CNS metastases of non-small cell lung carcinoma
(NSCLC) received chemotherapy—cisplatin with vinorelbine (days 1, 8, 15, and 22)—
courses every 28 days, with a maximum of six courses. Whole-brain radiation therapy
(WBRT)—30 Gy in 10 fractions—took place early in some patients—on days 1–12 of the first
chemotherapy course and, in the second arm, after two chemotherapy courses (56 days).
The objective response rate was 20% in the early radiotherapy arm and 21% in the delayed
radiotherapy arm. The average survival duration in patients with delayed radiotherapy
was 24 weeks and, in patients with early radiotherapy, 21 weeks. The results indicate that,
during chemotherapy treatment, the implementation time of CNS palliative radiotherapy
in patients with asymptomatic NSCLC brain metastases does not affect patients’ survival
duration [21].

In patients with symptomatic metastases of lung cancer to the CNS, the recommended
dose of corticosteroids used long term in the prevention of cerebral edema is 4 mg of
dexamethasone daily. Increasing the dose of the steroid to 16 mg daily does not improve
the disease control but generates treatment toxicity [22].

4. Non-Small Cell Lung Carcinoma with Present Epidermal Growth Factor Receptor
(EGFR) Mutation and ALK Rearrangement

The discovery of the EGFR mutation [23,24] and ALK rearrangement [24] and then
the introduction of first-generation tyrosine kinase inhibitors (gefitinib—Figure 2A and
erlotinib—Figure 2B) to the treatment of non-small cell lung carcinoma allowed, compared
to platinum-based dual-drug chemotherapy, for longer progression-free survival (PFS),
higher objective response rates (ORR), and better disease control rates (DCR) in comparison
with two-drug platinum-derivative-based chemotherapy [23–25].

EGFR is one of the four members [25] of the HER family receptors, which com-
prise [26] EGFR/HER1/erbB1, HER2/erbB2, HER3/erbB3, and HER4/erbB4 [27]. EGFR
signaling [25] is triggered by the binding of growth factors, such as Epidermal Growth
Factor (EGF) [25,28], resulting in the dimerization of EGFR molecules [27]. Autophosphory-
lation and transphosphorylation of the receptors through their tyrosine kinase domains [25]
leads to the recruitment of downstream effectors and the activation of proliferative and cell
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survival signals [25]. In recent years, intensive research has been dedicated to the Epidermal
Growth Factor Receptor (EGFR) [27] due to its significant role in the pathogenesis [27,29] of
malignant tumors. In many types of cancers, intracellular pathways modulated by EGFR
have been identified [25,28] as crucial factors influencing tumor survival and develop-
ment [30]. On the other hand, EGFR has also been shown to be a promising molecular
target [25–27] for potential therapeutic agents. Attempts to modify the signal transduction
exerted by EGF have been made either by blocking [25] the activity of certain elements
of the EGFR pathway or by direct inhibition of the EGF receptor itself [27]. Gefitinib and
erlotinib target the ATP cleft [31] within the tyrosine kinase Epidermal Growth Factor
Receptor (EGFR). Specific activating mutations within the tyrosine kinase domain of the
EGFR molecularly correlate to the responses [23–25] to gefitinib or erlotinib (Figure 3A,B).

Figure 2. (A) Gefitinib—first-generation tyrosine kinase inhibitor; (B) Erlotinib—first-generation tyrosine kinase inhibitor.

In Figure 3A, the inhibitor (dark blue), representing gefitinib, occupies the ATP cleft.
The locations of the two missense mutations are shown within the activating loop of the
tyrosine kinase (light blue); the three in-frame deletions are all present within another loop
(shown in red), which flanks the ATP cleft. Figure 3B shows a close-up view of the EGFR
tyrosine kinase domain, with the critical amino acids implicated in binding the inhibitor.
Specifically, 4-anilinoquinazoline compounds such as gefitinib inhibit catalysis by occupying
the ATP-binding site, where they form hydrogen bonds with methionine 769 (M769) and
cysteine 751 (C751) residues, whereas their anilino ring is close to the methionine 742 (M742),
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lysine 721 (K721), and leucine 764 (L764) residues (all shown in green). In-frame deletions
within the loop that is targeted by mutations (shown in red) are predicted to alter the positions
of these amino acids relative to that of the inhibitor. Mutated residues (red) are shown within
the activation loop of the tyrosine kinase (light blue).

Figure 3. (A,B) Clustering of mutations in the Epidermal Growth Factor Receptor (EGFR) gene
(adapted from Lynch T.J. et al., The New England Journal of Medicine, 2004) [23].

Gain-of-function mutations [32] in the tyrosine kinase domain of the EGFR gene
markedly increase the sensitivity to EGFR tyrosine kinase inhibitors (TKIs) [33]. It has
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been shown that 10–30% of all lung adenocarcinomas [34,35] contain an EGFR-activating
mutation. EGFR mutations occur mostly in adenocarcinoma, younger women and girls [26],
and never-smokers [23–25]. The increased prevalence [32] of EGFR mutations in the
metastatic disease (early stage—14, 2% and metastatic—30, 3%) in the dataset may partially
reflect referral bias [26] (Figure 4).

Figure 4. Distribution of the oncogenic driver mutations in non-small cell lung carcinoma (NSCLC)
(adapted from Skoulidis F et al., 2019). (A) Early stage and (B) metastatic disease.

The most common oncogenic mutations are deletion in exon 19 (45–50% of all somatic
EGFR mutations) and a point mutation (L858R) in exon 21 (35–45% of mutations) [25,36,37].
Ex20Ins mutations are the third-most common EGFR-activating mutations in NSCLC [38],
which collectively account for approximately 4% to 10% of all EGFR mutations [35]. These
mutations are predictive of the clinical activity of the EGFR TKIs [39], which yield a
superior RR (response rate) [39,40] and PFS [40,41], as well as a better QoL (quality of
life) [39–41] scores when compared with combination chemotherapy in the first-line set-
ting [23]. The discovery of EGFR mutations and ALK rearrangements also contributed to
the development of a new scale [37] of prognostic factors in patients with brain metastases
of non-small cell lung carcinoma, taking into account the presence of EGFR mutations or
ALK rearrangements. The Lung Cancer Molecular Markers Graded Prognostic Assessment
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(Lung-molGPA) index facilitates making clinical decisions in this group of patients. In
addition to the previous parameters [12], such as the patient’s age, general performance,
presence or absence of cancer outside the CNS, the number of brain metastases (one–four
or >four), it also takes into account the gene status of the EGFR and ALK mutations. The
higher the number of points obtained on this scale, the better the prognosis and longer
survival of patients [37] (Table 2).

Table 2. Lung-molGPA (Lung Cancer Molecular Markers Graded Prognostic Assessment).

Prognostic Factor Age (Years) KPS Extracranial Metastases Number of BM Gene Status

0 ≥70 <70 Present >4 EGFR neg/unk and ALK neg/unk
0.5 <70 70–80 - 1–4 NA
1 - 90–100 Absent NA EGFR-pos or ALK-pos

KPS—Karnofsky Performance Status, NA—not applicable, neg/unk—negative or unknown, pos—positive, BM—brain metastases,
EGFR—Epidermal Growth Factor Receptor, and ALK—Anaplastic Lymphoma Kinase.

First-generation tyrosine kinase inhibitors block [38,39] the EGFR receptor in a re-
versible manner. A better control of neoplastic disease during treatment with gefitinib or
erlotinib [40,41], and the longer lives of patients, drew attention to the problem of metastatic
lesions in the CNS. Lung cancer patients treated with first-generation TKI achieved a mean
survival time of 33.1 months. After the diagnosis of disease progression in the CNS or in the
meninges, the average survival time was 5.5 and 5.1 months. The incomplete penetration
of drugs into the CNS through the blood–brain barrier causes a worse response to the
first-generation TKI treatment in the brain and meninges [42]. Despite the low molecu-
lar weights of gefitinib and erlotinib, their penetration rates into the cerebrospinal fluid
(1.13% and 2.77%, respectively) and the CNS concentration rates are low (3.7 ng/mL and
28.7 ng/mL, respectively) [43] (Table 3).

Table 3. Concentrations of the EGFR and ALK tyrosine kinase inhibitors in the cerebrospinal
fluid (CSF).

Compound CSF Penetration Rate (%) CSF Concentration ng/mL or nM/L

Gefitinib 1.13 ± 0.36%
3.7 ± 1.9 ng/mL

8.2 ± 4.3 nM/L

Erlotinib 2.8–5.1%
28.7 ± 16.8 ng/mL

66.9 ± 39.0 nM/L

Afatynib <1% 0.464 ng/mL

Crizotinib 0.26% 0.616 ng/mL

Alectinib 0.86 2.69 nM/L

Ceritinib 0.15 not reported

Lorlatinib 20–30% not reported

Attempts have been made to increase the doses of gefitinib or erlotinib [44] or to
introduce the pulsatile administration of drugs in patients with metastatic lesions in the
CNS. The achieved therapeutic effects were still unsatisfactory due to the fact that higher
doses of the first-generation TKI [45] increased the drug concentration index in the CNS,
but the obtained effect was short-lived. A prolonged administration of high doses of
erlotinib or gefitinib causes unacceptable toxicity and is not used [44–46].

Afatinib (Figure 5) is a second-generation tyrosine kinase inhibitor.
Acquired resistance occurs [47] in patients who initially benefit from EGFR-targeted

therapies (first-generation tyrosine kinase inhibitors) [25,26].
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Figure 5. Afatinib—second-generation tyrosine kinase inhibitor.

A clinical definition of acquired resistance to EGFR TKIs: acquired resistance in
systemic progression (by Response Evaluation Criteria in Solid Tumors (RECIST) or World
Health Organization (WHO) criteria) after a complete or partial response or >six months
of stable disease after treatment with targeted therapy [48]. It irreversibly binds to the
EGFR receptor and also has a higher affinity for the receptor compared to first-generation
drugs. The studies LUX-Lung 3 [49] (cisplatin with pemetrexed) and LUX-Lung 6 [50]
(cisplatin with gemcitabine) demonstrated the superiority of TKI over platinum-based
two-drug chemotherapy with new-generation drugs. In the presented studies, patients
receiving TKI compared to chemotherapy benefited from longer progression-free survival
(PFS). They showed higher objective response rates (ORR) and a better disease control
rate (DCR). The CNS penetration rate for afatinib is below 1%, and the CNS concentration
is 0.46 ng/mL [51]. The LUX-Lung 3 and LUX-Lung 6 [49,50] studies were analyzed,
taking into account asymptomatic brain metastases. The progression-free time in the
LUX-Lung 3 trial [52] in patients with CNS metastases was 11.1 months in the afatinib
arm and 5.4 months in the chemotherapy arm. In the LUX-Lung 6 trial, patients with CNS
metastases treated with afatinib [53–55] achieved a progression-free time of 8.2 months,
and in the chemotherapy arm, PFS was 4.7 months. Progression-free time in the afatinib
arm compared to chemotherapy was equal in patients without brain metastases and
in patients with CNS metastases [50,56,57]. The LUX-Lung 7 trial compared gefitinib
with afatinib and included patients with central nervous system metastases. The mean
follow-up was 27.3 months; progression-free survival for the afatinib arm was 11 months
and 10.9 months for the gefitinib arm. The time to treatment failure for afatinib was
13.7 months and, for gefitinib, 11.5 months. Afatinib and gefitinib in the LUX-Lung 7 trial—
no difference in the overall survival (OS) [58]. Brueckl et al. (ESMO 2018 Congress, abstract
1449P) [59] presented an analysis of GIDEON, a prospective noninterventional study that
was conducted in Germany to investigate the activity and tolerability of first-line afatinib
in routine clinical care. Among 151 treated patients, the majority (72.8%) started treatment
at an afatinib dose of ≥40 mg; 61.8% of them had dose reductions. In the group of patients
starting at <40 mg, 46.2% had dose reductions, while dose increases were performed
in 33.3%. The safety profile of afatinib was consistent with the known safety profile
identified by the clinical trials. In spite of relatively high proportions of patients with brain
metastases (approximately 30%) and uncommon EGFR mutations (approximately 13%),
the results corroborated the clinical data for afatinib in the routine setting. The median
PFS was 12.9 months, with a 12-month PFS rate of 54.6%. Seventy-three percent of patients
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responded, and 90% obtained disease control. Both the ORRs and disease control rates
(DCR) were independent of the type of EGFR mutation, the presence of baseline brain
metastases, and the starting dose (Figure 6).

Figure 6. Overall response rates and disease control rates obtained with first-line afatinib in the noninterventional GIDEON
study [59] (adapted from Brueckl et al., ESMO, 2018).

Osimertinib (Figure 7) is a third-generation tyrosine kinase inhibitor. In the AURA
3 clinical trial [60], it was compared to pemetrexed and cisplatin or carboplatin-based
two-drug chemotherapy [61,62].

Figure 7. Osimertinib—third-generation tyrosine kinase inhibitor.

It was the second-line treatment for all patients, with the first- and second-generation
EGFR TKI used in the first-line treatment. After the disease progressed, the T790M mu-
tation determining the resistance [63] to drugs from the first- and second-generation TKI
groups was determined, and patients were randomized to the Osimertinib arm or to the
chemotherapy arm [64,65]. The trial also included patients with metastases to the central
nervous system, without symptoms resulting from focal lesions in the CNS, who did
not require treatment with steroids for at least four weeks before the start of the trial.
The median treatment duration was 10.1 months for patients treated with Osimertinib
(Osimertinib, n = 279) and 4.4 months for patients treated with chemotherapy (n = 140).
The objective response rate (ORR) was 71% for the Osimertinib treatment and 31% for
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chemotherapy-treated patients [63,64]. A subgroup analysis was performed; patients with
measurable CNS lesions (one or more brain lesions) were included in the first group and
patients with one or more lesions measurable and nonmeasurable in the CNS in the second
group. In the first group of patients [64,65], the ORR was 70% in the Osimertinib arm and
31% in the chemotherapy arm [66]. In the second group of patients [64,65,67], the ORR was
40% in the Osimertinib arm and 17% in the chemotherapy arm. In both groups of patients,
the mean response time in the CNS was 8.9 months in the treatment with Osimertinib
and 5.7 months in the treatment with chemotherapy [67,68]. The mean PFS in the group
of patients with measurable changes in the treatment with Osimertinib was 11.7 months,
while, in chemotherapy, it was 5.6 months [69].

The EGFR T790M mutation [70] is the most common mechanism of TKI first- and
second-generation resistance (detected in 50–60% of patients) [25]. It is unlikely that any
erlotinib combination [70–72] will overcome this specific drug resistance mechanism.

Osimertinib, a third-generation small molecule tyrosine kinase inhibitor, is recom-
mended in patients with the T790M resistance mutation [66,67]. It is also effective in
patients with metastases to the central nervous system and the meninges [67,73,74].

In the phase 3 FLAURA [71–74] clinical trial, patients receiving Osimertinib achieved
a PFS of 18.9 months and 10.2 months in the control arm (gefitinib or erlotinib). Patients
with CNS metastases also benefited from treatment with Osimertinib [74,75].

Osimertinib is a third-generation tyrosine kinase inhibitor and has demonstrated high
tolerability [73–75]. Some patients showed resistance to this drug, and the major mutation
site is C797S on the EGFR gene (discovery of genome sequencing) [75,76]. In the future,
when EGFR TKI drug resistance occurs [75,76], genetic testing could be used to select the
treatment method corresponding to the resistance mechanism [74–76].

Progress in the field of molecular biology in recent years has enabled the identification
of potential oncogenic pathways [77,78]. In 2007, Soda and his colleagues found an echino-
derm microtubule-associated protein-like 4 (EML4) ALK fusion gene from non-smell-cell
lung cancers [77]. These ALK fusion proteins can induce the constitutive activation of the
ALK tyrosine kinase [77,78]. The oligomerization of domains such as the coiled-coil [77]
domain of the fusion partner gives stimulation [79] ALK downstream pathways as a re-
sult [79]. The P13K-AKT-Mtor, RAS-MAPK-ERK, or JAK-STAT pathways are constitutively
activated [77,79].

ALK mutations are rare and can be found in approximately 3–7% of patients with the
diagnosis of NSCLC [77–79]. ALK mutations are more common in young, nonsmoking
men with adenocarcinoma [78,79].

Crizotinib is an ATP-competitive, orally bioavailable ALK inhibitor [80] and was first
applied for the treatment of EML4 ALK-positive NSCLC [81]. Crizotinib (Figure 8) was
introduced based on the phase 3 Profile 1014 study [81] as a standard of treatment in
patients with ALK-positive lung cancer.

This first-generation tyrosine kinase inhibitor has a concentration rate in the cerebrospinal
fluid of 0.616 ng/mL and a penetration rate to the cerebrospinal fluid of 0.26% [51,80]. In the
Profile 1014 trial [81], crizotinib achieved significantly longer PFS compared to chemotherapy
(nine months vs. four months), and after 12 and 24 weeks of treatment, higher intracerebral
DCR of 85% and 65% was observed in the arm with crizotinib and 45% and 25% in the arm
with chemotherapy. The intracerebral control of the disease was also better in patients with
metastases to the CNS—23% compared to chemotherapy. However, the isolated progression
of the disease in the CNS was more frequent during treatment with crizotinib; extracerebral
progression was more frequent during the treatment with chemotherapy (pemetrexed cis-
platin). Patients with untreated CNS metastases or progression [82,83] of the disease were not
randomized for the trial, and 20% of patients participating in the trial had CNS radiotherapy.

Nearly one-third of patients treated with crizotinib had CNS metastases in the first
year of therapy. In some of these patients, it was the only location of neoplastic disease
progression [83,84].
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Alectinib (Figure 9) is a second-generation tyrosine kinase inhibitor used in patients
with ALK-positive lung tumors and is also effective in the central nervous system [85,86].

 

CRIZOTINIB

 
Figure 8. Crizotinib—first-generation Anaplastic Lymphoma Kinase tyrosine kinase inhibitor (ALK TKI).

Figure 9. Alectinib—a second-generation ALK TKI.

Alectinib shows a concentration level of 2.69 nM [87,88] in the cerebrospinal fluid, and
the penetration rate into the cerebrospinal fluid is 86% [51,87,88].

The ALEX phase 3 [89] clinical trial included previously untreated patients with ad-
vanced ALK-positive lung cancer. The patients received crizotinib or alectinib [89,90]. The
primary endpoint was progression-free survival. The mean follow-up was 17.6 months in
the crizotinib arm and 18.6 months for alectinib. The progression-free time was significantly
longer in patients treated with alectinib [89,90] and was 12 months, while, in the crizotinib
arm, it was 8.5 months [89,90]. In this trial, alectinib demonstrated therapeutic efficacy in
patients with metastases to the central nervous system. Twelve percent of patients treated
with alectinib (18 patients) and 45% (68 patients) treated with crizotinib demonstrated
changes in the CNS. The one-year (12 months) CNS cumulative events (progression) level
was 9.4% vs. 41.4% when comparing alectinib with crizotinib. Good intracerebral dis-
ease control coexisted with PFS—a mean average of 25.7 months for alectinib [90,91] and

200



Int. J. Mol. Sci. 2021, 22, 593

10.4 months for crizotinib. Treatment toxicity was also lower in patients receiving alectinib
and had a favorable safety profile [90,91].

Another ALK inhibitor was found to overcome crizotinib resistance and to better
control disease in the CNS [92]. Ceritinib (Figure 10) is a second-generation ALK TKI and
has a cerebrospinal fluid penetration rate of 15% [51]. Ceritinib is effective in patients with
the I117N resistance mutation [92–94].

Figure 10. Ceritinib—a second-generation ALK TKI.

The phase 3 clinical trial ASCEND-4 [92] compared ceritinib with chemotherapy as
the first-line treatment in patients with advanced lung cancer and ALK rearrangement. In
patients with metastases to the CNS, the mean PFS was 10.7 months in the ceritinib arm
and 6.7 months in the chemotherapy arm [92]. The overall intracranial response rate in
patients with measurable CNS changes at the baseline was 72.7% for ceritinib and 27.3%
for chemotherapy [92–94].

In the phase 1 ASCEND-1 trial [95], ceritinib achieved a total intracerebral ORR of 36%
in ALK TKI previously treated patients and 63% in ALK TKI untreated patients (patients
had baseline CNS measurable changes). In the ASCEND-2 trial the intracerebral ORR was
almost 40%, and the intracerebral DCR was 85% [95–97].

Brigatinib (Figure 11) is a second-generation ALK TKI. Brigatinib was shown to be
active against the G1202R mutation [98]. The G1202R mutation is resistant to first- and
second-generation ALK inhibitors (crizotinib, alectinib, and ceritinib) [98,99].

It was noted that the G1202 mutation was discovered in about 50% of relapse pa-
tients following the use of brigatinib [98,99]. Brigatinib, another second-generation ALK
inhibitor, demonstrated substantial activity in patients with crizotinib refractory ALK-
positive NSCLC; however, its activity in the alectinib refractory setting is unknown [98].

The phase 2 ALTA trial [100,101] evaluated the efficacy of brigatinib in patients
with advanced ALK-positive non-small cell lung carcinoma previously treated with crizo-
tinib [100,101]. Patients were randomized to two arms of the trial—in one arm, the dose
was 90 mg, and, in the other arm, 180 mg for seven days, then 90 mg [101]. In patients with
measurable changes in the CNS, the ORR at a higher dose of the drug was 67%, and, at
a lower dose, 37%. The DCR exceeded 80% in both arms. In the case of nonmeasurable
CNS metastases, the ORR and DCR were higher in patients receiving the higher dose of the
drug (19% vs. 6% and 87% vs. 72%). Two-thirds of patients receiving the higher dose of the
drug and having measurable lesions in the CNS had an intracerebral response lasting, on
average, 16.6 months [100,101]. Brigatinib was compared with crizotinib in a phase 3 trial
in patients with ALK-positive [101] lung cancer who had not been previously treated with
TKI. Ninety patients had baseline CNS metastases, and 39 patients had measurable CNS
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lesions with a diameter >10 mm. The intracerebral response to treatment in patients with
measurable lesions was 78% in the brigatinib arm and 29% in the crizotinib arm. In the
brigatinib group, 9% of patients had disease progression in the CNS, and, in the crizotinib
group, 19% of patients [99,100]. Twelve-month PFS in the group of patients with metastatic
lesions in the CNS at baseline was higher in the brigatinib arm—67% than in the crizotinib
arm—21% [101].

Figure 11. Brigatinib—a second-generation ALK TKI.

Lorlatinib (Figure 12) is a third-generation ALK inhibitor with a penetration rate to the
CNS of 20–30% [51]. Lorlatinib is indicated for the treatment of patients with ALK-positive
metastatic non-small cell lung cancer [102] whose disease progressed on crizotinib [103]
and at least one other ALK inhibitor. Lorlatinib has been shown to be active against almost
all of the previously identified ALK TKI resistance mutations, including G1202R [103,104].
It is supposed to overcome the resistance of cancer cells to early-generation drugs [104].

Figure 12. Lorlatinib—a third-generation ALK TKI.
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In a phase 1 trial [105], an intracerebral RR of 44% was achieved in the lorlatinib arm
in patients with metastatic changes in the CNS for measurable and nonmeasurable lesions
and 60% for measurable lesions. Approval was based on a phase 2 study [106,107] in which
lorlatinib demonstrated a substantial overall and intracranial response [106,107].

5. Simultaneous CNS Radiotherapy and TKI Therapy

It was shown that lung cancer cells with the EGFR mutation are more radiosensi-
tive [108] than those without. At the same time, lung cancer patients with EGFR mutations
have a 50–70% risk of brain metastases [109]. Before the era of targeted lung cancer treat-
ment, patients had either neurosurgical surgery, SRS, or whole-brain radiotherapy with the
occurrence of metastases to the brain.

Two hundred and thirty patients with CNS metastases and EGFR mutations were iden-
tified and divided into two groups [110]. In one group, 116 patients received TKI (gefitinib,
erlotinib, or icotinib), and, in the other group (51), TKI and simultaneous radiotherapy of
the whole brain. An ORR of 52% was achieved in both groups; OS in the radiotherapy and
TKI arm was 26.4 months and, for the treatment with only TKI, 21.6 months. Compared
with TKIs alone, EGFR TKIs plus WBRT demonstrated intracranial progression-free sur-
vival (PFS) of 6.9 vs. 7.4 months (p = 0.232) and systemic PFS of 7.5 vs. 7.9 months (p =
0.546) [110].

In a meta-analysis of seven trials [109] involving 1086 patients with brain metastases,
TKI therapy alone was compared with radiotherapy used before TKI therapy. It was
shown that patients with non-small cell lung carcinoma and brain metastases who received
radiotherapy prior to TKI therapy had longer intracerebral PFS and longer OS [109]. The
analysis in the subgroups showed that the survival time of patients was longer in the group
with one–three metastatic lesions [109], and shorter OS was obtained by patients with more
metastatic lesions. The analysis confirmed that radiotherapy, by damaging the blood–brain
barrier, increases the effectiveness of TKI therapy. Consequently, the combined therapy
reduces relapse and improves the overall survival [108,109].

In patients with lung cancer and brain metastases, attempts were made to combine
up-front CNS radiation and TKI therapy. Based [109] on the current available evidence,
patients of non-small cell lung cancer with brain metastases and EGFR mutations have
better OS and iPFS (intracerebral progression free survival) when they receive up-front
radiotherapy and TKI than TKI alone [108–110].

The subgroup analysis [109] showed that never-smokers lived longer compared to
tobacco smokers, and patients diagnosed with adenocarcinoma lived longer compared to
other histopathological types. Patients with a better overall performance status (ECOG) lived
longer than patients in worse general condition. In the group of patients with symptomatic
brain metastases who received TKI and simultaneous whole-brain radiotherapy, significantly
worse intracerebral PFS was observed compared to patients treated only with TKI [109–111].

Currently, it is not recommended to discontinue TKI therapy while radiating the
whole brain. For stereotaxis (SRS), it is recommended to discontinue TKI three days before
SRS and restart it three days after treatment; therefore, the interval is seven days [111].

6. Immunotherapy of Lung Cancer with Brain Metastases

Pembrolizumab is the drug of choice in the first-line treatment of patients with a
PD-L1 expression in >50% of tumor cells in patients with non-small cell lung carcinoma
without the EGFR or ALK mutation. In the registration trial of pembrolizumab—Keynote-
024 [112], 9% of patients had CNS metastases, and, in Keynote-010 [113], 15% of patients
had CNS metastases. Pembrolizumab is recommended for the first-line treatment of stage
IV non-small cell lung carcinoma (including patients with stable metastatic lesions in the
central nervous system) [114].

In the CheckMate 057 trial [115], nivolumab was administered to patients with non-
squamous lung cancer as a second-line treatment. Patients achieved an OS of 12.2 months;
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in the arm with chemotherapy, the OS was 9.4 months. Patients with stable metastatic
lesions in the central nervous system were randomized for the trial [115].

In the EAP (expanded access program) 1588 trial [116], nivolumab was administered
to patients with the IIIB/IV tostages of non-squamous lung cancer after progression on
prior systemic therapy. Four hundred and nine patients had CNS metastases. They were
neurologically stable and could receive a steroid therapy of up to 10 mg of prednisone daily.
In the group of patients with metastatic lesions in the brain, the mean follow-up time was
6.1 months (0.1–21.9); the DCR was 39%, and the mean OS was 8.6 months; the CNS disease
stabilized in 96 patients, 64 patients achieved a partial response, and 4 complete CNS
responses during the nivolumab treatment [116]. Currently, nivolumab is recommended
for the second-line treatment of stage IV non-small cell lung carcinoma [114].

Lung cancer metastases to the central nervous system pose a serious problem in
oncological treatment. These lesions not only cause progression of the neoplastic disease but
also manifest focal symptoms from the CNS, affecting the general condition of patients and
worsening contact with them. Neurosurgery, stereotactic radiotherapy, and chemotherapy
help to improve the clinical conditions of patients. Introducing new molecules into clinical
practice gives a chance not only to improve the general condition of patients but also to
prolong their lives.
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Abstract: Hepatocellular carcinoma (HCC) is one of the major causes of cancer-related deaths world-
wide. Sorafenib has been used as a first-line systemic treatment for over a decade. However, resistance
to sorafenib limits patient response and presents a major hurdle during HCC treatment. Lenvatinib
has been approved as a first-line systemic treatment for advanced HCC and is the first agent to
achieve non-inferiority against sorafenib. Therefore, in the present study, we evaluated the inhibition
efficacy of lenvatinib in sorafenib-resistant HCC cells. Only a few studies have been conducted on
this topic. Two human HCC cell lines, Huh-7 and Hep-3B, were used to establish sorafenib resis-
tance, and in vitro and in vivo studies were employed. Lenvatinib suppressed sorafenib-resistant
HCC cell proliferation mainly by inducing G1 cell cycle arrest through ERK signaling. Hep-3B
sorafenib-resistant cells showed partial cross-resistance to lenvatinib, possibly due to the contribution
of poor autophagic responsiveness. Overall, the findings suggest that the underlying mechanism of
lenvatinib in overcoming sorafenib resistance in HCC involves FGFR4-ERK signaling. Lenvatinib
may be a suitable second-line therapy for unresectable HCC patients who have developed sorafenib
resistance and express FGFR4.

Keywords: lenvatinib; sorafenib-resistant; hepatocellular carcinoma; FGFR4; autophagy; microRNA

1. Introduction

Hepatocellular carcinoma (HCC) is the most common primary liver cancer, with an
increasing incidence over the past few decades in various populations; it is one of the
major causes of cancer-related deaths worldwide [1,2]. Only a small fraction of patients
is diagnosed with early stages of the disease, when curative strategies—liver resection
(LR), ablative techniques, and orthotopic liver transplantation (OLT)—can be employed [3].
For patients with advanced HCC, systemic therapy is available, with prolonged overall
survival (OS) rates.

Sorafenib, an oral multi-kinase inhibitor approved in 2008, targets the Raf–MEK–ERK
pathway and several receptor tyrosine kinases, including vascular endothelial growth
factor receptors (VEGFRs) 2 and 3, platelet-derived growth factor receptor (PDGFR), FMS-
related tyrosine kinase 3 (FLT3), Ret, and c-Kit [4]. The median survival time with sorafenib,
used as a first-line systemic therapy for the past decade, was nearly 3 months longer than
that with the placebo (10.7 months vs. 7.9 months; hazard ratio (HR) 0.69; p < 0.001) [4].
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However, intrinsic and acquired resistance to sorafenib remains a huge challenge, with
only approximately 30% of patients responsive to sorafenib [4,5]. The primary resistance
of HCC cells to sorafenib is postulated to be associated with genetic heterogeneity—the
overexpression of epidermal growth factor receptor (EGFR) or ligand may lead to sustained
activation of EGFR downstream signaling and drug resistance to sorafenib [6,7]. Acquired
resistance to sorafenib, which often develops within six months [5], may be associated
with several factors, such as the phosphatidylinositol 3-kinase (PI3K)/Akt pathway, au-
tophagy, epithelial-mesenchymal transition (EMT), tumor microenvironment, epigenetic
regulation, microRNAs (miRNAs), and “vessel co-option”—the ability of tumors to hijack
the existing vasculature in organs such as the lungs or liver, thereby limiting the need for
angiogenesis [7,8].

Second- and later-line systemic treatments are needed for patients who fail to respond
or are intolerant to sorafenib. The multitargeted multi-kinase inhibitors regorafenib [9]
and cabozantinib [10] were approved in 2017 and 2018, respectively, as second-line drugs.
Further, PD-1 immune checkpoint inhibitors, nivolumab and pembrolizumab, have been
approved as second-line therapies for patients with advanced HCC [11].

Lenvatinib is a multi-kinase inhibitor that targets VEGFR 1–3, fibroblast growth factor
(FGF) receptors 1–4, PDGFR-α, RET, and KIT [12]. A recent clinical trial showed that the
median survival time of 13.6 months with lenvatinib (95% CI 12.1–14.9) was non-inferior
to that with sorafenib (12.3 months, 10.4–13.9; HR 0.92, 95% CI 0.79–1.06) in untreated
advanced HCC [13]. Thus, lenvatinib has been approved as a first-line systemic treatment
for unresectable advanced HCC. Further, some evidence indicates that lenvatinib may be
used as a second-line treatment for patients who are intolerant to sorafenib or following
sorafenib failure [14–16].

To explore the possible advantage of lenvatinib and the underlying mechanisms
in overcoming sorafenib-resistance in HCC we developed sorafenib-resistant cell lines
and performed in vitro and in vivo experiments; further, we identify the expression of
miRNAs associated with the effect of lenvatinib. Only a few studies have been conducted
on this topic.

2. Results

2.1. Lenvatinib Inhibits Sorafenib-Resistant HCC Cell Proliferation

The IC50 of Huh-7SR cells (6.76 ± 0.48 µM) was 2.9-fold higher than that of Huh-7
cells (2.33 ± 0.22 µM), and the IC50 of Hep-3BSR cells (7.73 ± 0.27 µM) was 2.81-fold higher
than that of Hep-3B cells (2.75 ± 0.44 µM) when exposed to sorafenib (Figure 1A). The
lenvatinib IC50 values were not significantly different between Huh-7 (9.91 ± 0.95 µM)
and Huh-7SR (10.56 ± 0.73 µM) cells; however, the lenvatinib IC50 of Hep-3BSR cells
(27.49 ± 3.01 µM) was 9.85-fold that of Hep-3B cells (2.79 ± 0.19 µM) (Figure 1B). The
Huh-7SR and Hep-3BSR cells were treated with 0.3, 1, 3, 10, and 30 µM lenvatinib for
96 h, and the anti-proliferative effect of lenvatinib was assessed using the cell viability
assay. DMSO-treated cells were used as controls. Lenvatinib inhibited cell proliferation in
the Huh-7SR and Hep-3BSR cells in a dose- and time-dependent manner. Further, 1 µM
lenvatinib showed a significant effect in the Huh-7SR cells; however, 10 µM lenvatinib
was required in the Hep-3BSR cells (Figure 1C). In the colony formation assay, during a
long culture period (14 days), a small dose (1 µM) of lenvatinib showed an obvious anti-
proliferative effect in the Huh-7SR cells, but not in the Hep-3BSR cells (Figure 1D). This may
be due to the partial cross-resistance of Hep-3BSR cells to lenvatinib; the anti-proliferative
effect of lenvatinib in Hep-3BSR cells needs a higher dose than Huh-7SR cells. To further
verify the anti-proliferative effect of lenvatinib in Huh-7SR and Hep-3BSR cells, a 3D tumor
spheroid assay was performed. An in vitro dosage (10 µM) of sorafenib and lenvatinib
was used in the 3D spheroid culture of both wild-type and resistant cells; this showed
that lenvatinib (10 µM) has an advantageous anti-proliferative effect in all cells (Huh-7,
Huh-7SR, Hep-3B, and Hep-3BSR) compared with sorafenib (10 µM). Moreover, sorafenib
could partially inhibit Huh-7SR cell proliferation but not in Hep-3BSR cells (Figure 1E).
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Figure 1. Lenvatinib inhibits the proliferation of sorafenib-resistant human hepatocellular carcinoma
(HCC) cells. (A) Cytotoxic effect of sorafenib (IC50): Cells were treated for 48 h with increasing
concentrations of sorafenib, and dimethyl sulfoxide (DMSO) was used as a negative control. IC50 of
Huh-7 sorafenib-resistant (Huh-7SR) cells was 2.9-fold that of Huh-7 cells, and IC50 of Hep-3BSR
cells was 2.81-fold that of Hep-3B cells. (B) Cytotoxic effect of lenvatinib (IC50): Cells were treated
for 48 h with increasing concentrations of lenvatinib, and dimethyl sulfoxide (DMSO) was used as a
negative control. Lenvatinib IC50 values of Huh-7 and Huh-7SR cells were not significantly different.
Lenvatinib IC50 of Hep-3B sorafenib-resistant (Hep-3BSR) cells was 9.85-fold that of Hep-3B cells.
(C) Anti-proliferative effect of lenvatinib measured using cell viability assay: Huh-7SR and Hep-3BSR
cells were treated for 96 h with the indicated concentrations of lenvatinib or DMSO. The relative cell
number was normalized with the control. (D) After 1 µM lenvatinib or DMSO treatment, the colonies
formed were fixed and stained with crystal violet. (E) Three-dimensional tumor spheroid assay was
performed to evaluate the effect of lenvatinib and sorafenib on the wild-type and sorafenib-resistant
HCC cell proliferative ability. The representative images of spheroids are shown (scale bar: 5th day,
71 µm; 8th and 15th days, 107 µm). Spheroid diameters were measured on 15th day. Data are
represented as means ± standard error of mean (SEM) or means ± standard deviation (SD) of at least
three independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001.
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2.2. Lenvatinib Induces Apoptosis and Cell Cycle G1 Phase Arrest, Decreases Invasion and Migration
Ability, and Regulates the Expression of Angiogenesis-Related Proteins in Huh-7SR Cells

To determine whether lenvatinib affected the apoptosis and cell cycle in Huh-7SR
cells, these cells were treated with lenvatinib, and FCM was performed. The Huh-7SR cells
were treated with 10 µM lenvatinib or DMSO for 24 h, and the DMSO-treated cells were
used as controls. The proportion of early apoptotic cells (lower right quadrant) among
lenvatinib-treated cells was significantly higher than that among untreated cells (Figure 2A).
Additionally, the expression of caspase-cleaved cytokeratin 18, cCK-18, a marker of apopto-
sis and necrosis, was upregulated in the lenvatinib-treated cells (Figure 2B). Furthermore,
in terms of cell cycle progression, the cell population in the G0/G1 phase significantly
increased, whereas cells in the S and G2/M phases decreased, suggesting that lenvatinib-
treated cells were arrested in the G1 phase (Figure 2C). Invasion and wound healing assays
showed that lenvatinib (10 µM) decreased invasion and migration ability after incubation
for 24 h (Figure 2D,E). Further, in the Huh-7SR cells, lenvatinib affected the regulation of the
expression of angiogenesis-related proteins: dipeptidyl peptidase-4 (DPPIV/CD26) [17–19]
and pigment epithelium-derived factor (PEDF) [20] were upregulated, and plasminogen ac-
tivator inhibitor-1 (PAI-1) [21] was downregulated, after incubation with 10 µM lenvatinib
for 24 h (Figure 2F).

2.3. Lenvatinib Induces Cell Cycle G1 Phase Arrest, Decreases Migration Ability, and Regulates
the Expression of Angiogenesis-Related Proteins in Hep-3BSR Cells

The Hep-3BSR cells were treated with 10 µM lenvatinib or DMSO for 24 h, and the
DMSO-treated cells were used as controls. No significant differences were found between
the average proportion of early apoptotic cells in the lenvatinib-treated cells and the control
(Figure 3A). Moreover, no changes were observed in the expression of cCK-18 between
the lenvatinib-treated and untreated cells (Figure 3B). In cell cycle progression, the cell
population in the G0/G1 phase significantly increased, whereas the cells in the S and G2/M
phases decreased, suggesting that the lenvatinib-treated cells were arrested in the G1 phase
(Figure 3C). The invasion assay suggested no difference between the control and treatment
groups (Figure 3D). The wound healing assay indicated that 10 µM lenvatinib decreased
migration ability after incubation for 24 h (Figure 3E). Additionally, the expression of
angiogenesis-related proteins such as endostatin [22], thrombospondin-1 (TSP-1) [23,24],
interleukin-8 (IL-8) [25], along with PAI-1, were downregulated after incubation with
10 µM lenvatinib for 24 h (Figure 3F). The expression of PAI-1 was downregulated in both
the Huh-7SR and Hep-3BSR cells after lenvatinib treatment.

2.4. Lenvatinib Effects against Sorafenib-Resistance in HCC Cells May Be through the FGFR4-ERK
Signaling Pathway

The expression levels of EGFR, p-Akt, and p-ERK were found to be upregulated in
the sorafenib-resistant cells compared to the wild-type cells (Figure 4A). These results were
similar to those reported in previous studies [6–8], showing that the overexpression of
EGFR activated the Akt and ERK signaling pathway to increase HCC cell survival and
proliferation, which, in turn, induced sorafenib resistance. The kinase inhibition profile for
lenvatinib and sorafenib indicated that lenvatinib has an advantage in FGFR4 inhibition
compared with sorafenib (Table S1). Previous studies have shown that Huh-7 and Hep-3B
have high FGFR4 expression [26,27]. In the Huh-7SR and Hep-3BSR cells, 10 µM sorafenib
or lenvatinib decreased the expression of p-Akt, Akt, FGFR4, p-ERK, and cyclinD1, whereas
the levels of p-mTOR and mTOR remained unchanged in the Hep-3BSR cells. Meanwhile,
lenvatinib increased the expression of EGFR (Figure 4B). The effects of lenvatinib in the
two resistant cells were mainly through FGFR4-ERK signaling; however, the difference
between 10 µM sorafenib and lenvatinib treatment was not significant. After decreasing the
dosage, lenvatinib showed a superior inhibition of ERK compared with the same dosage
of sorafenib (Figure 4C). In addition, the low expression of FGFR4 was associated with a
longer overall survival probability based on the TCGA database analysis (Figure 4D).
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Figure 2. In Huh-7SR cells, lenvatinib induces apoptosis and cell cycle G1 phase arrest, reduces
invasion and migration, and modulates the expression of proteins associated with angiogenesis.
(A) Huh-7SR cells were treated with 10 µM lenvatinib or dimethyl sulfoxide (DMSO) for 24 h, and the
level of apoptosis was measured by staining with annexin V and propidium iodide (PI) using flow
cytometry. Lenvatinib treatment increased the proportion of early apoptotic cells in the Huh-7SR
population. Lower right square represents early apoptosis. (B) The expression of caspase-cleaved
cytokeratin 18 (cCK-18) was determined using Enzyme Linked Immunosorbent Assay (ELISA) after
24 h of treatment with 10 µM lenvatinib. (C) Huh-7SR cells treated with 10 µM lenvatinib or DMSO
were analyzed using flow cytometry to determine the number of cells in each phase of the cell cycle
(left panel). Representative cell cycle histograms are presented (right panel). Lenvatinib blocked the
cell cycle at the G1 phase. (D) Invasion ability of lenvatinib-treated Huh-7SR cells was decreased.
(E) Wound-healing assay comparing the motility of Huh-7SR cells treated with lenvatinib or DMSO.
The wound-healing area was analyzed using the ImageJ software. (F) Representative expression
of angiogenesis-related proteins: plasminogen activator inhibitor-1 (PAI-1), dipeptidyl peptidase-4
(DPPIV/CD26), and pigment epithelium-derived factor (PEDF), in Huh-7SR cells incubated with
lenvatinib or DMSO for 24 h. Data are presented from three independent experiments. * p < 0.05,
** p < 0.01.
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Figure 3. In Hep-3BSR cells, lenvatinib triggers cell cycle G1 phase arrest, reduces migration, and
modulates the expression of proteins associated with angiogenesis. (A) Hep-3BSR cells were treated
with 10 µM lenvatinib or dimethyl sulfoxide (DMSO) for 24 h, and the level of apoptosis was
measured by staining with annexin V and propidium iodide (PI) using flow cytometry. Lenvatinib
treatment did not significantly change the average proportion of early apoptotic cells in the Hep-3BSR
population. Lower right square represents early apoptosis. (B) The expression of caspase-cleaved
cytokeratin 18 (cCK-18) was determined using Enzyme Linked Immunosorbent Assay (ELISA).
After 24 h of treatment with 10 µM lenvatinib, cCK-18 levels remained changed. (C) Hep-3BSR
cells treated with 10 µM lenvatinib or DMSO were analyzed using flow cytometry to determine
the number of cells in each phase of the cell cycle (left panel). Representative cell cycle histograms
are presented (right panel). Lenvatinib blocked the cell cycle at the G0/G1 phase. (D) Invasion
ability of lenvatinib-treated Hep-3BSR cells was not significantly changed. (E) Wound-healing assay
comparing the motility of Huh-7SR cells treated with lenvatinib or DMSO. The wound-healing area
was analyzed using ImageJ software. (F) Representative expression of angiogenesis-related proteins,
endostatin, thrombospondin-1 (TSP-1), interleukin-8 (IL-8), and PAI-1, in Hep-3BSR cells incubated
with lenvatinib or DMSO for 24 h. Data are presented from three independent experiments. * p < 0.05,
** p < 0.01.
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Figure 4. The underlying mechanisms of lenvatinib in sorafenib-resistant HCC cells may be through
the FGFR4-ERK signaling pathway. (A) Proteins expressed in wild-type and sorafenib-resistant
HCC cells. (B) Huh-7SR and Hep-3BSR cells were treated with 10 µM sorafenib or lenvatinib for
6 h. Protein expression was analyzed using Western blot. (C) Huh-7SR and Hep-3BSR cells were
treated with 1 and 5 µM sorafenib or lenvatinib for 6 h, and the levels of FGFR4, p-ERK, and ERK
were analyzed using Western blot. C.: control; Sor: sorafenib; Len: lenvatinib. (D) A lower FGFR4
level is associated with longer overall survival of HCC patients based on TCGA database analysis
(http://www.oncolnc.org, accessed on 5 October 2021).
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2.5. Different Autophagic Responsiveness between Huh-7SR and Hep-3BSR Cells

Huh-7 and Hep-3B wild-type cells are both sensitive to lenvatinib (Figure S1). The
IC50 data indicated that the Hep-3BSR cells showed partial cross-resistance to lenvatinib
compared with the Huh-7SR cells. Moreover, lenvatinib inhibited Hep-3BSR cell prolifera-
tion mainly through cell cycle arrest, whereas in Huh-7SR, cell proliferation was inhibited
through both apoptosis and cell cycle arrest. In addition, although mTOR is a key molecule
in the regulation of autophagy, its activation remained changed after sorafenib or lenvatinib
treatment in the Hep-3BSR cells. Autophagy plays a dual role in cancer development and
is also associated with multidrug resistance in cancer cells [7,28]; thus, it was important to
investigate if the autophagic responsiveness to sorafenib and lenvatinib is different between
the two cell lines. In the Huh-7SR cells, 10 µM sorafenib or lenvatinib significantly increased
the expression of microtubule-associated protein light chain 3-II (LC3-II); however, in the
Hep-3BSR cells, the expression barely changed. Furthermore, in the Huh-7SR cells, while
LC3-II levels increased, the expression of p62 decreased, indicating that 10 µM sorafenib or
lenvatinib altered the autophagy in the Huh-7SR cells. Meanwhile, the levels of caspase-7
and caspase-3 were decreased, and the levels of PARP and cleaved-PARP were increased in
the Huh-7SR cells, but not in the Hep-3BSR cells (Figure 5A). The Huh-7SR cells showed
higher autophagic responsiveness to sorafenib and lenvatinib than the Hep-3BSR cells did.
Lenvatinib induced high autophagic responsiveness that may induce autophagic cell death,
and this may be one of the reasons that the Hep-3BSR cells showed partial cross-resistance
to lenvatinib. Moreover, a lower p62 level is associated with the longer overall survival of
HCC patients based on TCGA database analysis (Figure 5B).

Figure 5. Autophagic response of sorafenib-resistant cells to sorafenib or lenvatinib. (A) Huh-7SR and Hep-3BSR cells were
treated with 10 µM sorafenib or lenvatinib for 6 h. LC3, p62, caspase-7, caspase-3, and PARP expression were analyzed
using Western blot. C.: control; Sor: sorafenib; Len: lenvatinib. (B) A lower p62 level is associated with longer overall
survival of HCC patients based on TCGA database analysis (http://www.oncolnc.org, accessed on 5 October 2021).

2.6. Lenvatinib Affects microRNA Expression in Sorafenib-Resistant Cells

A customized microarray platform was used to analyze the expression of 2555 miR-
NAs in the lenvatinib-treated or control Huh-7SR cells. Treatment with 10 µM lenvatinib
for 24 h upregulated the expression (fold change > 1.5) of 43 miRNAs, such as miR-575,
miR-663a, miR-491-5p, miR-4465, miR-371b-5p, and miR-718, and suppressed the expres-
sion (fold change < 0.67) of 23 miRNAs, such as miR-4448, miR-106b-3p, miR-197-5p, and
miR-130b-3p (Table 1). Unsupervised hierarchical clustering analysis was conducted by
calculating Pearson’s centered correlation coefficient, and the results indicated that the
lenvatinib-treated Huh-7SR cells clustered together (Figure 6). Additionally, filtration
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(FDR < 0.001) indicated that lenvatinib upregulated the expression of 16 miRNAs and
suppressed the expression of six miRNAs (Figure S2).

Table 1. Statistical results and chromosomal locations of miRNAs that exhibited a fold change (FC) > 1.5, FC < 0.67, or
p < 0.001 in HCC Huh-7SR cells treated with lenvatinib when compared with untreated cells.

miRNA p-Value Fold Change (Treated/Untreated) FDR Chromosomal Location

Upregulated
has-miR-718 0.000823533 2.93 0.009177565 Xq28

hsa-miR-4787-3p 0.000378539 2.82 0.005427912 3p21.2
hsa-miR-6816-5p 1.73835 × 10−5 2.69 0.000977428 22q11.21
hsa-miR-6790-3p 0.000369116 2.64 0.005427912 19p13.3
hsa-miR-1234-3p 2.9809 × 10−5 2.59 0.001292429 8q24.3

hsa-miR-8063 0.000246669 2.56 0.004141378 15q14
hsa-miR-6768-5p 2.43923 × 10−6 2.48 0.000450491 16p13.3
hsa-miR-6501-3p 1.236 × 10−5 2.47 0.000867423 21q22.11

hsa-miR-10394-3p 0.00019664 2.40 0.003800681 19q13.43
hsa-miR-6850-5p 6.5404 × 10−5 2.36 0.002074481 8q24.3
hsa-miR-12120 5.15411 × 10-5 2.35 0.001850097 Yq11.221
hsa-miR-4465 1.65012 × 10−5 2.35 0.000971998 6q24.1

hsa-miR-491-5p 1.25706 × 10−6 2.22 0.000388745 9p21.3
hsa-miR-371b-5p 0.000874032 2.20 0.009484016 19q13.42

hsa-miR-3652 1.24497 × 10−5 2.15 0.000867423 12q23.3
hsa-miR-921 0.000571511 2.04 0.007188459 1q24.1

hsa-miR-1237-5p 2.91345 × 10−6 2.03 0.000450491 11q13.1
hsa-miR-1469 0.000239265 1.95 0.004141378 15q26.2
hsa-miR-1181 0.000576271 1.92 0.007188459 19p13.2

hsa-miR-6869-5p 7.72727 × 10−5 1.88 0.00227243 20p13
hsa-miR-3665 5.65874 × 10−7 1.85 0.000349993 13q22.3
hsa-miR-1290 0.000146648 1.85 0.003194727 1p36.13
hsa-miR-1273c 3.34339 × 10−5 1.84 0.001292429 6q25.2
hsa-miR-4535 0.000456305 1.81 0.00613532 22q13.32

hsa-miR-10396a-5p 6.04782 × 10−5 1.791 0.001968724 21p11.2
hsa-miR-3940-5p 2.45816 × 10-5 1.78 0.001216297 19p13.3
hsa-miR-6808-5p 0.000904459 1.76 0.009562526 1p36.33
hsa-miR-1228-5p 0.000103027 1.76 0.002591924 12q13.3
hsa-miR-6774-5p 6.90461 × 10−6 1.74 0.000731907 16q24.1
hsa-miR-3180-3p 0.000507427 1.74 0.006677529 16p13.11

hsa-miR-3178 2.33963 × 10−5 1.73 0.001205886 16p13.3
hsa-miR-3126-5p 7.5417 × 10−5 1.69 0.00227243 2p13.3
hsa-miR-4687-5p 3.28134 × 10−5 1.67 0.001292429 11p15.4

hsa-miR-663a 8.50531 × 10−5 1.66 0.002355633 20p11.1
hsa-miR-3158-5p 6.85365 × 10−6 1.63 0.000731907 10q24.32

hsa-miR-762 0.000107378 1.62 0.00260445 16p11.2
hsa-miR-6715b-5p 0.00066953 1.62 0.007813291 10q25.2
hsa-miR-1247-3p 1.33234 × 10−5 1.60 0.000867423 14q32.31

hsa-miR-4476 4.84072 × 10−5 1.58 0.001814535 9p13.2
hsa-miR-4749-5p 8.89695 × 10−5 1.56 0.002355633 19q13.33

hsa-miR-575 0.00018907 1.56 0.003712369 4q21.22
hsa-miR-6724-5p 8.70242 × 10−5 1.55 0.002355633 21p11.2
hsa-miR-12114 0.000812774 1.51 0.009140012 22q13.33
Downregulated
hsa-miR-7114-5p 0.000857372 0.65 0.009469368 9q34.3
hsa-miR-197-5p 0.000179571 0.65 0.003697546 1p13.3
hsa-miR-3907 1.10865 × 10−5 0.65 0.000867423 7q36.1
hsa-miR-1972 0.000596743 0.63 0.00723697 16p13.11

hsa-miR-6735-5p 9.42138 × 10−5 0.63 0.002427969 1p34.2
hsa-miR-130b-3p 7.89931E-05 0.63 0.00227243 22q11.21
hsa-miR-487b-3p 2.90019 × 10−5 0.63 0.001292429 14q32.31
hsa-miR-6872-3p 0.000677028 0.60 0.007826946 3p21.31
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Table 1. Cont.

miRNA p-Value Fold Change (Treated/Untreated) FDR Chromosomal Location

hsa-miR-10524-5p 4.7563 × 10−7 0.60 0.000349993 6q14.1
hsa-miR-4260 0.000425744 0.60 0.00587887 1q32.2

hsa-miR-3177-3p 8.95026 × 10−5 0.60 0.002355633 16p13.3
hsa-miR-874-5p 0.000111442 0.59 0.002651026 5q31.2
hsa-miR-4287 0.000214498 0.56 0.003919721 8p21.1
hsa-miR-4448 1.41712 × 10−5 0.56 0.000876488 3q27.1

hsa-miR-7843-5p 5.23471 × 10−5 0.54 0.001850097 14q24.2
hsa-miR-3189-5p 0.000538484 0.54 0.00693859 19p13.11
hsa-miR-106b-3p 3.19133 × 10−5 0.53 0.001292429 7q22.1

hsa-miR-4521 7.10015 × 10−6 0.47 0.000731907 17p13.1
hsa-miR-431-3p 0.00037795 0.46 0.005427912 14q32.2
hsa-miR-4451 0.000147211 0.40 0.003194727 4q21.23

hsa-miR-4632-5p 9.73972 × 10−7 0.39 0.000388745 1p36.22
hsa-miR-6880-5p 2.78965 × 10−6 0.31 0.000450491 12q24.31
hsa-miR-1292-5p 0.000166801 0.29 0.003557465 20p13

Figure 6. Lenvatinib affects miRNA expression. Hierarchical clustering of differentially expressed miRNAs from Huh-7SR
cells incubated with 10 µM lenvatinib or DMSO for 24 h. Fold Change >1.5 or <0.67, p < 0.001.
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2.7. Altered miRNA in HCC and Normal Tissues and the Relationship with Overall Survival of
HCC Patients Based on TCGA Database Analysis

Based on the altered miRNA expressions, 372 HCC tissues and 50 normal tissues
from The Cancer Genome Atlas Liver Hepatocellular Carcinoma (TCGA-LIHC) database
were analyzed. miR-130b-3p and miR-1292-5p are highly expressed, while the levels of
miR-491-5p and miR-1247-3p are decreased in HCC tissues compared with normal tissues.
No differences were found in the levels of miR-1228-5p and miR-431-3p between the HCC
tissues and the normal tissues (Figure 7A). After lenvatinib treatment, miR-491-5p and
miR-1247-3p were upregulated, while miR-130b-3p and miR-1292-5p were downregulated
in the Huh-7SR cells. In addition, lower levels of miR-130b, miR-106b, and miR-874, and
higher levels of miR-487, are associated with the longer overall survival of HCC patients
(Figure 7B).

Figure 7. Altered microRNA expression and the relationship with overall survival in HCC. (A) Expression distribution of al-
tered miRNAs after lenvatinib treatment in HCC and normal tissues based on TCGA database analysis, where different colors
represent different groups. ** p < 0.01, **** p < 0.001, ns, no significant. (B) Lower levels of miR-130b, miR-106b, and miR-874,
and higher levels of miR-487 are associated with longer overall survival of HCC patients (http://kmplot.com/analysis/,
accessed on 5 October 2021).
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2.8. Lenvatinib Inhibits Huh-7 Sorafenib-Resistant Cell Proliferation In Vivo

Next, we examined the effect of lenvatinib in a nude mice xenograft model by inject-
ing Huh-7SR cells. Tumor growth was significantly inhibited in the group treated with
lenvatinib 20 mg/kg/day (5 days/week) compared with the sorafenib 30 mg/kg/day
(5 days/week) and control groups (Figure 8A). Moreover, there was no difference in body
weight among these three groups. Hematoxylin and eosin (H&E) staining and immuno-
histochemical staining of the ki-67, cyclin D1, and CD31 proteins in the subcutaneous
xenograft model suggested that lenvatinib treatment decreased the levels of ki-67, cyclin
D1, and the staining area of CD31, and suppressed cell proliferation and angiogenesis
(Figure 8B).

Figure 8. Lenvatinib inhibits Huh-7 sorafenib-resistant cell proliferation in vivo. (A) Lenvatinib 20 mg/kg/day (5 days/week)
significantly inhibits tumor growth compared with control and sorafenib 30 mg/kg/day (5 days/week) (n = 8 per group).
(B) Hematoxylin and eosin (H&E) staining and immunohistochemical staining of ki-67, cyclin D1 and CD31 proteins in
the subcutaneous xenograft model. Ki-67-positive cells and cyclin D1-positive cells in the lenvatinib-treated groups were
reduced in numbers compared with that in the control group. CD31 staining area in the lenvatinib-treated groups was
decreased compared with that in the control group. Data are presented as mean ± standard deviation (SD). * p < 0.05,
** p < 0.01, ns, no significant.
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3. Discussion

The multi-kinase inhibitor, sorafenib, has been used as first-line therapy for patients
with progressive unresectable HCC for a decade. However, resistance to sorafenib limits pa-
tient response and presents a major hurdle during HCC treatment. Additionally, data from
the REFLECT trial indicated that lenvatinib was the first agent to achieve non-inferiority
against sorafenib [13]. Therefore, in the present study, we evaluated the inhibition efficacy
of lenvatinib in sorafenib-resistant HCC cells (Huh-7SR and Hep-3BSR cells). Key points
include the following: (i) lenvatinib suppressed sorafenib-resistant HCC cell proliferation,
mainly by inducing G1 cell cycle arrest; (ii) the underlying advantage of lenvatinib in
overcoming sorafenib resistance may occur through the FGFR4-ERK signaling pathway;
(iii) along with HBV DNA, poor autophagic responsiveness may be a contributing factor
toward partial cross-resistance; and (iv) miRNA alterations may contribute to the inhibition
of sorafenib-resistant HCC cell growth and angiogenesis (Figure 9).

Figure 9. Proposed model for the underlying mechanism of lenvatinib in overcoming sorafenib
resistance. Overexpression of EGFR leads to the activation of ERK and Akt signaling to induce
sorafenib resistance and promote sorafenib-resistant cell proliferation. The underlying advantage of
lenvatinib is the inhibition of FGFR4 compared with sorafenib. Huh-7SR and Hep-3BSR cells have
high FGFR4 expression and the FGFR4-ERK signaling pathway is the major pathway to overcome
increased EGFR-induced ERK activation. Compared with Huh-7SR cells, Hep-3BSR cells showed
poor autophagic responsiveness to lenvatinib, which may contribute to their partial cross-resistance
to lenvatinib.

The ERK signaling pathway plays a key role in anti-tumor effects and multi-kinase
inhibitor resistance [28]. In both primary sorafenib-resistance and acquired resistance, the
activation of ERK is major process that promotes cell proliferation. In addition, previous
studies have revealed that HBx also activates the ERK signaling pathway in HCC [29].
The kinase inhibition profiles of lenvatinib and sorafenib indicated that lenvatinib is
more effective at inhibiting FGFR4 (Table S1) [30,31]. Additionally, Huh-7SR and Hep-
3BSR cells both expressed FGFR4 and EGFR. Further experiments showed that lenvatinib
presented a better performance in ERK signaling inhibition compared with sorafenib.
Thus, our findings suggest that lenvatinib overcomes sorafenib resistance mainly through
the inhibition of the FGFR4-ERK signaling pathway. Previous studies also indicated
that lenvatinib could strongly inhibit the activation of ERK, the downstream signaling
molecules of FGFR4, compared with sorafenib and regorafenib [32], and high FGFR4 levels
(positive immunohistochemistry >10% of tumor cells) were an independent predictor
of a response to lenvatinib [33]. Moreover, lenvatinib enhanced the antitumor immune
response of anti-programmed cell death-1 (PD-1) in HCC by blocking FGFR4 [34]. However,
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lenvatinib alone could inhibit HCC cancer stem-like cells through FGFR1-3 signaling, but
not FGFR4 signaling [35]. Interestingly, lenvatinib could also increase the expression of
EGFR, as previously reported [36,37]. The activation of EGFR may contribute to sorafenib
or lenvatinib resistance. The combination therapy of lenvatinib and gefitinib (an EGFR
inhibitor) may be an option for the approximately 50% of advanced HCC patients with
high EGFR expression [37]. Combination therapy or new kinase inhibitors (such as ERK
inhibitors) may represent a promising strategy for sorafenib-resistant HCC patients.

Moreover, we found that Huh-7SR cells showed higher autophagic responsiveness
to sorafenib and lenvatinib than Hep-3BSR cells, and this may contribute to Hep-3BSR’s
partial cross-resistance to lenvatinib. Autophagy plays neutral, tumor-suppressive, or
tumor-promoting roles in cancer development, and is also associated with apoptosis and
multidrug-resistance [38]. Previous studies demonstrated that the autophagic responsive-
ness to sorafenib is distinct between Hep3B and Huh7 wild-type cells and the sensitivity to
sorafenib is also different [39], where sorafenib-induced autophagy improves the death
rate of HCC cells [40]. Similarly, in sorafenib-resistant cells, the different autophagic
responsiveness to lenvatinib may also be associated with altered sensitivity to lenvatinib.

miRNAs are a class of endogenous, small, noncoding-RNA molecules that regulate
aspects of the post-transcriptional modulation of gene expression, such as cell proliferation,
differentiation, metabolism, and cell death [41,42]. Additionally, several reports have
shown that miRNAs can regulate the sensitivity of HCC cells to multi-kinase inhibitor
drugs, such as sorafenib, by modifying diverse molecular processes [43,44]. In this study,
we reported altered cell miRNA expression in Huh-7SR cells after treatment with lenvatinib.
A total of 43 miRNAs were upregulated, while 23 miRNAs were downregulated. Further
data set analysis from TCGA indicated that miR-130b-3p and miR-1292-5p were highly
expressed, while the levels of miR-491-5p and miR-1247-3p were decreased in HCC tissues
compared with normal tissues. In addition, miRNA expression was reversed after lenva-
tinib treatment. In many cases, miRNAs can have oncogenic effects or act as suppressors
in different cancers, and some may also have a dual function. Liao et al. indicated that
miR-130b-3p was upregulated in HCC and was correlated with a poor prognosis. Overex-
pressed miR-130b-3p was found to enhance the angiogenesis capacity of HCC cells [45].
Decreased miR-491-5p and highly pyruvate kinase M2 (PKM2) expression were associated
with unfavorable clinical features and the poor prognosis of HCC patients [46]. In addition,
overexpressed miR-491-5p inhibited HCC cell proliferation and migration by targeting
SEC61 translocon alpha 1 subunit1 (SEC61A) [47]. The inhibition effect of lenvatinib in
sorafenib-resistant HCC cells occurred partially through miRNA regulation. However,
due to the scarcity of information on some of the miRNAs, further studies are needed on
their function.

Only a few clinical studies have been conducted on second-line or further-line treat-
ment of lenvatinib. Jefremow et al. suggested that in seven patients with a later line
lenvatinib treatment, partial remission (PR) was shown in four of the seven patients, stable
disease (SD) in two of the seven, and mixed response with overall tolerable safety in one of
the seven [48]. Chen et al. enrolled 40 patients who received lenvatinib after sorafenib. The
median overall survival (OS) was 9.8 months, and the objective response rate was 27.5%;
moreover, the clinical outcomes of lenvatinib treatment in later lines were similar [15].
However, a report by Tomonari et al. indicated that the objective response rate was 33.3%
in the second line, and 20.0% in the third line. Additionally, sorafenib-resistant HCC cells
show partial cross-resistance to lenvatinib by the decreased response to FGFR signaling
pathways compared with wild-type cells [16] (Table 2). Although the number of patients
was one of the limitations of the study, an effective tendency was shown.

224



Int. J. Mol. Sci. 2021, 22, 13071

Table 2. Lenvatinib as second-line or further-line treatment after sorafenib.

Author
Total

Patients
Treatment Line

Complete
Remission

Partial
Remission

Stable
Disease

Mixed
Response

Progression

Jefremow A et al. [48] 7
Second line 2 0 1 1 0 0
Third line 3 0 2 0 1 0

Fourth line 2 0 1 1 0 0

Chen YY et al. [15] 40
Second line 20 1 5 7 0 7
Third line 10 0 4 4 0 2

Fourth line 10 0 1 5 0 4

Tomonari T et al. [16] 19
Second line 9 1 2 5 0 1
Third line 10 0 2 8 0 0

66 2 18 31 1 14

This study has the following several limitations: (i) We only used two sorafenib-
resistant HCC cell lines; (ii) expanded clinical studies are needed, including in sorafenib-
resistant HCC patients with HBV infection, sorafenib-resistant HCC patients with high or
low FGFR4 expression, and an investigation of a promising strategy, such as combination
therapy with lenvatinib. Hence, we plan to perform further experiments to investigate the
above limitations in our future research on this topic.

In conclusion, our study shows that (i) the advantage of lenvatinib in overcoming
sorafenib-resistance may be through the FGFR4-ERK signaling pathway; (ii) HBV DNA and
poor autophagic responsiveness may be the reasons for partial cross-resistance; (iii) miRNA
alterations may contribute to inhibiting sorafenib-resistant HCC cell growth and angiogen-
esis. The present study and previous clinical data (Table 2) provide evidence that lenvatinib
may be a suitable second-line therapy for unresectable HCC patients who express FGFR4
and are sorafenib resistant. Combination therapy could be a promising way to expand
the efficiency of first-line multi-kinase inhibitors and our study is one of the initial inves-
tigations of this topic. Drug resistance in HCC patients is a huge barrier to overcome.
Attenuating first-line treatment resistance and expanding the efficiency of second-line
therapy could potentially prolong the survival time of patients. Thus, further studies and
clinical trials are needed.

4. Materials and Methods

4.1. Chemicals

Sorafenib (Nexavar®) was obtained from Bayer Pharmaceutical Corporation (West Haven,
CT, USA) and lenvatinib from Chem Scene (Monmouth Junction, NJ, USA). Matrigel®

Matrix (356230) was purchased from Corning Inc. (Lowell, MA, USA).

4.2. Cell Lines and Cell Culture

Human HCC cell lines, Huh-7 and Hep-3B, were obtained from the Japanese Research
Resources Bank (Tokyo, Japan). Huh-7 cells were maintained in Dulbecco’s Modified
Eagle’s Medium (DMEM; Gibco-Invitrogen, Carlsbad, CA, USA) supplemented with 10%
fetal bovine serum (FBS; Wako, Tokyo, Japan) and penicillin/streptomycin (100 mg/L;
Invitrogen, Tokyo, Japan). Hep-3B cells were cultured in Modified Eagle’s Medium (MEM;
Gibco-Invitrogen) supplemented with 10% FBS and penicillin/streptomycin. To establish
sorafenib-resistant HCC cell lines, Huh-7 and Hep-3B cells were cultured with increasing
doses of sorafenib, from 1 to 6 µM, for six months. Cells were grown in a humidified
incubator at 5% CO2 and 37 ◦C. Huh-7 and Hep-3B cell lines as well as Huh-7 sorafenib-
resistant (Huh-7SR) and Hep-3BSR sublines were authenticated using short tandem repeat
(STR) profiling (BEX Co., Ltd., Tokyo, Japan).

4.3. Cell Viability Assay

Cell viability assays were performed using the Cell Counting Kit-8 (Dojindo Labora-
tories, Kumamoto, Japan) according to the manufacturer’s instructions. Briefly, the cells
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were seeded in 96-well plates at a concentration of 5000 cells/100 µL/well and incubated
in a normal growth medium for 24 h. Subsequently, the cells were grown for an additional
24, 48, 72, or 96 h with sorafenib (0.3, 1, 3, 10, and 30 µM), lenvatinib (0.3, 1, 3, 10, and
30 µM), or dimethyl sulfoxide (DMSO). The medium was replaced with 100 µL of fresh
medium containing 10% CCK-8 reagent, and the cells were incubated at 37 ◦C for 3 h. The
absorbance was measured at 450 nm using a multi-grating microplate reader SH-9000Lab
(CORONA Electric Co., Ltd., Ibaraki, Japan). The experiments were repeated three times.

4.4. Three-Dimensional (3D) Tumor Spheroid Assay (3D Culture)

Multicellular spheroids were generated using the liquid overlay technique (Figure S3) [49].

4.5. Flow Cytometry Analysis of Cell Cycle

Cell cycle progression was evaluated using a Cell Cycle Phase Determination Kit
(Cayman Chemical Company, Ann Arbor, MI, USA). Cells (1.0 × 106 cells/100-mm dish)
were treated with 10 µM lenvatinib or DMSO for 24 h. Cells were trypsinized and resus-
pended in phosphate-buffered saline (PBS) at a density of 106 cells/mL. Approximately
1.0 × 106 cells were stained in 100 µL of PBS with 10 µL of RNase A (250 µg/mL) and
10 µL of propidium iodide (PI) stain (100 µg/mL) and incubated at room temperature in
the dark for 30 min. Flow cytometry (FCM) was performed to compare the proportion of
lenvatinib-treated and control cells in each phase of the cell cycle. FCM was performed
using a Cytomics FC 500 flow cytometer (Beckman Coulter, Brea, CA, USA) equipped
with an argon laser (488 nm), and the percentage of cells was analyzed using the Kaluza
software version v2.1 (Beckman Coulter). The experiments were repeated three times.

4.6. Apoptosis Analysis

Lenvatinib-mediated apoptosis was analyzed using an FCM and Annexin V-FITC Early
Apoptosis Detection kit (Cell Signaling Technology, Beverly, MA, USA). Cells (1.0 × 106 cells/
100-mm dish) were treated with 10 µM lenvatinib or DMSO for 24 h. Apoptotic and necrotic
cells were analyzed by double staining with FITC-conjugated annexin V and PI according
to the manufacturer’s instructions. FCM was conducted using a Cytomics FC 500 flow
cytometer equipped with an argon laser (488 nm) to compare the proportion of apoptotic
cells in the lenvatinib-treated and control groups, and data were analyzed using the Kaluza
software version v2.1. The experiments were repeated three times.

4.7. Apoptosis Analysis by Enzyme Linked Immunosorbent Assay (ELISA)

ELISA was performed to analyze the levels of caspase-cleaved cytokeratin 18 (cCK18)
using the M30-Apoptosense ELISA kit (Peviva Ab, Bromma, Sweden). Cells (5000 cells/well)
were seeded in 96-well plates and treated with 10 µM lenvatinib or DMSO for 24 h. Subse-
quently, the cells were lysed in polyoxyethylene octyl phenyl ether (Wako) and analyzed
according to the manufacturer’s instructions. The experiments were repeated three times.

4.8. Antibody Arrays to Analyze Angiogenesis-Related Proteins

Cells (1.0 × 106 cells/100-mm dish) were treated with 10 µM lenvatinib or DMSO for
24 h at 37 ◦C and lysed with a protease inhibitor cocktail, PRO-PREP complete protease
inhibitor mixture (iNtRON Biotechnology, Seongnam, Korea). The Human Angiogenesis
Array Kit (R&D Systems) was used to analyze the angiogenesis-related proteins in the
lenvatinib-treated and control cells according to the manufacturer’s protocol. Each array
was repeated three times to validate the results.

4.9. Invasion Assay

For invasion assays, 1 × 104 cells were cultured in 100 µL of serum-free DMEM or with
10 µM lenvatinib, placed into the upper membrane chamber (Cell Biolabs, San Diego, CA,
USA.) and precoated with extracellular matrix (ECM) proteins. The lower compartment
was filled with 150 µL of DMEM containing 10% FBS. After incubation for 24 h in an
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atmosphere of 5% CO2 at 37 ◦C, the cells in the upper compartment were removed, and
the invested cells in the lower compartment were lysed. Fluorescence was read using an
SH-9000Lab plate reader (CORONA) at 480 nm/520 nm.

4.10. Wound Healing Assay

Cells were seeded in 6-well plates and incubated in DMEM containing 10% FBS until
they reached subconfluence. Scratches were introduced in the cell monolayer using a
plastic pipette tip. After washing with PBS, 1.5% FBS media containing 10 µM lenvatinib
or DMSO was added. The scratched area was photographed using a light microscope
after 24 h.

4.11. miRNA Microarray

Total RNA of cells was extracted using the miRNeasy Mini Kit (QIAGEN) according to
the manufacturer’s instructions. After confirming the purity and quantity of each sample
using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) and an
RNA 6000 Nano kit (Agilent Technologies), respectively, the samples were labeled using
a miRCURY Hy3 Power Labeling kit (Exiqon A/S, Vedbaek, Denmark) and hybridized
to a human miRNA Oligo Chip (v.21; Toray Industries, Inc., Tokyo, Japan). Chips were
scanned using a 3D-Gene Scanner 3000 (Toray Industries). The 3D-Gene extraction software
version 1.2 (Toray Industries) was used to calculate the raw signal intensity of the images.
The raw data were analyzed using GeneSpring GX 10.0 software (Agilent Technologies) to
assess the differences in miRNA expression between the samples. Global normalization
was performed on raw data obtained above the background level. Differentially expressed
miRNAs were determined using Welch’s t-test.

4.12. Colony Formation Assay

Cells were trypsinized for 3 min and resuspended at a density of 1 × 103/mL. Five
hundred microliters were seeded into 6-well plates, and 1.5 mL of DMEM containing
10% FBS and 1 µM lenvatinib or DMSO was added to each well. The plates were incubated
at 37 ◦C in 5% CO2, and the medium was changed every three days until conspicuous
colonies were observed. Colonies were fixed and stained with 0.1% crystal violet at room
temperature for 5 min, and positive colony formation (>50 cells/colony) was evaluated by
counting the number of colonies.

4.13. Data Set Analysis

All patients of LIHC were retrieved from the TCGA data portal (https://portal.gdc.
cancer.gov/, accessed on 3 September 2021). The full clinical dataset was downloaded
(up to 3 September 2021) and this study meets the publication guidelines provided by
TCGA (http://cancergenome.nih.gov/publications/publicationguidelines, accessed on
3 September 2021) [50,51]. OncoLnc (http://www.oncolnc.org, accessed on 5 October
2021) [52] and KM plotter (http://kmplot.com/analysis, accessed on 5 October 2021) [53]
were used for survival analysis.

4.14. Western Blot

The cells were lysed with a PRO-PREP complete protease inhibitor mixture (iNtRON
Biotechnology, Korea) and collected supernatants. Protein concentration was measured
using a NanoDrop 2000 spectrofluorometer (Thermo Fisher Scientific, Inc., Waltham, MA,
USA). Briefly, protein aliquots (10 µg) were separated on precast protein gels (4–20% Mini-
PROTEAN TGX Gels; Bio-Rad, Hercules, CA, USA) and transferred onto nitrocellulose
membranes. The membranes were blocked with 2% skimmed milk (GE Healthcare) in
TBST with 0.1% Tween 20 (cat. No. T9142, Takara Bio Inc., Kusatsu, Shiga, Japan) for
30 min and were then incubated overnight at 4 ◦C with the following primary antibod-
ies: anti-ß-Actin (#66009-1-lg, Proteintech, dilution 1:5000); anti-LC3A/B (#12741, CST,
dilution 1:1000); SQSTM1/p62 (#5114, CST, dilution 1:1000); Caspase-3 (#14220, CST, dilu-
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tion 1:1000); PARP (#9542, CST, dilution 1:1000); Caspase-7 (#12827, CST, dilution 1:1000);
EGFR (#PAI-1110, Thermo Fisher Scientific, dilution 1:1000); p-Akt (ser473) (#4060, CST,
dilution 1:2000); Akt (#4685, CST, dilution 1:1000); p-mTOR (SER2448) (#5536, CST, dilu-
tion 1:1000); mTOR (#2983, CST, dilution 1:1000); cyclinD1 (#2978, CST, dilution 1:1000);
p-ERK1/2 (#4370, CST, dilution 1:1000); ERK1/2 (#4695, CST, dilution 1:1000); p-MEK1/2
(#9154, CST, dilution 1:1000); MEK1/2 (#8727, CST, dilution 1:1000); anti-ß-Actin (#4967,
CST, dilution 1:1000); FGFR4 (#8562, CST, dilution 1:1000) in 5% serum (cat. No. 9048-46-8,
FUJIFILM Wako, Osaka, Japan). After washing with TBST, the membranes were incubated
for 1 h with corresponding horseradish peroxidase (HRP)-conjugated secondary antibodies:
anti-mouse (#7076, CST, dilution 1:2000) or anti-rabbit (#7074, CST, dilution 1:2000). The
signal was visualized using a chemiluminescent (ECL) kit (cat. No. 45-000-999; Cytiva) and
imaged using ImageQuant LAS 4010 (GE Healthcare).

4.15. Xenograft Model Analysis

The animal study was approved (approval No. 20627, 20640 and 21681) by, and
was conducted in accordance with the guidelines set by, the Committee on Experimental
Animals of the Kagawa University. Female athymic mice (BALB/c-nu/nu; 5 weeks old;
15–17 g) were purchased from Japan SLC (Shizuoka, Japan). The mice were maintained
under specific pathogen-free conditions using a laminar airflow rack and had continuous
free access to sterilized (γ-irradiated) food (CL-2; CLEA Japan, Inc., Tokyo, Japan) and
autoclaved water. Mice were subcutaneously inoculated with 5 × 106 Huh-7SR cells in
the right flank. When the xenografts were palpable with an approximate diameter of
5 mm, we randomly assigned the animals to three groups of eight mice each. These groups
were orally administered 20 mg/kg/day lenvatinib, 30 mg/kg/day sorafenib, or vehicle
(DMSO and saline) for five days per week. Tumor volume (mm3) was calculated as tumor
length (mm) × tumor width (mm)2/2. All animals were sacrificed on day 10 of treatment.

4.16. Immunohistochemistry

Specimens were fixed overnight in 10% formalin, embedded in paraffin, and cut into
sections 5 µm thick. Briefly, slides were deparaffinized in xylene, rehydrated through a
graded alcohol series, and rinsed in PBS. Depending on the protein target to be revealed,
antigen retrieval was achieved by boiling the sections in either 10 mM sodium citrate
buffer (pH 6.0) or 1 mM ethylenediaminetetraacetic acid (EDTA; pH 8.5) buffer for 10 min,
followed by a 20-min cool down at room temperature. After a blocking step using 5% goat
serum and an Avidin-Biotin Blocking Kit (Vector Laboratories, Burlingame, CA, USA), the
slides were incubated with specific primary antibodies (cyclin D1, ki-67, CD31) overnight
at 4 ◦C. To quench the endogenous peroxidase activity, slides were incubated for 10 min
with 3% hydrogen peroxide, and subsequently, the biotin-conjugated secondary antibody
was applied at a 1:500 dilution for 30 min at room temperature. Immunoreactivity was vi-
sualized using the Vectastain Elite ABC kit (Vector Laboratories) and 3,3-diaminobenzidine
or Vector NovaRed (Vector Laboratories) as the chromogen. Finally, the slides were coun-
terstained with hematoxylin.

4.17. Statistical Analysis

GraphPad Prism software version 6.0 (GraphPad Software, San Diego, CA, USA) was
used for all analyses. Unpaired Student’s t-test and Wilcox test were used to determine
statistical significance between different groups. Two-way analysis of variance (ANOVA)
or mixed ANOVA was performed to test the comparisons and corrected using Tukey’s
post hoc test. One-way ANOVA was performed before the Tukey’s post hoc test to test the
comparisons. Values were considered statistically significant at a p-value < 0.05.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms222313071/s1.
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Abstract: Although multiple myeloma (MM) patients benefit from standard bortezomib (BTZ)
chemotherapy, they develop drug resistance, resulting in relapse. We investigated whether histone
deacetylase 6 (HDAC6) inhibitor A452 overcomes bortezomib resistance in MM. We show that
HDAC6-selective inhibitor A452 significantly decreases the activation of BTZ-resistant markers, such
as extracellular signal-regulated kinases (ERK) and nuclear factor kappa B (NF-κB), in acquired
BTZ-resistant MM cells. Combination treatment of A452 and BTZ or carfilzomib (CFZ) synergistically
reduces BTZ-resistant markers. Additionally, A452 synergizes with BTZ or CFZ to inhibit the activa-
tion of NF-κB and signal transducer and activator of transcription 3 (STAT3), resulting in decreased
expressions of low-molecular-mass polypeptide 2 (LMP2) and LMP7. Furthermore, combining
A452 with BTZ or CFZ leads to synergistic cancer cell growth inhibition, viability decreases, and
apoptosis induction in the BTZ-resistant MM cells. Overall, the synergistic effect of A452 with CFZ is
more potent than that of A452 with BTZ in BTZ-resistant U266 cells. Thus, our findings reveal the
HDAC6-selective inhibitor as a promising therapy for BTZ-chemoresistant MM.

Keywords: HDAC6; bortezomib-resistance; HDAC6-selective inhibitor; bortezomib; carfilzomib;
multiple myeloma; LMP2; combination therapy

1. Introduction

Multiple myeloma (MM) is characterized by abnormally proliferating plasma cells
derived from B cells [1] and ranks second as the cause of death from hematological ma-
lignancy [2]. Typical symptoms of MM include anemia, bone destruction, hypercalcemia,
infection, and renal failure due to impaired immune function [3]. Recently, the survival
rate of MM patients has improved due to the development of autologous stem cell trans-
plantation and novel therapeutic agents that include proteasome inhibitors (PIs) and
immunomodulatory drugs [4]. Despite recent advances in MM treatment, most patients
fall into cyclic relapse and eventually develop refractory disease due to residual MM [5].
Many researchers have reported the recurrence and drug resistance in MM patients who
have previously received chemotherapy, which remains a major obstacle for curing MM.
Thus, because there are currently no effective therapies to treat chemotherapy-resistant
MM, novel effective treatments for MM need to be identified.

Bortezomib (BTZ, Velcade) is the first therapeutic PI that was approved by the US
Food and Drug (FDA) Administration in 2003 for the treatment of MM [6]. BTZ binds
to the catalytic subunit of the proteasome with high affinity and inhibits the ubiquitin-
proteasome system (UPS) [7,8]. Consequently, BTZ indirectly regulates the apoptotic
pathway and cell cycle progression, affecting the downstream signaling of UPS [9]. The
nuclear factor kappa B (NF-κB) pathway is a typical cell signaling regulated by the UPS.
The NF-κB inhibitor (I-κB) masks the nuclear localization signal of NF-κB in the cytoplasm.
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When I-κB is degraded by the UPS, NF-κB translocates into the nucleus and transcribes its
target genes, such as anti-apoptotic genes. However, BTZ inhibits activation of the NF-κB
pathway by preventing the degradation of I-κB [10,11]. BTZ also activates both intrinsic
and extrinsic apoptotic pathways [12]. In addition, BTZ causes an accumulation of the
ubiquitin-conjugated proteins that enhances endoplasmic reticulum stress with cytotoxicity,
resulting in apoptosis induction [13].

BTZ has been approved to treat newly diagnosed and relapsed and/or refractory (R/R)
MM [14,15]. Although significant improvements in the management of MM with BTZ have
been reported, relapses are common, and treatment efficacy is reduced in MM patients.
One of the various reasons for BTZ resistance is the abnormal expression of proteasome
subunits that BTZ targets [16]. BTZ preferentially binds to the β5 subunit of the proteasome.
The catalytic subunits of constitutive proteasome, β5 subunit (known as PSMB5), are
significantly upregulated, whereas β1 (encoded by PSMB1) and β2 (encoded by PSMB2)
are modestly upregulated in cancers. However, no significant changes were seen in the
mRNA levels of β5, so the posttranscriptional mechanism seems to upregulate the protein
level of β5 [16]. Recently, PSMB5 mutations were also found by deep sequencing in BTZ-
treated MM patients [17]. In the immunoproteasome, low-molecular-mass polypeptide
7 (LMP7, iβ5, PSMB8), LMP2 (iβ1, PSMB9), and multicatalytic endopeptidase complex-like-
1 (MECL1, iβ2, PSMB10) subunits are catalytically active subunits that BTZ targets [18,19].
Myeloma co-expresses the constitutive proteasome and immunoproteasome [20]. A recent
study has shown that the expression of LMP7 and LMP2 is modulated via suppression
of EGFR/JAK1/STAT3 signaling by tight junction protein 1 in BTZ-resistant MM [21].
Moreover, SCFSkp2 is upregulated in BTZ-resistant MM and promotes the degradation
of p27Kip1, which inhibits cyclin-dependent kinase, indicating that SCFSkp2 is another
biomarker of BTZ resistance [22]. Therefore, the discovery of biomarkers of BTZ resistance
is crucial to overcome BTZ resistance.

Combined treatment of BTZ with other anti-myeloma agents is one of the therapeutic
strategies for overcoming BTZ resistance. Histone deacetylase (HDAC) inhibitor is one
promising approach that shows anti-myeloma effects in preclinical and clinical studies [23]
and overcomes drug resistance. Suberoylanilide hydroxamic acid (SAHA, vorinostat) is
the first class of pan-HDAC inhibitor approved by the US FDA in 2009 for cutaneous T cell
lymphoma [24]. Another pan-HDAC inhibitor panobinostat (LBH589) was approved by
the US FDA in 2015 for R/R MM in combination with BTZ and dexamethasone (DEX) [25].
The clinical trial data showed that the combination treatment of BTZ with vorinostat
or panobinostat significantly showed responses in R/R MM patients [25–28]. However,
pan-HDAC inhibitors are associated with significantly increased toxicity in this combina-
tion, which restricts their clinical utility. To minimize toxicity but maintain efficacy, the
HDAC6-selective inhibitor, ACY-1215 (ricolinostat), was tested and showed anticancer
effects in preclinical and clinical studies. Ricolinostat demonstrated anticancer activity in
hematological malignancies, including MM, diffuse large B cell lymphoma, both germinal
center B cell and activated B cell, follicular lymphoma, mantle cell lymphoma, and T cell
lymphoma [27,29,30]. Synergistic effects have been demonstrated with ricolinostat and
BTZ or carfilzomib (CFZ) in BTZ-sensitive MM [27,29,31]. Recently, Vogl et al. showed
that the combination of ricolinostat with BTZ and DEX responds in patients with R/R
MM (two-thirds were BTZ refractory) [32], and an ongoing trial (phase 1 and 2) is being
explored (NCT 01323751).

In this study, we investigated the antimyeloma effects of HDAC6-selective inhibitors,
A452 [33] and ACY-1215, in both BTZ-sensitive and BTZ-resistant MM cells. These results
show that A452 and ACY-1215 efficiently inhibit the cell growth and viability in both
BTZ-sensitive and BTZ-resistant MM cells. Overall, A452 is more cytotoxic than ACY-1215
in BTZ-resistant MM cells. We also observed that NF-kB, mitogen-activated protein kinase
(MAPK), and protein kinase B (PKB, known as AKT) pathways involved in BTZ resistance
were inactivated by HDAC6-selective inhibitor in both BTZ-sensitive and BTZ-resistant
MM cells. Furthermore, treatment with HDAC6-selective inhibitor in BTZ-resistant MM
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cells not only reduced the activation of STAT3 and NF-kB but also decreased the expression
of other BTZ-resistant markers, LMP2 and LMP7. Combination treatment of A452 and BTZ
or CFZ synergistically reduced BTZ-resistant markers. Moreover, combination treatments
with A452 and BTZ or CFZ restored the sensitivity of BTZ and synergistically induced
apoptosis in BTZ-resistant MM cells. In summary, the HDAC6-selective inhibitor could
overcome the BTZ resistance via inhibition of cell survival signaling and the STAT3–NF-
κB–LMP2 pathway in BTZ-resistant MM.

2. Results

2.1. Establishment of BTZ-Resistant U266/VelR MM Cells

BTZ-resistant U266 MM cells (U266/VelR) have hyperphosphorylated NF-κB (p65)
and ERK MAPK and are less sensitive to BTZ-induced cell cytotoxicity than BTZ-sensitive
parental U266 cells [34]. To confirm and strengthen BTZ resistance, we performed a soft
agar assay and isolated three BTZ-resistant U266 cell clones (U266/VelR-1, U266/VelR-2,
and U266/VelR-3). Both BTZ-resistant U266/VelR-1 and U266/VelR-2 cells had hyper-
phosphorylated NF-κB and ERK compared to the parental U266 cells (Figure 1A). Next,
to confirm the BTZ resistance in both BTZ-resistant U266 cells, we examined the cell
viability of both BTZ-resistant U266 cells after treatment with BTZ for 72 h. BTZ-resistant
U266 MM cell lines showed a 10-fold higher resistance to BTZ compared with their sensitive
counterparts (IC50 values 0.5 nM vs. 5 nM). While the viability of BTZ-sensitive U266
cells significantly decreased in a dose-dependent manner, both BTZ-resistant U266 cells
showed BTZ resistance from 2 nM BTZ to 5 nM BTZ (Figure 1B). Additionally, we tested
the activation of NF-κB and ERK by BTZ. The phosphorylated levels of p65 and ERK
decreased dose dependently in BTZ-sensitive U266 cells, but not in either of the BTZ-
resistant U266 cells (Figure 1C). At a higher concentration (10 nM BTZ), total levels of
p65 and ERK were significantly reduced in both BTZ-sensitive and BTZ-resistant MM
cells. In addition, the viability of both BTZ-sensitive and BTZ-resistant U266 cells similarly
decreased at 10 nM BTZ (Figure 1B), undistinguishable at a higher concentration (10 nM
BTZ). We observed an inverse relationship between the levels of BTZ-resistance markers
and MM sensitivity to BTZ (Figure 1A,B). Therefore, these findings indicate that active
NF-κB and MAPK pathways have key roles in BTZ resistance-related cell viability in
MM cells.

2.2. A452 is More Cytotoxic than ACY-1215 in Both BTZ-Sensitive and BTZ-Resistant
U266 Cells

A452 is a small-molecule inhibitor with a γ-lactam that selectively inhibits HDAC6
catalytic activity in various human cancer cells [33]. Recently, A452 demonstrated significant
anticancer activity in solid tumors and blood cancers, including MM [35–38]. We, therefore,
sought to determine whether A452 has antimyeloma activity in both BTZ-sensitive U266
and BTZ-resistant U266/VelR cells. First, we examined the cell growth and viability in both
BTZ-sensitive and BTZ-resistant U266 cells after treatment with A452 for 72 h by cell counting
kit-8 (CCK-8) assays (Figure 2). Regardless of the resistance of BTZ, A452 resulted in a time-
and dose-dependent decrease of the cell growth and viability in both BTZ-sensitive and
BTZ-resistant U266 cells with GI50 and IC50 values ~0.25 µM (Figure 2G). The viability of
both BTZ-sensitive and BTZ-resistant U266 cells decreased to less than 40% when treated
with 1 µM A452 (Figure 2B,D,F), but the viability decreased to 60% when treated with
1 µM ACY-1215, the only first-in-class clinically relevant small-molecule HDAC6 inhibitor
(Figure S1). The IC50 value of ACY-1215 (IC50 values > 2.5 µM) was 10 times higher than
that of A452 (~0.25 µM; Figure 2G), indicating that A452 is a more sensitive drug than
ACY-1215 in both BTZ-sensitive and BTZ-resistant U266 cells. The value of GI50 was similar
to IC50 in both BTZ-sensitive and BTZ-resistant U266 cells. Taken together, these findings
indicate that BTZ-resistant MM cells are still sensitive to HDAC6 inhibitors and that both
BTZ-sensitive and BTZ-resistant U266 cells are more sensitive to A452 than ACY-1215.
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2.3. A452 in Combination with BTZ or CFZ Shows Synergistic Cytotoxicity in Both
BTZ-Sensitive and BTZ-Resistant U266 Cells

The HDAC6-selective inhibitor A452 showed cytotoxicity in both BTZ-sensitive and
BTZ-resistant U266 cells. Next, we investigated the combined effect of A452 and BTZ in
BTZ-resistant U266/VelR and BTZ-sensitive U266 cell cytotoxicity. Cells were treated with
A452, BTZ, and A452 in combination with BTZ in both BTZ-resistant and BTZ-sensitive
U266 cells. The CCK-8 assay was performed to measure cell viability for 72 h. BTZ
treatment alone had no distinct cytotoxic effects in BTZ-resistant U266 cells, whereas
notable synergistic increases in cytotoxicity with A452 were observed (Figure 3; left panel).
Next, we analyzed the synergism between A452 and BTZ by applying the Chou and Talalay
method [39]. The combination of A452 and BTZ showed synergistic anti-MM activity with
a combination index (CI) < 1.0 (Figure 3; right panel).

= 3). Student’s 
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quantified relative to α

molecule inhibitor with a γ

–

Figure 1. Establishment of bortezomib (BTZ)-resistant U266/VelR MM cells. (A) Immunoblotting analysis of both BTZ-
sensitive U266 and BTZ-resistant U266 (U266/VelR-1, U266/VelR-2, and U266/VelR-3) MM cells. (B) Both BTZ-sensitive
and BTZ-resistant U266 cells were treated with indicated concentrations of BTZ (2, 5, 10 nM) for 72 h, and cell counting
kit-8 (CCK-8) assays were performed to analyze cell viability. Data represent mean ± SD (n = 3). Student’s t-test, * p < 0.05,
** p < 0.01, and *** p < 0.001 vs. the DMSO control. (C) Immunoblotting analysis of both BTZ-sensitive U266 and BTZ-resistant
U266 cells treated with 0.01% DMSO or indicated concentrations of BTZ (1, 2, 5, and 10 nM) for 24 h. Relative protein
expression levels were semi-quantified by densitometric analysis of the blots. α-tubulin was used as an equal loading control.
The abundance of the indicated proteins was semi-quantified relative to α-tub, and control levels were set at 1.
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Figure 2. Histone deacetylase 6 (HDAC6)-selective inhibitors suppress cell growth and viability in BTZ-sensitive and
BTZ-resistant U266 MM cells. (A,B) BTZ-sensitive U266, and (C–F) BTZ-resistant U266 (U266/VelR-1 and U266/VelR-2)
MM cells were treated with 0.1% DMSO (control) or indicated concentrations of A452 for 72 h, and CCK-8 assays were
performed to analyze cell growth and viability. Cell counts were estimated indirectly from a standard curve generated
using solutions of known cell counts. Absorbance was normalized to that of the negative control at each time interval. Data
present as mean ± SD (n = 3). * p < 0.05, ** p < 0.01, and *** p < 0.001 vs. the DMSO control, Student’s t-test. (G) The IC50

and GI50 values for A452 and ACY-1215 in BTZ-sensitive and BTZ-resistant U266 cells using GraphPad prism.
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—

Figure 3. Cotreatment with A452 and BTZ triggers synergistic cytotoxicity in both BTZ-sensitive and BTZ-resistant U266
MM cells. (A) BTZ-sensitive U266 and (B,C) BTZ-resistant U266 (U266/VelR-1 and U266/VelR-2) MM cells were treated
with 0.1% DMSO (control), A452, and BTZ or in combination with these compounds as indicated for 72 h. Combination
treatments were performed in U266 (A) and BTZ-resistant U266 (B,C) cells maintaining a constant ratio between the dose
of the A452 and BTZ, and cell viability were assessed at 72 h by CCK-8 assay. The combination index (CI) value and the
relative fraction affected (FA) were determined at each dose combination (actual), and a simulation was run to estimate the
CI value and confidence interval (—) across the entire FA range (simulation). CI < 1, CI = 1, and CI > 1 indicate synergistic,
additive, and antagonistic effects, respectively. CI was calculated by the CalcuSyn software program. Data present as mean
± SD (n = 3). * p < 0.05, ** p < 0.01, and *** p < 0.001 vs. DMSO control, $$$ p < 0.001 vs. BTZ-treated group, # p < 0.05,
## p < 0.01, and ### p < 0.001 vs. A452-treated group; two-way analysis of variance (ANOVA) test.
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Next, we examined the combined cytotoxic effect of CFZ with A452 on BTZ-resistant
U266/VelR and BTZ-sensitive U266 cells. The β5/β2 co-inhibition is known as the most
effective cytotoxic in PI-sensitive and PI-resistant MM [20]. Among the available PIs, only
high-dose CFZ provides β5/β2 co-inhibition. Although BTZ-resistant cells were partly
cross-resistant to CFZ, which is structurally and mechanistically distinct from BTZ [40], these
resistant cells remained sensitive to inhibition of proliferation by CFZ (Figure S2A) [40,41]
and reduced BTZ-resistant markers (Figure S2B). In addition to the combination of A452
and BTZ, the cotreatment of A452 and CFZ showed synergistic anti-MM activity in both
BTZ-sensitive and BTZ-resistant U266 cells (Figure S3). Therefore, these data suggest
that A452 in combination with BTZ or CFZ synergistically induces cytotoxicity in both
BTZ-sensitive and BTZ-resistant U266 cells.

2.4. A452 in Combination with BTZ or CFZ Synergistically Leads to Apoptosis in BTZ-Sensitive
and BTZ-Resistant U266 Cells

PI-based MM therapy induces apoptosis due to excessive proteotoxic stress [42]. The
combination treatment with A452 and other anticancer agents enhanced the efficacy of
anticancer activity in solid tumors [37] and hematological malignancies [30,38]. However,
the effect of combination treatment with A452 and BTZ or CFZ has not been studied
in hematological malignancies. To characterize the mechanism of action of synergistic
cytotoxicity induced by the combination treatment, we examined the activation of the apop-
totic pathway in both BTZ-sensitive and BTZ-resistant U266 cells by immunoblotting and
Annexin-V/propidium iodide staining. Immunoblotting was performed to investigate the
molecular mechanism of apoptosis. Combination treatment triggered synergistic cleavage
of caspase-3 and poly(ADP ribose) polymerase (PARP) in both BTZ-sensitive and BTZ-
resistant U266 cells (Figure 4A). In addition, combination treatment markedly increased
the cleavage of caspase-8 and caspase-9. Combination treatment markedly downregulated
B-cell lymphoma-extra large protein (Bcl-xL), Bcl-2, and X-linked inhibitor of apoptosis
(XIAP) antiapoptotic proteins without affecting Bax and Bak proapoptotic proteins in both
BTZ-sensitive and BTZ-resistant U266 cells (Figure S4A). To further confirm the apopto-
sis induction, we tested the Annexin-V propidium iodide staining. The population of
Annexin-V-positive cells after treatment with A452 or BTZ was 18.2% and 25.8% in BTZ-
sensitive and 25.2% and 15.4% in BTZ-resistant U266 cells, respectively, which increased
to 54.7% in BTZ-sensitive cells and 35.0% in BTZ-resistant U266 cells, respectively, after
combination treatment (Figure 4B,C and Figure S4B,C). Furthermore, more robust results
were observed following combination treatment of A452 and CFZ in both BTZ-sensitive
and BTZ-resistant U266 cells (Figure 5 and Figure S5A,B). Overall, these results indicate
that A452 and BTZ or CFZ triggered apoptosis in BTZ-resistant MM cells by activating
caspases and downregulating antiapoptotic factors.
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Figure 4. Cotreatment with BTZ and A452 leads to synergistic apoptosis induction in both BTZ-sensitive and BTZ-resistant
U266 MM cells. (A) BTZ-sensitive U266 and BTZ-resistant U266 (U266/VelR-1 and U266/VelR-2) MM cells were treated with
0.1% DMSO (control), A452 (1 µM), and BTZ (5 nM) or in combination with these compounds as indicated for 24 h. Apoptotic
markers were identified by immunoblotting using whole-cell lysates. α-tubulin was used as an equal loading control. The
abundance of the indicated proteins was semi-quantified relative to α-tub; control levels were set at 1. (B) BTZ-sensitive
U266 and (C) BTZ-resistant U266/VelR-1 cells were treated with 0.1% DMSO (control), A452 (1 µM), and BTZ (5 nM) or in
combination with these compounds as indicated for 36 h. Cell death was assessed by flow cytometry and Annexin V/PI
staining. Data present as mean ± SD (n = 3). * p < 0.05 and *** p < 0.001 vs. DMSO control, $$ p < 0.01 and $$$ p < 0.001 vs.
BTZ-treated group, # p < 0.05 and ## p < 0.01 vs. A452-treated group; two-way analysis of variance (ANOVA) test.
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Figure 5. Cotreatment with CFZ and A452 leads to synergistic apoptosis induction in both BTZ-sensitive and BTZ-resistant
U266 MM cells. (A) BTZ-sensitive U266 and BTZ-resistant U266 (U266/VelR-1 and U266/VelR-2) MM cells were treated with
0.1% DMSO (control), A452 (1 µM), and carfilzomib (CFZ) (100 nM) or in combination with these compounds as indicated
for 24 h. Apoptotic markers were identified by immunoblotting using whole-cell lysates. Glyceraldehyde 3-phosphate
dehydrogenase (GADPH) and α-tubulin were used as equal loading controls. The abundance of the indicated proteins was
semi-quantified relative to GAPDH or α-tub; control levels were set at 1. (B) BTZ-sensitive U266 and (C) BTZ-resistant
U266/VelR-1 MM cells were treated with 0.1% DMSO (control), A452 (1 µM), and CFZ (100 nM) or in combination with
these compounds as indicated for 36 h. Cell death was assessed by flow cytometry and Annexin V/PI staining. Data present
as mean ± SD (n = 3). * p < 0.05, ** p < 0.01, and *** p < 0.001 vs. DMSO control; ## p < 0.01 and ### p < 0.001 vs. A452-treated
group; $$ p < 0.01 vs. CFZ-treated group, two-way analysis of variance (ANOVA) test.
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2.5. A452 in Combination with BTZ or CFZ Synergistically Inactivates the Cell Survival
Signaling in BTZ-Sensitive and BTZ-Resistant U266 Cells

HDAC6-selective inhibitors show cytotoxicity and cause apoptosis in both BTZ-
sensitive and BTZ-resistant U266 cells. From these results, we hypothesized that A452
reduces BTZ resistance. Thus, we investigated the effect of combination treatment with
A452 and PI on cell survival signaling in both BTZ-sensitive and BTZ-resistant U266 cells.
Regardless of the resistance of BTZ, the phosphorylated levels of ERK, AKT, and p65
were decreased by A452 treatment in both BTZ-sensitive and BTZ-resistant U266 cells
(Figures 6A and 7A). Sensitivity to A452 in BTZ-resistant U266 cells was slightly lower
than in BTZ-sensitive U266 cells. We also observed the changes in cell survival signaling
by combined treatment of A452 and BTZ or CFZ. While the single treatment of BTZ did
not affect the phosphorylated ERK, AKT, and p65, combined treatment of BTZ and A452
synergistically reduced the phosphorylated ERK, AKT, and p65 in BTZ-resistant U266 cells
without changing total ERK, AKT, and p65 levels (Figures 6A and 7A). Similar to BTZ and
A452, CFZ and A452 synergistically reduced the phosphorylated ERK without altering total
ERK levels in BTZ-resistant U266 cells (Figure 6B). Interestingly, CFZ treatment with A452
synergistically reduced phosphorylated AKT and phosphorylated p65 and their total forms
in BTZ-sensitive U266 cells and BTZ-resistant U266 cells (Figures 6B and 7B). The synergis-
tic effect of A452 with CFZ was more potent than that of A452 with BTZ in BTZ-resistant
U266 cells. Taken together, these results suggest that the HDAC6-selective inhibitor restores
the sensitivity to BTZ by inactivating cell survival signaling in BTZ-resistant U266 cells.

2.6. A452 Enhances MM Sensitivity to BTZ or CFZ in BTZ-Resistant U266 Cells

Upregulation of the catalytically active immunoproteasome subunits LMP7 and LMP2
confers PI resistance by increasing proteasome capacity [21]. A recent study has demon-
strated that LMP2 and LMP7 expression are related to STAT3 activity in BTZ-resistant
MM cells [21], and NF-κB directly regulates the transcription of LMP2 [43]. We, therefore,
examined whether the combination of BTZ or CFZ with A452 can overcome acquired BTZ
resistance. The phosphorylated levels of STAT3 treated with A452 were more decreased in
BTZ-sensitive U266 cells compared with BTZ-resistant U266 cells (Figure 7A). The BTZ-
resistant U266 cells showed less sensitivity to the STAT3 and NF-κB inhibition of BTZ or
CFZ compared with BTZ-sensitive U266 cells. A452 treatment with BTZ synergistically
reduced phosphorylated STAT3 and phosphorylated p65 without changing the total forms
of STAT3 and p65 in both BTZ-sensitive and BTZ-resistant U266 cells (Figure 7A). Inactive
STAT3 and NF-κB, in turn, downregulated LMP2 and LMP7 in both BTZ-sensitive and
BTZ-resistant U266 cells. Interestingly, A452 treatment with CFZ synergistically reduced
both phosphorylated STAT3 and p65 and total STAT3 and p65, resulting in synergistically
reduced expressions of LMP2 and LMP7 in both BTZ-sensitive and BTZ-resistant U266
cells (Figure 7B). Thus, these results indicate that A452 in combination with BTZ or CFZ
could overcome BTZ-induced resistance in MM.
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to immunoblotting with indicated antibodies. α
quantified relative to α

Figure 6. Cotreatment of A452 and PI synergistically inhibits activation of both mitogen-activated protein kinase (MAPK)
and protein kinase B (PKB, known as AKT) pathways in BTZ-sensitive and BTZ-resistant U266 cells. (A,B) Both BTZ-
sensitive U266 and BTZ-resistant U266 (U266/VelR-1 and U266/VelR-2) MM cells were treated with 0.1% DMSO (control),
A452, BTZ (A), and CFZ (B) or in combination with A452 and PI as indicated for 24 h. Whole-cell lysates were subjected to
immunoblotting with indicated antibodies. α-tubulin and GAPDH were used as equal loading controls. The abundance of
the indicated proteins was semi-quantified relative to α-tub or GAPDH; control levels were set at 1.
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κB
Figure 7. Cotreatment of A452 and PI synergistically decreases the level of low-molecular-mass
polypeptide 2 (LMP2) and LMP7 via modulating signal transducer and activator of transcription 3
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(STAT3) and nuclear factor kappa B (NF-κB) pathways in both BTZ-sensitive and BTZ-resistant U266
MM cells. (A,B) Both BTZ-sensitive U266 and BTZ-resistant U266 (U266/VelR-1 and U266/VelR-2)
MM cells were treated with 0.1% DMSO (control), A452, BTZ (A), and CFZ (B) or in combination
with A452 and PI as indicated for 24 h. Whole-cell lysates were subjected to immunoblotting with
indicated antibodies. α-Tubulin was used as an equal loading control. The abundance of the indicated
proteins was semi-quantified relative to α-tub; control levels were set at 1.

3. Discussion

Acquired anticancer drug resistance is a major problem to effective therapy for pa-
tients with MM [44]. Although anticancer drugs, such as BTZ, lenalidomide, and Dex,
have exhibited clinical success, some MM patients fail to respond to these drugs, and their
outcome is still poor due to primary refractories and acquisition of resistance [45]. Conse-
quently, BTZ resistance causes many changes in the molecular character in cancer cells. In
this study, we confirmed that several cell survival signaling pathways, including NF-κB,
MAPK, and STAT3, were highly increased in BTZ-resistant MM cells. We showed that
A452, an HDAC6-selective inhibitor, rescues the phosphorylated levels of NF-kB, ERK, and
STAT3 upregulated by BTZ resistance and induces cytotoxicity in BTZ-resistant MM cells.
Moreover, A452, combined with BTZ or CFZ, was shown to synergistically decrease pERK,
pp65, and pSTAT3 levels and increase sensitivity to BTZ- and CFZ-induced apoptosis
(Figure 8). Recent studies reported that single treatment of ACY-1215 or combination treat-
ment of ACY-1215 and BTZ or CFZ markedly induce cell death in MM cells [27,29,31,46].
However, it is incompletely understood whether combination treatment of ACY-1215 and
PI would lead to cell death in BTZ-resistant MM cells. In this study, we showed that
HDAC6 inhibition remains effective in BTZ-resistant MM cells, which has not yet been
explored. In addition, we demonstrated that A452, as well as ACY-1215, dose-dependently
decreased the cell viability and cell growth rate of both BTZ-sensitive and BTZ-resistant
MM cells. Additionally, combination treatment with A452 and BTZ or CFZ synergistically
decreased cell viability and consequently enhanced apoptosis in both BTZ-sensitive and
BTZ-resistant MM cells. Altogether, our findings suggest that A452 may be beneficial in
the treatment of the PI-resistant refractory and relapsed MM patients.

Previous studies revealed that MAPK and AKT signaling correlates with MM cell
survival [47]. AKT activates I-κB kinase and p38 MAPK, stimulating NF-κB transactivation.
Activated AKT is known to synergize with co-activator CBP in the activation of the p65
transactivation domain. Phosphorylation of p65 at Ser 536 by IKK and acetylation of
p65 at Lys 310 by CBP enhance its transcriptional activity [48]. A recent study showed
that the inhibition of HDAC6 accumulated Lys 163 and Lys 377 on the kinase domain of
AKT, consequently decreasing AKT kinase activity [49]. Consistent with previous findings,
combination treatment with A452 and BTZ or CFZ synergistically inactivated AKT in both
BTZ-sensitive and BTZ-resistant MM cells. Our results showed that the HDAC6-selective
inhibitor inactivates the NF-κB pathway by modulating AKT in both BTZ-sensitive and
BTZ-resistant MM cells.

LMP7 and LMP2 subunits of immunoproteasome directly bind to and inhibit BTZ.
Immunoproteasome subunits can participate in the NF-κB pathway via the degradation of
I-κB. Furthermore, the expression levels of proteasome subunits negatively correlate with
sensitivity to PI [21,50]. As overexpressed immunoproteasome subunits can cause BTZ
resistance [51], decreasing proteasome subunits is an important key to overcoming BTZ
resistance. Previous studies focused on the relationship between BTZ resistance and LMP7
(overexpression and point mutation). Here, we found that LMP2 was overexpressed in
BTZ-resistant cells. Then, we demonstrated that the combined treatment of A452 and BTZ or
CFZ synergistically reduced the protein levels of LMP2 and, to a lesser extent, LMP7 in BTZ-
resistant MM cells. The decreased level of LMP2 and LMP7 could lead to the accumulation
of inactivated NF-κB in the cytoplasm by preventing the degradation of I-κB [10,11]. Overall,
the combination of CFZ with A452 shows more potent synergistic effects in decreasing
LMP2 and LMP7 than that of BTZ with A452 in BTZ-resistant MM cells. Although BTZ-
resistant cells are also partly cross-resistant to CFZ, PI resistance is not universal across the
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different PI classes, and PIs possess drug-specific features [52,53]. We, therefore, suggest
that LMP2 and LMP7 play an important role in overcoming BTZ resistance.

antibodies. α
o α

κB, 

 

κB and 
Figure 8. Working model for HDAC6 inhibitor and PI for overcoming BTZ resistance of MM. HDAC6
inhibition by A452 synergize with BTZ or CFZ to inhibit the activation of NF-κB and STAT3, resulting
in decreased expressions of LMP2 and LMP7. Additionally, combination treatment of A452 and BTZ
or CFZ synergistically inactivates the AKT and ERK MAPK pathways. Combining A452 with BTZ
or CFZ leads to synergistic cancer cell growth inhibition and viability decreases. This combination
induces apoptosis and enhances PI sensitivity in the BTZ-resistant MM cells.

Next, our study explains that STAT3 has a key role in the reduction of LMP2 and
LMP7 through inhibition of HDAC6. A recent study demonstrated that LMP2 and LMP7
expression levels were related to STAT3 activity in BTZ-resistant MM cells [21]. Another
study has shown that NF-κB directly regulates the transcription of LMP2 by binding on the
NF-κB element (GGGACTTTCC) [43]. HDAC6 also modulates activation of STAT3 [38,54]
and NF-κB [38]. Our results exhibit that inactivation of STAT3 and NF-κB by HDAC6
inhibition reduces LMP2 and LMP7 in BTZ-resistant MM cells. Furthermore, these effects
are synergistically enhanced when combined with A452 and BTZ or CFZ. Thus, our findings
indicate that the combination of HDAC6 inhibitor and PI can overcome BTZ resistance via
regulating STAT3 and NF-κB signaling pathways.

4. Materials and Methods

4.1. Reagents

ACY-1215 (ricolinostat), Bortezomib, and Carfilzomib were purchased from Selleck
Chemicals (Houston, TX, USA). Powders were solubilized in DMSO (Sigma Chemical,
St. Louis, MO, USA). Antibodies against AKT (sc-8312), p-AKT (sc-7985-R), Bak (sc-832),
ERK (sc-03-G), HDAC6 (sc-11420), LMP2 (sc-514345), p65 (sc-8008), STAT3 (sc-482), and
α-tubulin (sc-32293) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). Antibodies against GAPDH (AP0066) and p-p65 (BS4138) were from Bioworld
Technology (Bloomington, MN, USA). Antibody against LMP7 (A305-229A) was from

246



Int. J. Mol. Sci. 2021, 22, 1341

Bethyl Laboratories (Montgomery, TX, USA). Antibodies against caspase-8 (#551244),
caspase-9 (#551246), PARP (551024), and XIAP (610716) were from BD Biosciences (San
Jose, CA, USA). Antibodies against Bax (#2772), Bcl-2 (#7382), Bcl-xL (#2762), caspase-3
(#9662), pERK (#2220), and pSTAT3 (49,138) were from Cell Signaling Technology (Danvers,
MA, USA). Antibody against acetyl α-tubulin (T6793) was from Sigma-Aldrich (St. Louis,
MO, USA).

4.2. MM Cell Lines and Culture

The BTZ-sensitive U266 and BTZ-resistant U266/VelR human MM cell lines were
kindly provided by Dr. Sung-Soo Yoon (Seoul National University College of Medicine,
Seoul, Korea; [34]). Cells were cultured in RPMI 1640 medium (HyClone; GE Healthcare,
Logan, UT, USA) containing 10% fetal bovine serum (HyClone), 100 units/mL penicillin,
and 100 µg/mL streptomycin (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA)
in a humidified atmosphere of 5% CO2 and 95% air at 37 ◦C. BTZ-resistant U266/VelR cells
were maintained in RPMI 1640 medium, as described above, containing 2 nM BTZ.

4.3. MM Cell Lines and Culture

To strengthen BTZ resistance, BTZ-resistant U266/VelR MM cells provided by Dr. Sung-
Soo Yoon were reselected using soft agar assay. Soft agar agarose was autoclaved in distilled
water before use. In total, 5 × 105 BTZ-sensitive U266 cells in a 100-mm plate were spun
down and resuspended in cooled 0.3% agar in RPMI 1640 medium containing 10% FBS
with 10 nM BTZ. The cells were seeded onto a solidified base layer, including 1% agar in the
culture media. The plates were kept at room temperature for 30 min before being placed
into a CO2 incubator. The agar plates were incubated for 3–4 weeks until colonies were
visible on the surface. Individual colonies were picked from soft agar, and pooled colonies
were grown in the culture media with 2 nM BTZ [34]. We confirmed BTZ resistance in
U266/VelR MM cells relative to U266 MM cells by the cell viability assay and Western blot.

4.4. Cell Growth and Viability Assay

Cell growth and viability were assessed by measuring a water-soluble tetrazolium
salt, 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H tetrazolium,
monosodium salt (WST-8) (Cell Counting Kit (CCK)-8 kit, Dojindo Molecular Technologies,
Inc., Kumamoto, Japan) dye absorbance. Cells were pulsed with 20 µL of WST-8 to each
well for the last 3 h of 72 h, and absorbance was measured at 450 nm using a multimode
microplate reader (Tecan, Männedorf, Switzerland). Results are presented as the per-
cent absorbance relative to control cultures and were generated from three independent
experiments performed in triplicate.

4.5. Growth Inhibitory and Viability Inhibitory Assays

Drug concentrations that inhibited 50% of cell growth (GI50) and 50% of cell viability
(IC50) were determined using CCK-8 assay as described elsewhere. All cell lines were
treated for 72 h on day two unless otherwise stated. GI50 and IC50 were determined using
Prism Version 6.0 software (GraphPad Software, Inc., La Jolla, CA, USA).

4.6. Drug Combination Analysis

Synergism between PI and HDAC6 inhibitor was evaluated using the Chou–Talalay
method [39]. Fraction affected (Fa) versus the combination index (CI) plot was drawn using
CalcuSyn (Biofosft). The drug combination was considered synergistic when CI was less
than 1.

4.7. Apoptosis Assay

Apoptosis was assessed using Annexin V/propidium iodide double staining accord-
ing to the manufacturer (BD Biosciences, Franklin Lakes, NJ, USA). After treatments, cells
were trypsinized and stained with 0.5 mg/mL Annexin V in binding buffer (10 mM HEPES
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free acid, 0.14 M NaCl, and 2.5 mM CaCl2) for 30 min. Afterward, propidium iodide
(5 mg/mL final concentration) was added and incubated for another 15 min. Cells were
then analyzed using a flow cytometer and BD FACSDiva software version 7 (both BD
Biosciences).

4.8. Western Blot Analysis

Cells grown and treated as indicated were collected, lysed, and separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE); Western blotting was
performed as previously described [55]. The blots were semi-quantified using FusionCapt
software version 16.08a (Viber Lourmat Sté, Collégien, France). The protein expression
levels were semi-quantified relative to GADPH or α-tubulin, and the levels in the 0.1%
DMSO-treated groups were set at 1. GADPH and α-tubulin were used as loading controls.

4.9. Statistical Analysis

All results are expressed as means ± standard deviation (SD) of three independent
experiments. For the cell growth and viability test of single agents, statistical significance
was determined by unpaired two-tailed Student’s t-test. Statistical analysis for the other
data was performed by GraphPad Prism software 7.0 (Graphpad Software, San Diego, CA,
USA). One-way or two-way ANOVA followed by post hoc analysis with Bonferroni’s mul-
tiple comparison test was used to evaluate statistical significance. p < 0.05 was considered
statistically significant for the data.

5. Conclusions

In conclusion, our results demonstrate that PI with HDAC6-selective inhibitor induces
synergistic cytotoxicity in both BTZ-sensitive and BTZ-resistant MM, associated with the
inactivation of MAPK, ATK, NF-κB, and STAT3 signaling pathways. Additionally, the
combination of A452 and PI synergistically reduces LMP2 and LMP7 via inhibition of the
STAT3 and NF-κB in both BTZ-sensitive and BTZ-resistant MM cells. Taken together, we
suggest that the HDAC6-selective inhibitor overcomes the BTZ resistance via inhibition
of several different types of cell survival signaling and the STAT3–NF-κB–LMP2 path-
way. Thus, our results suggest that the HDAC6-selective inhibitor may provide beneficial
therapeutic opportunities for MM patients with resistance to BTZ and other PIs.

Supplementary Materials: Supplementary Materials can be found at https://www.mdpi.com/1422
-0067/22/3/1341/s1.
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Abbreviations

Bcl-xL B-cell lymphoma-extra large protein
BTZ Bortezomib
CFZ Carfilzomib
CI Combination index
DEX Dexamethasone
ERK Extracellular signal-regulated kinase
HDAC6 Histone deacetylase 6
HDACi Histone deacetylase inhibitor
I-κB NF-κB inhibitor
LMP low-molecular-mass polypeptide
MM Multiple myeloma
NF-κB Nuclear factor-kappa B
PARP Poly(ADP ribose) polymerase
PI Proteasome inhibitor
STAT3 Signal transducer and transcription
UPS Ubiquitin-proteasome system
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Abstract: The chromosomal translocation t(4;11) marks an infant acute lymphoblastic leukemia
associated with dismal prognosis. This rearrangement leads to the synthesis of the MLL-AF4 chimera,
which exerts its oncogenic activity by upregulating transcription of genes involved in hematopoietic
differentiation. Crucial for chimera’s aberrant activity is the recruitment of the AF4/ENL/P-TEFb
protein complex. Interestingly, a molecular interactor of AF4 is fibroblast growth factor receptor 2
(FGFR2). We herein analyze the role of FGFR2 in the context of leukemia using t(4;11) leukemia cell
lines. We revealed the interaction between MLL-AF4 and FGFR2 by immunoprecipitation, western
blot, and immunofluorescence experiments; we also tested the effects of FGFR2 knockdown, FGFR2
inhibition, and FGFR2 stimulation on the expression of the main MLL-AF4 target genes, i.e., HOXA9

and MEIS1. Our results show that FGFR2 and MLL-AF4 interact in the nucleus of leukemia cells
and that FGFR2 knockdown, which is associated with decreased expression of HOXA9 and MEIS1,
impairs the binding of MLL-AF4 to the HOXA9 promoter. We also show that stimulation of leukemia
cells with FGF2 increases nuclear level of FGFR2 in its phosphorylated form, as well as HOXA9

and MEIS1 expression. In contrast, preincubation with the ATP-mimetic inhibitor PD173074, before
FGF2 stimulation, reduced FGFR2 nuclear amount and HOXA9 and MEIS1 transcript level, thereby
indicating that MLL-AF4 aberrant activity depends on the nuclear availability of FGFR2. Overall,
our study identifies FGFR2 as a new and promising therapeutic target in t(4;11) leukemia.

Keywords: AF4; cell culture; FGFR2; HOXA9; MLL-AF4; nucleus; target therapy; t(4;11) leukemia

1. Introduction

The t(4;11) chromosomal translocation is a common cause of infant acute lymphoblas-
tic leukemia (ALL) [1,2]. It fuses in-frame the mixed-lineage leukemia (MLL, aka KMT2A) and
the AF4/FMR2 Family Member 1 (AFF1) genes, located on chromosome 11 and 4 respectively,
leading to fusion genes that encode chimeric oncoproteins—namely MLL-AF4 and the
reciprocal AF4-MLL [1–6]. This aberration has been identified in utero and in neonatal
blood, indicating it arises in the prenatal period; it is rare in adults (3–4%) and is correlated
with a very poor prognosis [1,7]. Although 80% of patients exhibit both of the fusion
proteins, only MLL-AF4 is essential for leukemic transformation and maintenance [8,9].

To exert its aberrant transcriptional activity, MLL-AF4 binds and deregulates the
expression of key target genes involved in lymphocyte differentiation, including the home-
obox A (HOXA) cluster genes and MEIS1 [5,10–12]. Indeed, in many patients, survival of
leukemic blasts depends on the maintenance of high expression levels of HOXA9, HOXA8,
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HOXA7, and MEIS1 [12–14]; consistently, HOXA9 silencing promotes apoptotic death in
t(4;11) (q21;q23) lymphoblasts [15].

The AF4 protein, which is encoded by the AFF1 gene, takes part in the AF4 family/ENL
family/P-TEFb (AEP) protein complex that is crucial for chimera’s aberrant function. In
addition to AF4, the AEP complex is formed by the transcriptional activators ENL, ELL,
and AF5q—which are also common MLL fusion partners in human leukemia—as well as
the positive elongation factor (P-TEFb) [16]. Through the direct interaction with the scaffold
protein 14-3-3θ, AF4 and/or AF5q heterodimerize with MLL-AF4, thereby promoting the
constitutive assembly of the AEP complex and the subsequent retrieval of RNA Pol II
on target-gene promoters [17,18]. Moreover, MLL-AF4 forms a complex with DOT1L, a
histone H3 lysine-79 (H3K79) methyltransferase, and other MLL fusion partners, such as
AF9 and AF10 [11,18]. The recruitment of the AEP complex on target genes triggers the
aberrant activity of DOT1L; in agreement, the epigenetic signature of H3K79me2, H3K27ac,
and H3K4me3 marks all the MLL-AF4 target genes [11,18].

Consequently, the oncogenic potential of MLL-AF4 is mostly driven by the interaction
with AF4 and its protein partners, which therefore represent promising therapeutic targets
in t(4;11) leukemia. Interestingly, fibroblast growth factor receptor 2 (FGFR2) was found
among the protein interactors of AF4 [19].

FGFR2 belongs to the family of receptor tyrosine kinases (RTKs), transmembrane-type
receptors mainly localized on the cell surface with cytoplasmic tyrosine kinase domains [20].
It is able to recognize as ligands specific fibroblast growth factors (FGFs), with autocrine
or paracrine action [21]. FGFs stimulate the intrinsic tyrosine kinase activity of the FGFRs
and trigger various intracellular transduction signals that mediate multiple biological
responses, including proliferation, differentiation, and cell survival [22].

The function of several RTKs is altered in different types of tumors and various drugs
targeting the receptors and/or their downstream signaling pathways are already available
and approved in clinical settings [23–25]. Of note, some RTK-related signaling pathways
that influence cell growth and proliferation are activated in MLL-related leukemia [26–28].

Interestingly, various receptors, including RTKs and G-proteins coupled receptors
(GPCRs), traffic from the cell surface to the nucleus [29–33]. In most cases, an intracellular
domain fragment of the receptor translocates from the cell surface to the nucleus, whereas,
for a few others, the intact receptor enters into the nucleus [28,29].

We herein analyze the function of nuclear FGFR2 in t(4;11) leukemia cells and its
potential role as a molecular target for the treatment of this rare and poorly curable form of
leukemia [7].

2. Results

We aimed to characterize the role of FGFR2 in t(4;11) leukemia. We analyzed the
interaction between MLL-AF4 and FGFR2 and studied the effect of FGFR2 knockdown and
inhibition on MLL-AF4 target gene expression.

2.1. FGFR2 Is a Nuclear Interactor of MLL-AF4

During a previous functional proteomic analysis performed in HEK293 cells, we found
FGFR2 among the molecular partners of the AF4 protein [19]. Therefore, we wondered
whether FGFR2 interacted also with the MLL-AF4 chimera in t(4;11) leukemia cell lines.
Firstly, by flow cytofluorometry, we showed that FGFR2 was significantly represented on
the cell surface of three t(4;11) leukemia cell lines that endogenously expressed MLL-AF4,
namely RS4;11, SEM, and MV4-11 (Figure 1A). Therefore, we carried out coimmunopre-
cipitation experiments in RS4;11 and MV4-11 leukemia cells and found that endogenous
FGFR2 interacted with endogenous MLL-AF4 (Figure 1B).
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Figure 1. FGFR2 interacts with MLL-AF4 and localizes in the nucleus of t(4;11) leukemia cells. (A) Flow cytometry
analysis carried out in different leukemia cell lines (SEM, RS4;11, and MV4-11) using anti-FGFR2 antibody and a fluorescein
isothiocyanate (FITC)-conjugated secondary antibody. (B) Endogenous FGFR2 was immunoprecipitated from whole cellular
extract (WCE) of RS4;11 and MV4-11 cells with anti-FGFR2 antibody (IP FGFR2) and with anti-IgG (IP IGG) antibodies, and
isolated using A/G plus agarose beads; immunocomplexes were analyzed by western blot, with an anti-MLL antibody. (C)
Twenty micrograms of cytosolic/membrane (C/M) and 50 µg of nuclear (N) proteins extracted from RS4;11 and MV4-11
cells were analyzed by western blot with anti-FGFR2 and anti-MLL antibodies; 〈–tubulin and lamin B were used as cytosolic
and nuclear control proteins, respectively.

In addition to being present on the cell surface, FGFR2 is known to have intracellular
localization [34]. Thus, to better characterize the interaction between FGFR2 and MLL-
AF4, we evaluated their cellular distribution. First, we analyzed cytosolic/membrane
and nuclear protein fractions isolated from RS4;11 and MV4-11 cells by western blot. As
expected, the MLL-AF4 oncoprotein was exclusively found in the nucleus, whereas FGFR2
was present in the cytosol/membrane—in agreement with its conventional function—and,
significantly, also in the nuclear fraction (Figure 1C). These results indicate that FGFR2 and
MLL-AF4 colocalize and therefore may interact within the nucleus of leukemia cells.

2.2. FGFR2 Silencing Affects Expression of MLL-AF4 Target Genes

Once FGFR2 was proven to be a protein partner of MLL-AF4, we wondered whether
it contributed to MLL-AF4 transcriptional activity. To this aim, we first transfected RS4;11,
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SEM, and MV4-11 cell lines with a pool of specific small interfering RNA (siRNA) directed
against the FGFR2 transcript to knock down expression of the receptor. The same cell lines
were also transfected with a scramble siRNA as a control. Seventy-two hours after transfec-
tion, total proteins were extracted and analyzed by western blot, which demonstrated a
statistically significant reduction of FGFR2 in all cell lines (Figure 2A).

α

Figure 2. FGFR2 affects transcription of MLL-AF4 target genes in three t(4;11) cell lines. (A) Western
blot analysis of total proteins (WCE) extracted 72 h after transfection with FGFR2-siRNA pool carried
out with anti-FGFR2 antibody to evaluate residual FGFR2 amount; scramble siRNA represents
the negative control; α-tubulin was used to normalize protein loading. (B) RT-qPCR analysis of
FGFR2, HOXA9, MEIS1, and MEIS2 transcript levels in FGFR2-silenced cells. Average values from
at least three independent experiments are graphically reported as relative units (R.U.). Relative
gene expression was normalized to ACTB, POLR2A, and TUBA1A genes and expression levels were
determined using the 2−∆∆Ct method. Statistical significance was calculated by one-way two-tail
paired t-test. p-values are indicated as follows: * = p < 0.05; ** = p < 0.01; *** = p < 0.005. (C) Cell
viability determined by MTT assay at 0, 24, 48, 72, and 96 h after transfection of cells with a FGFR2
siRNA pool and with scramble siRNA as a control. R.U., relative units.
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Therefore, we extracted total RNA from silenced cells to analyze, by quantitative
reverse transcription-polymerase chain reaction (RT-qPCR), transcript levels of HOXA9
and MEIS1, two well-known MLL-AF4 target genes, and of MEIS2, which was not a
chimera target gene. Results showed that HOXA9 and MEIS1, but not MEIS2, expression
was significantly reduced 72 h after FGFR2 silencing (Figure 2B). These results are in line
with the assumption that MLL-AF4 transcriptional activity depends on FGFR2 availability.

To evaluate whether FGFR2 knockdown affected cell survival, we evaluated viability
of RS4;11 cells, transfected with a FGFR2 siRNA pool and with scramble siRNA as a
negative control, by MTT assay. Analysis was carried out 24, 48, 72, and 96 h after
transfection and results were normalized to the untransfected cells (Figure 2C). Seventy-
two hours after transfection, cell viability was significantly reduced in silenced cells and
remained low until 96 h, whereas the viability of scrambled cells was comparable to the
untransfected ones at 48, 72, and 96 h. This result strongly suggests that FGFR2 contributes
to the survival of t(4;11) leukemia cells.

It is widely proven that MLL-AF4 binds to the HOXA9 promoter and activates the
transcription of this gene in MLL-related leukemia [17,35]. Since MLL-AF4 is a protein
interactor of FGFR2, and FGFR2 silencing decreased expression of HOXA9, we evaluated
the binding efficiency of MLL-AF4 to the HOXA9 promoter (HOXA9pr) in FGFR2-silenced
RS4;11 cells. To this aim, we performed chromatin immunoprecipitation (ChIP) assays
using an anti-MLLN and an anti-AF4 antibody; a pool of nonspecific IgG served as a
negative control (Figure 3A). More specifically, the anti-MLLN antibody was directed
against an N-terminal epitope of MLL wild type and therefore recognized also the MLL-AF4
oncoprotein; the anti-AF4 antibody served to reveal AF4, which was known to colocalize
with MLL-AF4 on the HOXA9 promoter [17]. Subsequent qPCR analysis revealed that the
percentage of the HOXA9pr sequence in chromatin precipitated with both anti-AF4 and
anti-MLLN antibodies was significantly lower in FGFR2-silenced than in scrambled siRNA
cells (Figure 3A).

Interestingly, western blot analysis performed on whole protein extracts from FGFR2-
silenced cells showed that AF4 and MLL-AF4 protein levels were unaffected in comparison
to the control cells (Figure 3B). Overall, these results demonstrate that silencing-induced
FGFR2 deficiency, which has no effect on AF4 and MLL-AF4 total protein levels, weakens
the binding of these two factors to the HOXA9 promoter, thereby confirming that HOXA9
expression specifically depends on the availability of FGFR2.

Subsequently, we investigated whether FGFR2 participated in the MLL-AF4 transcrip-
tional machinery assembled on the HOXA9 promoter. To this aim, we immunoprecipitated
the chromatin in RS4;11 cells with an anti-FGFR2 antibody and looked for the HOXA9pr
sequence by real time qPCR. Chromatin was also precipitated with the anti-MLLN antibody
and with a pool of nonspecific IgG, representing positive and negative control of ChIP
specificity, respectively; a sequence within the β-actin gene promoter (ACTBpr) was ampli-
fied as a negative control. Data analysis revealed that the anti-FGFR2 antibody precipitated
a percentage of HOXA9pr not significantly different from that of ACTBpr. In contrast,
significant amount of DNA containing the HOXA9pr sequence was collected with the
anti-MLLN antibody (Figure 3C). These results indicate that despite FGFR2 and MLL-AF4
being protein interactors, they do not colocalize on chimera target gene promoters.

2.3. FGF2 Stimulates Nuclear Localization of FGFR2

To exert its conventional function, FGFR2 depends on cytoplasmic domain autophos-
phorylation consequent to the binding of its cognate agonists, i.e., fibroblast growth factors
(FGFs) [34]. Moreover, several studies demonstrated that FGFR2 is also expressed in
the nucleus [36] and that its ligand-dependent autophosphorylation triggers nuclear lo-
calization [37]. Therefore, we wondered whether FGFR2 nuclear localization relied on
ligand-dependent autophosphorylation also in t(4;11) leukemia cells. To this aim, we
first stimulated serum-starved RS4;11 cells with increasing concentrations of FGF2 and
with the vehicle as a negative control, and then we purified nuclear proteins. Western
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blot analysis with anti-phospho-FGFR2 and anti-FGFR2 antibodies showed that FGF2
stimulation significantly increased both total and phosphorylated (p-FGFR2) levels of
nuclear FGFR2 in a concentration-dependent manner, strongly suggesting that the nuclear
increase in FGFR2 and pFGFR2 depends, at least in part, on the ligand concentration
(Figure 4A). Notably, values of the p-FGFR2/FGFR2 ratio were very similar among the
three tested concentrations of FGF2, indicating that the agonist-mediated activation of
FGFR2 enhanced total and phosphorylated levels of the nuclear receptor proportionally. In
fact, the Pearson’s R = 0.99 was consistent with a strong positive correlation between total
and phosphorylated levels of the nuclear receptor (Figure 4A). Taken together, these results
indicate that FGF2 stimulation triggers activation and nuclear translocation of FGFR2 in its
phosphorylated form.

α

β 

Figure 3. FGFR2 contributes to the interaction of AF4 and MLL-AF4 at the HOXA9 promoter (HOXA9
pr), in RS4;11 leukemia cells. (A) ChIP assays performed to test the binding of AF4 and MLL-AF4 to
HOXA9 pr, after FGFR2 silencing. Scramble siRNA represents the negative control. (B) Western blot
analysis of total protein (WCE) extracted 72 h after transfection of a FGFR2-siRNA pool carried out
to reveal expression level of endogenous MLL-AF4, AF4, and FGFR2; scramble siRNA represents the
negative control; α-tubulin was used to normalize protein loading. (C) Interaction of endogenous
MLL and FGFR2 with the HOXA9pr. ChIP data are expressed as percentage of HOXA9pr and β-actin

promoter (®-actin pr) in precipitated chromatin compared with the INPUT; IgG mix is the negative
control. Results represent the average of three independent experiments. Error bars indicate the
standard deviations. Statistical significance is calculated by one-way two tail paired t-test. p-values
are indicated as follows: * = p < 0.05, *** p = < 0.005. NS, not significant. R.U., relative units.
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Figure 4. FGF2 promotes FGFR2 activation and nuclear translocation. (A) Western blot analysis of
nuclear extracts obtained from serum-deprived RS4;11 cells stimulated with increasing concentrations
of FGF2 performed with an anti-phospho-FGFR2 (p-FGFR2) or an anti-FGFR2 (FGFR2) antibody;
lamin B was the control for protein loading; densitometric analysis of band intensity is graphically
shown for FGFR2, p-FGFR2, and p-FGFR2/FGFR2 ratio. (B) Cell viability assay performed following
treatment of RS4;11 cells with the FGFR inhibitor PD173074 (PD) and the vehicle (DMSO). Statistical
significance was calculated by one-way two tail paired t-test. p-values are indicated as follows:
* = p < 0.05, *** = p < 0.005. Pearson’s R = 0.99 is consistent with a positive correlation between the
two set of values. NS, not significant. R.U., relative units.

To further support the evidence that FGFR2 activation and nuclear translocation were
ligand-dependent, we treated RS4;11 leukemia cells with PD173074, a synthetic compound
belonging to the pyrido (2,3-d) pyrimidine class. PD173074 has a high selectivity for a set
of RTKs, including FGFRs, and acts as an ATP mimetic; it replaces an ATP molecule in the
binding pocket, thus blocking ligand-mediated autophosphorylation of FGFRs [38,39].

Preliminarily, we carried out a growth curve using increasing amount of PD173074
and, of interest, noted a dose-dependent impairment of leukemia cell viability, which
therefore depended on RTK stimulation and autophosphorylation (Figure 4B).

Next, we incubated RS4;11 cells with the half inhibitory concentration of PD173074
for 1 h and then stimulated them with 0.1 ng/mL of FGF2 for 5 min. Western blot analysis
performed on cytosolic/membrane and nuclear proteins showed that, differently from un-
treated cells (Figure 5A) and from cells preincubated with the vehicle and stimulated with
FGF2 (Figure 5B), PD173074 treatment affected nuclear localization of FGFR2 (Figure 5C).
These results were also confirmed by immunofluorescence assays (Figure 5A–C).

Taken together, the results in Figures 4 and 5 clearly demonstrate that FGFR2 nuclear
translocation depends on its ligand-dependent autophosphorylation, so that the measure
of nuclear FGFR2 is also a measure of nuclear p-FGFR2.
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Figure 5. PD173074 inhibition affects cellular amount of FGFR2 in RS4;11 cells. RS4;11 cells were
serum-starved for 12 h and preincubated for 1 h (A) with DMSO alone, (B) with DMSO and then
stimulated with 0.1 ng/mL FGF2, or (C) with 2 µM of PD173074 and then stimulated with 0.1 ng/mL
FGF2. Thirty micrograms of cytosolic/membrane proteins (C/M) and 50 µg of nuclear proteins
(N) were analyzed by western blot with anti-FGFR2 antibody; αTubulin and Lamin B were used
as loading control of cytosolic and nuclear proteins, respectively (upper panels); whole cellular
extract (WCE). Immunofluorescence was performed with an anti-rabbit CY2 antibody to evaluate the
localization of FGFR2, and DAPI, for nuclear staining (bottom panels). Scale bars: 10 µm.

Consistent with these findings and with previous evidence that the binding of MLL-
AF4 to the HOXA9 gene promoter depended on the nuclear availability of FGFR2 (Figures 2 and 3),
we expected that an FGF2-mediated nuclear increase in p-FGFR2 would affect the MLL-AF4
chimera transactivity. Therefore, we carried out RT-qPCR analysis to evaluate chimera
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target gene expression in RS4;11 and SEM stimulated with FGF2 or pretreated with the
PD173074 inhibitor. As expected, FGF2 stimulation led to increased expression of HOXA9
and MEIS1 (but not of MEIS2) and this overexpression was prevented when the cells were
preincubated with PD173074 (Figure 6).

 
Figure 6. PD173074 inhibitor prevents FGF2-induced transcription of MLL-AF4 target genes. Graphs
show transcript levels of MLL-AF4 target genes in leukemia cells, RS4;11 (left) and in SEM (right),
stimulated with FGF2 (FGF) or pretreated with PD173074 (FGF + PD). Cells treated with DMSO
(vehicle) are used as a control (CTRL); R.U., relative units; p-values are indicated as follows: * p < 0.05,
*** p < 0.005.

These data definitively demonstrate that FGF2-induced nuclear translocation of p-
FGFR2 promotes aberrant activity of MLL-AF4.

3. Discussion

The t(4;11) chromosomal reciprocal translocation causes a very aggressive form of
ALL, which is driven by the aberrant transcriptional activity of the MLL-AF4 chimera.
We previously identified a few protein partners of AF4 and demonstrated that its direct
interactor 14-3-3θ enhances the aberrant activity of MLL-AF4, thereby giving proof that
AF4 interactors can affect chimera function [17,19]. Among the protein partners of AF4, we
identified FGFR2 as being noteworthy [19].

Significant amount of this receptor is expressed on the plasma membrane of three
different t(4;11) leukemia cell lines, i.e., RS4;11, MV4-11, and SEM (Figure 1A). FGFRs
are involved in multiple myeloma, in myeloproliferative disorder, and, importantly, in
B-cell precursor (BCP) ALL, the latter including the MLL-rearranged leukemias, thereby
supporting their crucial role in hematologic malignancies [40–42]. Interestingly, FGFR
signaling can contribute to prednisolone resistance in BCP ALL cells; however, as activating
mutations in this RTK family are very rare, information concerning their role in ALL is
limited [41].

Herein, we showed that endogenous FGFR2 coimmunoprecipitates endogenous MLL-
AF4 in t(4;11) leukemia cells, thereby demonstrating that, similarly to AF4, it participates in
the MLL-AF4 protein complex [14,16,17]. Since MLL-AF4 and AF4 exert their activity in the
nucleus, binding with FGFR2 is functional only if the receptor has a nuclear localization.

Similarly to other plasma membrane receptors, FGFRs have also been found in the
nucleus [29,31–33,36,37]. Indeed, after its activation by extracellular ligands, FGFR1 moves
to the nucleus where it regulates gene transcription in cooperation with cyclic AMP-
responsive element binding protein by increasing activity of Pol II and histone acety-
lation [43]. Moreover, in human breast cancer tissues, FGF stimulation causes nuclear
translocation of FGFR2, which interacts with the transcriptional factor STAT5 and increases
expression of STAT5 target genes and proteins [33].

Besides confirming that MLL-AF4 is exclusively present in the nucleus, we revealed
that an appreciable amount FGFR2 consistently localizes in the nuclear compartment of
t(4;11) leukemia cells, as evidenced by western blot and immunofluorescence analyses
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(Figures 1C and 5A). Therefore, the interaction between the two proteins can actually take
place in the nucleus.

The interaction between FGFR2 and MLL-AF4 chimera is particularly interesting,
especially based on the evidence that FGFR2 silencing reduces transcript levels of the
chimera target genes, HOXA9 and MEIS1, in t(4;11) leukemia cells (Figure 2). In agreement
with the previous evidence that reduced expression of HOXA9 and MEIS1 impairs viability
of leukemia cells [15,44], FGFR2 knockdown negatively affected the proliferative rate of
RS4;11 leukemia cells (Figure 2C). Obviously, due to its main role in cellular growth, we
cannot attribute this effect entirely to the probable reduced interaction between FGFR2 and
MLL-AF4. However, our ChIP experiments demonstrated that FGFR2 deficiency reduced
the binding of AF4 and of MLL-AF4 to the HOXA9 promoter (Figure 3A). Nevertheless,
further ChIP experiments performed with the anti-FGFR2 antibody did not detect FGFR2
on the HOXA9 gene promoter (Figure 3B). Based on this evidence, we conclude that—
despite FGFR2 not localizing directly on the chromatin—nuclear availability of the receptor
is crucial for the binding of AF4 and MLL-AF4 to the HOXA9 promoter, which in turn is
necessary for the chimera target gene expression.

As our preliminary data suggested that reducing FGFR2 nuclear import is poten-
tially therapeutic for t(4;11) leukemia, it is relevant to understand how FGFR2 enters into
the nucleus. In human breast cancer, FGFR2 moves to the nucleus after activation by
extracellular ligands; however, the commercial ATP pocket inhibitor PD173074 blocks this
agonist-induced FGFR2 nuclear translocation and inhibits RTK activity and downstream
pathways [30,36]. In general, PD173074 and similar drugs are able to inhibit FGF signaling
in vivo [39,40].

We show that stimulation with FGF2, which is highly expressed in the hematopoietic
and stromal compartments of the bone marrow [31,41], triggered phosphorylation and
nuclear translocation of FGFR2 in t(4;11) leukemia cells (Figure 4B). On the other hand,
when activation of FGFR2 was blocked with PD173074, a smaller amount of FGFR2 was
present in the nucleus of t(4;11) leukemia cells with respect to the untreated ones, as shown
by our western blot and immunofluorescence analyses (Figure 5). In agreement and of
further consequence, stimulation of t(4;11) cells with FGF2 led to increased transcription
of the MLL-AF4 target genes, HOXA9 and MEIS1, which was prevented by pretreatment
of the cells with the PD173074 inhibitor (Figure 6). Consistently, PD173074 treatment also
impaired viability of the leukemia cells (Figure 4B).

Based on our overall results, we propose a model illustrating how nuclear cross-talk
between FGFR2 and MLL-AF4 promotes aberrant transcription of MLL-AF4 target genes
in leukemia cells (Figure 7).

In our model, the ligand FGF2 triggers phosphorylation and nuclear entry of FGFR2.
In the nucleus, the activated receptor interacts with MLL-AF4 and AF4 and promotes
the binding of the MLL-AF4/AF4 complex to the target gene promoter. Lastly, the MLL-
AF4/AF4 complex recruits RNA Pol II on chromatin and activates gene transcription
(Figure 7A). Treatment of leukemia cells with the PD173074 inhibitor, which binds the ATP
pocket of FGFR2, prevents FGF2-mediated nuclear entry of pFGFR2 and, consequently, also
transcriptional activation of MLL-AF4 target genes (Figure 7B). Similarly, specific silencing
of FGFR2 leads to impaired chimera target gene transcription.

In conclusion, our study adds to the growing body of evidences that MLL-AF4, the
oncogenic chimera typical of the t(4;11) ALL, promotes its aberrant transcriptional activity
through the recruitment of nuclear molecular partners that, like FGFR2, consequently
acquire an opportunistic oncogenic function. As our overall data give proof that the
phosphorylation-dependent nuclear translocation of FGFR2 plays a key role in the leuke-
mogenic mechanism, the use of FGFR-specific inhibitors or of molecules specifically able
to block the nuclear import of the receptor, as well as the interaction between FGFR2 and
the MLL-AF4 chimera, may be promising avenues to design new therapeutic strategies.
Therefore, we realistically consider FGFR2 a novel and useful target for treatment of this
very aggressive form of hematopoietic malignancy.
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Figure 7. Nuclear cross-talk between FGFR2 and MLL-AF4 promotes aberrant transcription of HOXA9 in leukemia cells.
(A) screen 1: in basal condition, HOXA9 transcription is not stimulated; screen 2: FGF2 binds FGFR2 and triggers its
phosphorylation; screen 3: p-FGFR2 enters the nucleus and interacts with both the MLL-AF4 chimera and AF4; screen
4: p-FGFR2 promotes the binding of the MLL-AF4/AF4 complex to the HOXA9 promoter; screen 5: the MLL-AF4/AF4
complex activates RNA Pol II-dependent transcription of HOXA9. (B) screen 1: the PD173074 inhibitor enters the cell, binds
the ATP pocket of FGFR2, and prevents FGF2-mediated autophosphorylation of the receptor; screen 2: unphosphorylated
FGFR2 does not enter the nucleus and therefore cannot promote the MLL-AF4-driven transcription of HOXA9.

4. Materials and Methods

4.1. Antibodies

The following antibodies were used: mouse monoclonal anti-mouse α tubulin; rab-
bit polyclonal anti-FGFR2; goat polyclonal anti-lamin B (Santa Cruz Biotechnology, Inc.,
Dallas, TX, USA); mouse monoclonal anti-MLL (Upstate Biotechnology, Inc., New York,
NY, USA); human phospho-FGFR1-4 (Y653/Y654) antibody (R&D Systems, Minneapolis,
MN, USA); horseradish peroxidase-conjugated anti-mouse, anti-rabbit, and anti-goat IgG
secondary antibodies (GE Healthcare Italia, Milan, Italy); anti-rabbit IgG, Cy2-conjugated
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(Merck KGaA, Darmstadt, Germany), and anti-rabbit IgG FITC-conjugated (Thermo Fisher
Scientific, Waltham, MA, USA).

4.2. Cell Lines

Leukemia cell lines were obtained from the Cell Culture Facility of CEINGE - Ad-
vanced Biotechnologies (Naples, Italy). RS4;11, SEM, and MV4-11 harbor the t(4;11) chro-
mosomal rearrangement and express endogenous MLL-AF4 chimera. The RS4;11 acute
lymphoblastic leukemia cells were grown at 37 ◦C, 5% CO2, in minimum essential medium
(MEM) (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% FBS and 10 mL/L
penicillin/streptomycin (Sigma-Aldrich, St. Louis, MO, USA); SEM acute lymphoblastic
leukemia cells were grown at 37 ◦C, 5% CO2, in Iscove’s MDM (Sigma-Aldrich) supple-
mented with 10% FBS and 10 mL/L penicillin/streptomycin; MV4-11 acute monocytic
leukemia cells and 697 acute lymphoblastic leukemia cells were grown in RPMI (Sigma-
Aldrich) supplemented with 20% FBS and 10 mL/L penicillin/streptomycin.

4.3. Flow Cytometry

Leukemia cells (1 × 106) were incubated with anti-FGFR2 antibody for 1 h. After sev-
eral washes with PBS, cells were treated with fluorescein isothiocyanate (FITC)-secondary
antibody for 30 min and read using a BD FACSCanto II (BD Biosciences-US, San Jose, CA,
USA) flow cytometer.

4.4. Protein Extraction, Subcellular Fraction Isolation, Immunoprecipitation, and Western
Blot Analysis

For immunoprecipitation (IP) experiments, RS4;11 and MV4-11 cells were lysed in
IP buffer, as previously described [21], and protein extract was incubated overnight at
4 ◦C with anti-FGFR2 antibody (2 µg per 5 mg of total proteins). Subsequently, the
protein mixture was incubated with 30 mL of protein A/G PLUS-Agarose (Santa Cruz
Biotechnology, Inc., Dallas, TX, USA) for each microgram of antibody [17].

Fractioned protein extracts containing cytosolic/membrane and nuclear proteins were
obtained using a Qproteome Nuclear Protein Kit (Qiagen Italia, Milan, Italy) as elsewhere
described [45,46]. Briefly, cells were washed twice with ice-cold PBS, detached by scraping,
and centrifuged for 5 min at 450 RCF. They were then lysed by incubation for 15 min in hy-
potonic nuclear lysis (NL) buffer, supplemented with protease inhibitor solution and 0.1 M
DTT. Detergent solution was then added and, after brief shaking, the cell suspension was
centrifuged for 5 min at 10,000 RCF. The supernatant, containing the cytosol/membrane
proteins, was stored and used for further analyses. The cell nuclei, contained in the pellet,
were washed by resuspension in the NL buffer and subsequent centrifugation for 5 min
at 10,000 RCF. The nuclear pellet was resuspended in the buffer NX1, supplemented with
protease inhibitor solution, and incubated for 30 min under shaking. The suspension was
then centrifuged for 10 min at 12,000 RCF and the supernatant, containing the nuclear
proteins, was stored and used for further analyses. Buffers, solutions, and reagents were
provided by the Qproteome Nuclear Protein Kit (Qiagen Italia, Milan, Italy) and all the
procedure steps were carried out at 4 ◦C. Cytosolic/membrane and nuclear proteins were
analyzed with proper antibodies to verify the quality of the fractionation procedure.

Either 40 µg of WCE, or 50 µg of nuclear extract, or 20–30 µg of cytosolic/membrane
extract, or 15 µL of sample from IP experiments were loaded onto SDS/PAGE. After
electrophoretic separation, proteins were transferred onto nitrocellulose membrane and
analyzed with appropriate primary antibodies. Protein signals were visualized with
the ECL Plus detection system (GE Healthcare Italia, Milan, Italy) and protein signal
intensities were quantified with the ImageJ 1.46 software. Average values from at least
three independent experiments were graphically reported as relative units (R.U.).

4.5. Small Interfering RNA (SiRNA)

RS4;11, SEM, and MV4-11 leukemia cells were transfected with 100 nM FGFR2-specific
siRNAs ON-TARGET plus SMARTpool (Qiagen Italia, Milan, Italy) by electroporation
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(Bio-Rad Laboratories S.r.l., Milan, Italy) in MEM Eagle (Sigma-Aldrich, St. Louis, MO,
USA). All Stars Negative Control siRNA scramble (Qiagen) was the nonsense control. After
incubation for 15 min at room temperature, cells were cultured under standard conditions
and harvested after 72 h to isolate total RNA and total proteins [17].

4.6. Total RNA Isolation, Reverse Transcription (RT), and Real Time Polymerase Chain
Reaction (PCR)

Total RNA was extracted from silenced cells (RS4;11, SEM, and MV4-11) with the
Nucleo Spin RNA II kit (Macherey–Nagel GmbH & Co. KG, Dueren, Germany); 200 ng
of RNA were reverse transcribed using SuperScript III and random-hexamers oligo-dT
(Thermo Fisher Scientific, Waltham, MA, USA). Real time PCR was carried out in an iCycler
iQ Real Time PCR Thermal Cycler (Bio-Rad Laboratories, Hercules, CA, USA) using SYBR
Green Master Mix (Bio-Rad Laboratories, Hercules, CA, USA) and specific primer pairs.
To measure expression level of HOXA9, MEIS1, and MEIS2, the primer pairs used were
described previously [17]; for the dosage of FGFR2 the following primers were used:
FGFR2-F: 5′-GTCAGCTGGGGTCGTTTC-3′; FGFR2-R: 5′-TCATGTTTTAACACTGCCGTT-
3′. Gene expression was normalized to POLR2A, ACTB, and TUBA1A genes and determined
using the 2−∆∆Ct method. Average values from at least three independent experiments
were graphically reported as relative units (R.U.).

4.7. Cell Viability Assays

RS4;11 cells (4 × 104 per well) were transfected with FGFR2-specific siRNAs and
siRNA nonsense control, and seeded in a 96-well plate. Cell viability was assessed by the
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) (Sigma Aldrich)
method [17]. MTT (0.5 mg/mL of fresh media) was added to the cells (RS4;11) 24, 48,
72, and 96 h after transfection. Absorbance was read at 570 nm using a Spectramax
spectrophotometer (Molecular Devices, San Jose, CA, USA).

To calculate the half-maximal inhibitory concentration (IC50) of the PD173074, 2 million
RS4;11 cells were plated in a 96-multiwell plate in serum-free medium and treated with
various concentrations of the inhibitor. Then, 0.1 ng/mL of FGF2 was added to the medium
and 72 h after treatment MTT was added (0.5 mg/mL of fresh media). Absorbance was
read at 570 nm.

4.8. Chromatin Immunoprecipitation (ChIP) Assay

RS4;11 cells (30 × 106) were fixed in MEM medium containing 1% formaldehyde for
10 min at room temperature; the reaction was stopped by glycine quenching (125 mM final
concentration). Nuclei were collected, digested in 50 mM Tris-HCL pH 8.1, 10 mM EDTA,
10% SDS, and then sonicated (3 cycles, consisting of 30 s with and without sonication) using
a Microson XL ultrasonic cell disruptor (Misonix Inc., Farmingdale, NY, USA). Proteins
tied to DNA fragments (ranging from 100–600 bp) were pulled-down overnight at 4 ◦C
using appropriate antibodies, then mixed with protein-G magnetic beads (Santa Cruz
Biotechnology Inc., Dallas, TX, USA) and incubated for 2 h. Beads were washed with
ChIP buffer (10 mM Tris-HCl pH 8.1, 1 mM EDTA, 10% SDS, 0.5% EGTA, 140 mM NaCl,
10× Na-deoxycholate, 100× Triton). Immunoprecipitates were dissolved in elution buffer
(0.5 M EDTA, 1 M Tris-HCl pH 8.0) and DNA was isolated by phenol/chloroform/isoamyl
alcohol extraction and ethanol precipitation. Real time quantitative PCR (RT-qPCR) was
performed with 1 µL of DNA using a custom-made primer set [17].

4.9. Treatment of t(4;11) Leukemia Cells with FGF2 and PD173074 Inhibitor

One million RS4;11 cells were plated in serum-free medium for 12 h and then stimu-
lated with various concentrations of FGF2 (0.05–0.1–0.5 ng/mL). 50 µg of nuclear protein
were loaded onto 10% SDS-PAGE for the western blot, performed with an anti-phospho-
FGFR2 (P-FGFR2) or an anti-FGFR2 (FGFR2) antibody [47]. One million RS4;11 cells were
plated in serum-free medium for 12 h, treated with 2 µM PD173074 (Sigma Aldrich) for 1 h,
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and then stimulated with 0.1 ng/mL of FGF2 (Sigma-Aldrich). Cells were harvested 72 h
after treatment and total, cytosolic/membrane, and nuclear proteins were extracted [46,47].

4.10. Immunofluorescence Analysis

RS4;11 cells, treated with 2 µM PD173074 and stimulated with 0.1 ng/mL FGF2, as
described in the previous paragraph, were fixed in 2% paraformaldehyde (Sigma Aldrich,
St. Louis, MO, USA), permeabilized with 1% BSA in PBS, incubated with the anti-FGFR2
antibody, and subsequently treated with a CY2-conjugated secondary antibody. DAPI
solution (Thermo Fisher Scientific) was used for nuclear staining. Cells were mounted on a
slide and analyzed by confocal microscopy (LSM 510, Zeiss, München, Germany).

4.11. Statistical Analysis

All the data presented are expressed as mean ± standard error mean (SEM) and are
representative of three or more independent experiments. The data of repeated experiments
were analyzed using one-way Student‘s t-test (for independent samples).
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