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Editorial

Novel Anti-Cancer Agents and Cellular Targets and Their
Mechanism(s) of Action

Simon J. Allison

School of Applied Sciences, University of Huddersfield, Huddersfield HD1 3DH, UK; s.allison@hud.ac.uk;
Tel.: +44-(0)1484-256857

Whilst there have been some significant improvements in treatments and patient
outcomes for some cancers, for other cancers there has been little change in survival rates
for many years. Side effects resulting from the toxicity of agents towards normal cells
and tissues and the development of drug resistance continue to limit the effectiveness of
traditional and molecular-targeted anti-cancer agents. Other challenges include pharma-
cokinetics (PK) and delivering sufficient amounts of the active drug to tumour cells in vivo.
There is an ongoing need for new anti-cancer agents with novel mechanism(s) of action
and the identification of new putative cellular targets and therapeutic strategies that are
both potent and selective towards cancer cells.

Addressing some of these therapeutic challenges, this book presents a collection of
eight research articles and two reviews reproduced from the themed Biomedicines Special
Issue ‘Novel Anti-Cancer Agents and Cellular Targets and Their Mechanism(s) of Action’.

Traditional cytotoxic chemotherapeutic agents remain a vital part of treatments for
many cancers, but their efficacy is severely restricted by their lack of selectivity and dose-
limiting toxicity towards healthy cells and tissue. Affibody or antibody drug conjugates
provide an opportunity to target or deliver cytotoxic agents specifically to cancer cells,
exploiting a tumour-specific antigen specifically recognised by the conjugate for targeted
delivery. Rinne et al. report on a human epidermal growth factor receptor 3 (HER3) affibody
drug conjugate with a tubulin polymerisation inhibitor as its cytotoxic ‘payload’ for targeted
delivery to HER3-overexpressing cancer cells [1]. The authors also include an albumin
binding domain as part of the conjugate to improve its half-life and PK properties [1].

A different approach to using affibody drug conjugates to selectively target cancer cell
microtubules is presented by Kwon and colleagues [2]. In triple-negative breast cancers
(TNBC), which have the worst outcome of the different breast cancer subtypes, microtubules
are found to be highly acetylated. Kwon et al. report on their identification of several
compounds that disrupt microtubule acetylation in TNBC cells resulting in their apoptotic
demise [2].

One cancer type with particularly poor outcome is glioblastoma (GBM), which has
a five-year median patient survival rate of less than 5%. The invasion of cancer cells into
healthy brain tissue makes tumour resection particularly challenging, resulting in high
rates of tumour recurrence. This has stimulated interest in pharmacological inhibition of
cell migration as part of the regime for treating glioblastomas. Ketchen et al. report on the
migratory plasticity of GBM cells and how the pharmacological inhibition of mesenchymal
migration, via the inhibition of cellular communication network factor 1 (CCN1), promotes
cells to ‘switch’ to an alternative means of migration known as ameboid migration [3]. This
work indicates the importance of simultaneously targeting multiple alternative modes of
GBM cell migration.

With our increased understanding of cancer biology and of oncogene-driven molecu-
lar addictions, this has resulted in considerable research effort to exploit and target these
addictions within specific cancers via molecular targeted anti-cancer drugs and through ra-
tional drug design approaches. However, it is also clear that whilst such agents can present
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important advantages over traditional agents such as their increased cancer selectivity,
other challenges remain such as the ability of cancer cells to adapt and develop resistance.
This concept of some targeted agents being perhaps ‘too targeted’ has led to a resurgence
of interest in the discovery of novel chemical entities with polypharmacological anti-cancer
properties and in phenotypic drug discovery. The natural world continues to be a valuable
source of novel chemicals with anti-cancer activity. Eldeeb et al. report on their testing of
ten novel isatin sulfonamide derivatives for anti-cancer activity against hepatic cancer cell
lines and associated in vitro mode of action and molecular docking studies [4].

A major challenge in phenotypic drug discovery and development is that of target
deconvolution. Wu et al. report on an isoflavone derivative from fermented soybean,
8-hydroxydaidzein, which shows promising activity against chronic myeloid leukemia
(CML) cells, with the authors reporting effects via multiple mechanisms of action [5].
Nikoleousakos et al. report on the synthesis of three novel β-lactam steroid alkylators and
their in vitro evaluation against human ovarian cancer cell lines. As well as DNA damage
induction, the inhibition of poly (ADP-ribose) polymerase (PARP) enzymatic activity is
reported [6].

A major cause of treatment failure in vivo is the metabolic detoxification or inactivation
of anti-cancer drugs by isoforms of the cytochrome P450 (CYP) family of enzymes. In other
cases, the activity of specific CYP isoforms can result in the generation of more active, or
cytotoxic, metabolites. Pors and colleagues review the role of CYP isoforms in breast cancers
and how they influence different standard-of-care (SoC) treatments [7]. Importantly, they
also discuss new therapeutic opportunities presented by the overexpression of particular
CYP isoforms in different breast cancer subtypes, which is stimulating the development of
CYP isoform-activated pro-drugs [7]. This tackles the challenge of developing drugs that
are both potent and also tumour-selective, in contrast to the narrow therapeutic index of
traditional chemotherapies.

For molecular targets in oncology that are considered ‘undruggable’, or perhaps more
accurately ‘difficult to drug’, a potential solution to this druggability problem is RNA
interference (RNAi)-based therapeutics. A key barrier to this latter approach, however, is
the susceptibility of short interfering RNA (siRNA) to degradation in vivo by nucleases
in serum. Approaches to counteract this and improve siRNA stability include chemical
RNA modifications or siRNA extension with a ‘protective’ short DNA hairpin loop se-
quence. Another approach attracting considerable research interest is siRNA delivery
within biodegradable nanoparticles which is discussed by Habib, Ariatti and Singh in their
review article focused on RNAi-based nanotherapeutics in the context of the ‘undruggable’
c-myc oncogene [8].

A challenge with any anti-cancer agent is ensuring its sufficient delivery to the tumour
in vivo. Poor in vivo biodistribution/PK often contributes to the in vivo failure of otherwise
promising drugs. The ability to ‘visualise’ drug delivery in vivo provides the opportunity
to assess whether this is an issue and for developing more effective drug delivery systems.
Vepris et al. report on their development of novel poly(lactic-co-glycolic acid) (PGLA)
fluorescent nanoparticles as delivery agents that enable in vivo molecular imaging through
the phenomenon of photon triplet-triplet annihilation (TTA) upconversion [9].

The final article in this Special Issue book focuses on 5-fluorouracil (5-FU) drug
resistance in colorectal cancers (CRC), where 5-FU is part of the standard-of-care, and
pharmacogenomic analyses using publicly available resources to predict agents that can
overcome 5-FU resistance depending on the particular CRC mutational signature [10].

In summary, this Special Issue collection of articles provides some examples of the
many different approaches being used to tackle the multiple challenges that remain in the
global battle against cancers. These range from the evaluation of novel compounds for
anti-cancer activity and elucidation of their mechanism(s) of action to overcoming drug
resistance and advances in targeted drug delivery and molecular imaging for the validation
of effective delivery.
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Targeting Tumor Cells Overexpressing the Human Epidermal
Growth Factor Receptor 3 with Potent Drug Conjugates Based
on Affibody Molecules
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Abstract: Increasing evidence suggests that therapy targeting the human epidermal growth factor
receptor 3 (HER3) could be a viable route for targeted cancer therapy. Here, we studied a novel
drug conjugate, ZHER3-ABD-mcDM1, consisting of a HER3-targeting affibody molecule, coupled to
the cytotoxic tubulin polymerization inhibitor DM1, and an albumin-binding domain for in vivo
half-life extension. ZHER3-ABD-mcDM1 showed a strong affinity to the extracellular domain of
HER3 (KD 6 nM), and an even stronger affinity (KD 0.2 nM) to the HER3-overexpressing pancreatic
carcinoma cell line, BxPC-3. The drug conjugate showed a potent cytotoxic effect on BxPC-3 cells
with an IC50 value of 7 nM. Evaluation of a radiolabeled version, [99mTc]Tc-ZHER3-ABD-mcDM1,
showed a relatively high rate of internalization, with a 27% internalized fraction after 8 h. Further
in vivo evaluation showed that it could target BxPC-3 (pancreatic carcinoma) and DU145 (prostate
carcinoma) xenografts in mice, with an uptake peaking at 6.3 ± 0.4% IA/g at 6 h post-injection for
the BxPC-3 xenografts. The general biodistribution showed uptake in the liver, lung, salivary gland,
stomach, and small intestine, organs known to express murine ErbB3 naturally. The results from
the study show that ZHER3-ABD-mcDM1 is a highly potent and selective drug conjugate with the
ability to specifically target HER3 overexpressing cells. Further pre-clinical and clinical development
is discussed.

Keywords: affibody molecule; human epidermal growth factor receptor 3 (HER3); BxPC-3; emtansine;
DM1; albumin binding domain; affibody drug conjugate (AffiDC)

1. Introduction

Approaches to specifically target receptors that are abnormally expressed on cancer
cells have become a viable therapeutic strategy and several drugs are in clinical trials
or have been approved for clinical use. One of the most common targeting moieties are
monoclonal antibodies (mAbs) [1]. However, pre-clinical as well as clinical trials have also
shown that fragments of mAbs [2] or engineered affinity scaffold proteins (EAPs) [3], may
be used.

A well-studied group of receptors with relevance to cancer is the epidermal growth
factor receptor (ERBB) family, for which many targeted therapies have been investigated.
The members of the ERBB family are tyrosine kinase receptors, which are involved in
driving tumor progression and in the acquisition of resistance to therapy [4]. One of the
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family members, the human epidermal growth factor receptor 3 (HER3, human ErbB3),
is a transmembrane receptor with impaired tyrosine kinase activity. It has been observed
that the expression level of HER3 is associated with malignancy for several different
cancer types, such as non-small cell lung carcinoma (NSCLC) [5], pancreatic carcinoma [6],
melanoma [7], prostate carcinoma [8], and breast carcinoma [9]. The two main ligands
of HER3 are heregulin (HRG) and neuregulin 2 (NRG2). Upon binding, HRG and NRG2
activate the receptor, which in turn can form heterodimers with the other members of the
ERBB family, followed by the activation of downstream signaling [10]. HRG and NRG2
expression is sometimes upregulated, which over-activates HER3, which in turn drives
tumor growth [11].

Due to HER3’s upregulated expression in different cancers, therapies specifically tar-
geting HER3 are of increasing interest. Seribantumab is a mAb which has shown promise in
combination with other drugs in clinical phase I or II studies for several different indications,
including breast carcinoma, NSCLC, colorectal carcinoma, and ovarian carcinoma [4]. Other
HER3-targeting mAbs that have shown promise in early clinical trials include patritumab,
lumretuzumab, and elgemtumab.

A more recent approach to HER3-targeted therapy is to link the mAb to a potent
cytotoxic drug, resulting in an antibody drug conjugate (ADC) [12,13]. These types of
targeted drugs often have several modes of action: (i) the mAb part may prevent the
transduction of signaling by the targeted receptor, and/or induce an antibody-dependent
cellular cytotoxicity (ADCC) response, (ii) the linked drug delivers a cytotoxic effect leading
to cell death. Until now, eleven ADCs have been approved for clinical use for different
cancer indications by the regulatory authorities in Europe and/or the USA. Data from
studies of these compounds suggest that they are often well-tolerated and efficient therapy
options. However, severe side-effects occur for some patients; most commonly liver damage
from off-target uptake of the ADC, and a low blood count from premature release of the
cytotoxic drug from the mAb [14]. Patritumab deruxtecan is a HER3-targeting ADC in
phase I/II clinical trials for patients suffering from NSCLC and breast carcinoma, and has
shown promising results [15]. Compared to other ADCs, patritumab deruxtecan has a
relatively weak affinity for its receptor and a relatively high rate of internalization [16].

Another drug candidate under clinical development is zenocutuzumab, a bi-specific
mAb targeting HER2 (human epidermal growth factor receptor 2) and HER3. Zenocu-
tuzumab prevents HRG binding to HER3 and has been engineered for an enhanced ADCC
response. It was granted fast track designation by the U.S. Food and Drug Administration
(FDA) in early 2021 for the clinical testing of metastatic, HRG-positive solid tumors. Three
patients, one with NSCLC and two with pancreatic carcinoma receiving zenocutuzumab
all responded with tumor shrinkage [17].

The early clinical evaluations of HER3-targeted therapies on small cohorts have shown
promise. However, the few clinical phase III studies performed on mAbs have thus far not
been successful [4]. Furthermore, clinical phase III studies on HER3-targeting ADCs have
not yet been undertaken. While HER3 targeting may be a viable strategy for cancer treat-
ment, based on the clinical evaluations presented above, it is not evident how to best design
a HER3-targeting drug. Compared to many other plasma membrane-anchored receptors,
for which targeted therapies have been developed, HER3 has a substantial expression on
normal tissues, and its overexpression in tumors is only modest for most patients, up to
approximately 50,000 receptors/tumor cells [18], which makes the development of targeted
therapies challenging.

Affibody molecules are engineered affinity scaffold proteins (EAPs) derived from the
B-domain of protein A from Staphylococcus aureus, normally folding into an anti-parallel
triple helical structure [19]. They consist of 58 amino acids (Mw 7 kDa) and the scaffold
is devoid of cysteine amino acids. The scaffold has a natural affinity for some IgGs. By
randomizing 13 amino acids in the two helices directly involved in IgG binding or in close
vicinity to the binding surface, combinatorial libraries have been generated. From these

6



Biomedicines 2022, 10, 1293

libraries, variants that no longer bind to IgG but to desired targets have been selected by
e.g., phage or cell display techniques [20].

Affibody molecules, specifically interacting with HER3 have been described [21,22].
These binders have been radiolabeled and investigated as radionuclide molecular imaging
agents in pre-clinical mouse models, where they were able to visualize HER3-expressing
tumors and to discriminate between high and low receptor expression [23–29]. The most
promising variant for molecular imaging was ZHER3:08698 with specific and strong inter-
action with HER3 (equilibrium dissociation constant, KD 50 pM) [22]. When evaluated
for imaging, a tag with the amino acid sequence His-Glu-His-Glu-His-Glu, a (HE)3-tag,
was placed in the N-terminus. It was used for purification by immobilized metal-ion
affinity chromatography (IMAC), and for radiolabeling with [99mTc]Tc. It has also been
shown to minimize unspecific uptake in the liver compared to the more commonly used
hexahistidine tag [30–32]. We hypothesized that affibody molecules binding to HER3 could
be used to create drug conjugates, similar to an antibody drug conjugate.

To create an affibody drug conjugate (AffiDC), a suitable payload has to be conjugated
with the affibody carrier. DM1 is a highly toxic tubulin polymerization inhibitor derived
from maytansine [33]. It is for example used in trastuzumab emtansine (T-DM1), an FDA-
approved ADC for the treatment of HER2-positive, metastatic breast cancer [34]. In T-DM1,
the payload is linked via a non-cleavable linker. These types of ADCs bind to their intended
receptor on the tumor cells, become internalized, and are transported to the lysosome
where the protein part is degraded. When the hydrophobic drug is separated from the
protein part, it can enter the cytosol by diffusion through the lysosomal membrane and can
inhibit tubulin polymerization, leading to cell death.

Affibody molecules are small and are quickly excreted from circulation due to renal
filtration. Different methods can be employed to extend the in vivo half-life [35]. One
strategy often used for affibody molecules is head-to-tail fusion with an albumin-binding
domain (ABD), which upon entering the blood stream associates with albumin, leading to
an increase in the molecular weight of the complex by the molecular weight of albumin
(67 kDa). These complexes become larger than the cut-off of renal filtration, extending
the plasma half-life [36]. In particular, ABD035, with sub-picomolar affinity (KD) has been
found to be suitable as a fusion partner to affibody molecules [37]. A potential drawback
with the use of an albumin-binding domain in cancer drugs is that some cancer patients
develop hypoalbuminemia. It occurs, for example, in approximately 40% of all patients
with pancreatic carcinoma [38], in which cases the bioavailabilty of ABD-containing drugs
may be lower than for patients with a normal albumin level.

We have previously investigated AffiDCs targeting HER2, a receptor belonging to
the same family as HER3 [36,39–41]. From these studies it was found that an architecture
consisting of a monovalent affibody-targeting domain followed by an ABD led to the best
performing AffiDC. Furthermore, a C-terminal extension after the ABD, with the amino
acid sequence Glu-Glu-Glu-Cys, where the cytotoxic DM1 was attached to the cysteine,
was found to minimize unwanted unspecific uptake in the liver [39,40].

In this study, we generated a novel drug conjugate targeting HER3, based on the affi-
body molecule (ZHER3:08698) carrying the drug DM1. We utilized an analogous architecture
to the best performing HER2-targeting AffiDC [40]. The drug conjugate was characterized
biochemically, and its cytotoxic potential was evaluated. After radiolabeling with [99mTc]Tc,
the specificity of binding and rate of internalization was determined, and the distribution
in mice bearing HER3-positive xenografts was quantified.

2. Materials and Methods

2.1. General

Unless stated otherwise, all chemicals were from Merck (Darmstadt, Germany) or
Sigma-Aldrich (St. Louis, MO, USA). Restriction digestion enzymes were from New
England Biolabs (Ipswitch, MA, USA). Statistical significance (p < 0.05) was determined
using Prism, version 9.3.1 (Graphpad Software, San Diego, CA, USA). For comparison
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of two groups, a Mann–Whitney test was used. For comparison of multiple groups, a
Kruskal–Wallis test with a post-hoc Dunn’s test was used.

2.2. Gene Construction

The HER3-targeting affibody molecule used in this study was ZHER3:08698 [22], herein
abbreviated as ZHER3. The albumin-binding domain used for in vivo half-life extension
was ABD035 [37], herein abbreviated as ABD. Starting from a plasmid-encoding ZHER3-
ABD [29], the affibody coding gene was sub-cloned to the pET-21a(+) plasmid (Novagen,
Madison, WI, USA) by in-fusion cloning according to the manufacturer’s recommendations
(Takara, Kusatsu, Japan). The sequence consisted of codons encoding a Met-His-Glu-
His-Glu-His-Glu tag in the N-terminus, followed by the ZHER3 affibody sequence, the
sequence encoding the ABD domain, and codons encoding a Glu-Glu-Glu-Cys extension
in the C-terminus. The plasmid was sequenced by sanger sequencing (Eurofins genomics,
Ebersberg, Germany).

2.3. Protein Expression and Purification

The plasmid-encoding ZHER3-ABD was transformed to Escherichia coli BL21 (DE3) cells
(Thermo Fisher Scientific, Waltham, MA, USA) for protein production. Transformed cells
were grown in 1 L cultures in TSB-medium (30 g/L tryptic soy broth, 5 g/L yeast extract
and 50 μg/L Kanamycin), in 5 L shake flasks, at 200 rpm (37 ◦C). When the OD600 was
approximately 0.9, isopropyl-β-D-1-thiogalactopyranoside (Appolo Scientific, Stockport,
UK) was supplemented (1 mM final concentration) to induce protein expression. The cells
were then grown for 16 h at 25 ◦C, after which they were collected by centrifugation. The
cells were lysed by sonication and the proteins were purified by affinity chromatography
using the ligand human serum albumin (HSA) immobilized on a sepharose column on an
ÄKTA pure system (GE Healthcare, Uppsala, Sweden). TST (25 mM Tris-HCl, 1 mM EDTA,
200 mM NaCl, 0.05% Tween, pH 8.0) was used as a running buffer, ammonium acetate
(5 mM, pH 5.5) was used for washing, and acetic acid (0.5 M, pH 2.8) was used for elution.
The protein were subsequently lyophilized.

2.4. Conjugation with DM1

The lyophilized protein was reconstituted in PBS (pH 6.7) to 0.1 mM as the final con-
centration. To reduce potentially oxidized cysteines, freshly prepared tris (2-carboxyethyl)
phosphine (TCEP, pH 6.7) was added to 5 mM as the final concentration, followed by
incubation at 37 ◦C for 1 h. Maleimidocaproyl-DM1 (mcDM1) (Levena Biopharma, San
Diego, CA, USA) was added to 0.3 mM as the final concentration, followed by overnight
incubation at room temperature. Unreacted mcDM1 was removed by passage through a
NAP-5 desalting column.

Reversed-phase high-performance liquid chromatography (RP-HPLC) was used for
further purification. Eluted material from the NAP-5 column was loaded on a Zorbax
SB-C18 semi-preparative column (Agilent, Santa Clara, CA, USA), followed by elution
with a gradient from 25% to 65% acetonitrile in water, supplemented with 0.1% trifluo-
roacetic acid (TFA), for 40 min. The fractions containing ZHER3-ABD-mcDM1 were pooled
and lyophilized.

A non-toxic control construct, ZHER3-ABD-AA, was also created, where the C-terminal
cysteine was alkylated. Lyophilized ZHER3-ABD was reconstituted in a 200 mM ammonium
bicarbonate buffer (pH 8.0) supplemented with 2% sodium dodecyl sulfate. Freshly dis-
solved TCEP was added to 10 mM as the final concentration, followed by incubation for 1 h
at 55 ◦C. Freshly prepared 2-iodoacetamide was added to 20 mM as the final concentration,
followed by incubation for 30 min in the dark. ZHER3-ABD-AA was purified by RP-HPLC
and lyophilized in the same way as ZHER3-ABD-mcDM1.
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2.5. Biochemical Characterization

The two constructs, ZHER3-ABD-mcDM1 and ZHER3-ABD-AA, were reconstituted in
PBS, and were characterized biochemically by sodium dodecyl sulphate-polyacrylamide
gel electrophoresis (SDS-PAGE), analytical size-exclusion chromatography (SEC), analytical
RP-HPLC, and circular dichroism spectroscopy (CD).

For the SDS-PAGE analysis, 10 μg of each construct was loaded on a NuPAGE Bis-Tris
protein gel. After 1 h electrophoresis at 200 V, the gel was stained with Gelcode blue safe
protein stain for 1 h. Then, the gel was destained with water and photographed.

For analytical SEC, 5 μg protein was analyzed on a prepacked Superdex-75 5/150
column (GE Healthcare). The column was equilibrated with PBS and the samples were
loaded followed by elution with PBS at a flow rate of 0.45 mL/min.

For analytical RP-HPLC, the constructs were loaded on a Zorbax 300SB-C18 column
(Agilent), followed by elution by a 25 min linear gradient from 30% to 60% acetonitrile in
water supplemented with 0.1% TFA.

Circular dichroism (CD) measurements were carried out on a Chirascan spectropo-
larimeter (Applied Photophysics, Leatherhead, UK). A cuvette with an optical path length
of 1 mm was used. To determine thermal stability, a sample (0.4 mg/mL) of each construct
was heated from 20 to 95 ◦C (5 ◦C/min). During the heating process, the ellipticity at
221 nm was measured. Since both ZHER3 and ABD have a high alpha-helical content,
the ellipticity at 221 nm is an estimate of helical unfolding and can be used for melting
temperature (Tm) estimation. Spectra before and after heating to 95 ◦C were recorded
between 195 and 260 nm.

2.6. Affinity Determination

The affinities of the affibody constructs towards HER3 and murine ErbB3 were mea-
sured by surface plasmon resonance analysis using a capture setup on a Biacore 8K instru-
ment (GE Healthcare). Human serum albumin (HSA) was immobilized on a CM5 chip
using an amine coupling kit, according to the manufacturer’s protocol (GE Healthcare).
The level of HSA immobilization in each channel was approximately 1000 RU. The affibody
constructs were captured on the surface by a 30 s injection of a 100 nM solution. Finally,
a multi-cycle kinetic analysis with a dilution series of HER3 or murine ErbB3 (6.3 nM,
12.5 nM, 25 nM, 50 nM, and 100 nM) was performed at two different temperatures, 25 ◦C
and 37 ◦C. Samples heated to 95 ◦C and then cooled down to 25 ◦C during CD measure-
ments were also analyzed in the same way. The flow rate during the experiments was
30 μL/min. The chip surfaces were regenerated between the runs by injecting 10 mM HCl
during 30 s. The sensorgrams were analyzed using a Langmuir 1:1 kinetic model.

2.7. Cell Lines

The BxPC-3 (pancreatic cancer) and DU145 (prostate cancer) cell lines were purchased
from ATCC (Manassas, VA, USA) and were maintained in an RPMI 1640 growth medium
supplemented with 10% fetal bovine serum (FBS) (Sigma-Aldrich, St. Louis, MO, USA).
A Trypsin-EDTA solution (Sigma-Aldrich) was used for cell detachment. The cells were
grown in a humidified incubator at 37 ◦C in a 5% CO2 atmosphere.

2.8. Determination of Cytotoxicity

To investigate the cytotoxic potential of ZHER3-ABD-mcDM1, 5000 BxPC-3 cells were
seeded per well in 96-well plates and were allowed to attach for 24 h. Then, the medium
was aspirated, and a new medium was added containing a series of concentrations of
ZHER3-ABD-mcDM1 or ZHER3-ABD-AA. The cells were incubated for 72 h, and then cell
viability was determined with the Cell Counting Kit-8 (Sigma-Aldrich).

2.9. Radiolabeling with [99mTc]Tc and Analysis of the Stability of the Labeled Constructs

Both ZHER3-ABD-mcDM1 and ZHER3-ABD-AA were radiolabeled with [99mTc]Tc(CO)3
on the N-terminal amino acid sequence His-Glu-His-Glu-His-Glu according to a previously
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published protocol [25,42]. Briefly, [99mTc]NaTcO4 eluate (400–500μL, ~4 GBq) was added
to a glass vial containing a CRS kit (PSI, Villigen, Switzerland) and was incubated at 100 ◦C
for 30 min. Thereafter, 40 μL (340–400 MBq) of the obtained [99mTc]Tc(CO)3 solution was
added to 50 μg of the affibody constructs in 40 μL PBS. The mixture was incubated at 50 ◦C
for 60 min.

The radiochemical yield was determined by Instant Thin Layered Chromatography
(ITLC). A sample of the reaction mixture was applied to a Silica Gel impregnated Chro-
matography strip (Agilent) and was eluted with PBS. To check for the presence of reduced
hydrolyzed technetium, a sample was applied to a second strip, and was eluted with
pyridine:acetic acid:water (5:3:1.5).

The radiolabeled conjugates were purified using NAP-5 size-exclusion columns (GE
Healthcare), pre-equilibrated with 1% BSA in PBS, and the purity was determined by ITLC.
To test the stability of the technetium label, 1 μg each of [99mTc]Tc-ZHER3-ABD-mcDM1 and
[99mTc]Tc-ZHER3-ABD-AA were incubated with a 500-fold molar excess of histidine at room
temperature and at 37 ◦C. Control samples in PBS were also incubated at room temperature
for up to 4 h. The release of the radiolabel was determined by ITLC.

A control for the biodistribution experiment, (HE)3-ZHER3, was similarly labeled
according to a previously published protocol [25].

2.10. Binding Specificity, Internalization, and Retention

To confirm the binding specificity of [99mTc]Tc-ZHER3-ABD-mcDM1 and [99mTc]Tc-
ZHER3-ABD-AA, HER3-expressing BxPC-3 and DU145 cells were incubated with 0.1 nM of
the radiolabeled constructs for 1 h at 37 ◦C. Prior to incubation, HER3 receptors were pre-
saturated by the addition of 50 nM of the ZHER3:0698 affibody molecule. After incubation,
the cells were detached, collected, and measured for radioactivity content.

Internalization of [99mTc]Tc-ZHER3-ABD-mcDM1 was studied in BxPC-3 and DU145
cells using the ‘acid wash’ method [24]. In brief, the cells were incubated with 0.1 nM
[99mTc]Tc-ZHER3-ABD-mcDM1 at 37 ◦C for 1, 2, 4, and 8 h. At each time point a set of dishes
was removed from the incubator and cells were incubated with 0.2 M glycine buffer (with
0.15 M NaCl, 4 M Urea, pH 2.0) for 5 min on ice. The solution was collected and considered
membrane-bound activity. Thereafter the cells were incubated with 1 M NaOH for 30 min
at 37 ◦C, scraped, and collected. The collected activity from these samples was considered
to be the internalized fraction.

2.11. Cell Binding Analysis

The binding kinetics of [99mTc]Tc-ZHER3-ABD-mcDM1, [99mTc]Tc-ZHER3-ABD-AA and
[99mTc]Tc-(HE)3-ZHER3 to BxPC-3 cells were measured in real-time using a LigandTracer
Yellow (Ridgeview Instruments, Uppsala, Sweden). Cells were plated in a dedicated area of
a 10 cm petri dish 1 d before the experiment. The petri dish was placed in a rotating holder
and three concentrations of radiolabeled construct were added stepwise to the dish (0.3 nM,
1 nM, 3 nM), starting from the lowest concentration. The next concentration was added
when the signal had reached equilibrium. The radioactive solution was replaced by fresh
culture medium to record the dissociation from the cells. Data were analyzed and ka, kd,
and KD were determined by TraceDrawer Software (Version 1.9.2, Ridgeview Instruments,
Uppsala, Sweden). The measurements were performed in triplicate at room temperature.

2.12. Animal Studies

Female BALB/c nu/nu mice were inoculated with HER3-expressing BxPC-3 (n = 28)
or DU145 cells (n = 8), or HER3-negative RAMOS cells (n = 8) 2–3 weeks before the
biodistribution experiment. At the start of the experiment, the average animal weight was
18 ± 1 g, and the average tumor weights were 0.08 ± 0.06 g (BxPC-3), 0.07 ± 0.05 g (DU145),
and 0.09 ± 0.04 g (RAMOS). For each data point, a group of four animals was used.

The biodistribution of [99mTc]Tc-ZHER3-ABD-mcDM1 and [99mTc]Tc-ZHER3-ABD-AA
was studied in BxPC-3 xenografted mice, 1, 6, and 24 h pi and in DU145-xenografted mice,
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24 h pi. Mice were injected intravenously with 20 μg of the affibody constructs, the injected
activity was adjusted to be 40 kBq at the time of sample collection, and the protein dose
was adjusted with non-labeled construct. The biodistribution of [99mTc]Tc-(HE)3-ZHER3
was included for comparison. For this control, one group of BxPC-3-xenografted mice
were injected with 2 μg (40 kBq) of [99mTc]Tc-(HE)3-ZHER3 and were sacrificed 1 h pi. All
animals were sacrificed by ip injection of a ketamine (250 mg/kg) and xylazine (25 mg/kg)
solution followed by heart puncture. Samples from the blood, salivary gland, lung, liver,
spleen, stomach (without content), small intestine (without content), kidney, tumor, muscle,
and bone were collected, weighed, and measured in an automated gamma counter. The
gastrointestinal tract and carcass were collected and measured for activity content.

For the in vivo specificity test, mice with HER3-negative RAMOS xenografts were
injected with 20 μg (640 kBq) of [99mTc]Tc-ZHER3-ABD-mcDM1 or [99mTc]Tc-ZHER3-ABD-AA
and were sacrificed 24 h pi according to the protocol described above.

3. Results

3.1. Drug Conjugate Design

To study the potential of targeting HER3-expressing tumors with an affibody-based
drug conjugate, ZHER3-ABD-mcDM1 was generated. It consisted of ZHER3, an affibody
molecule with a strong and specific affinity for HER3 linked via the C-terminus to an
albumin-binding domain (ABD) for in vivo half-life extension. Flanking the fusion protein
was an N-terminal tag for radiolabeling with [99mTc]Tc, with the amino acid sequence, His-
Glu-His-Glu-His-Glu and a C-terminal ending of Glu-Glu-Glu-Cys. The cysteine was used
to site-specifically attach DM1 via a non-cleavable malemidocaproyl (mc) linker (Figure 1A).

Figure 1. Schematic description and biochemical characterization of the drug conjugate ZHER3-
ABD-mcDM1 and the non-toxic control ZHER3-ABD-AA. (A) The schematic figure shows the two
constructs, ZHER3-ABD-mcDM1 and ZHER3-ABD-AA. (B) Samples (10 μg each) of the two constructs
were analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) under
reducing conditions. Lane M corresponds to the electrophoretic separation of marker proteins, with
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the indicated molecular weights, 10 to 250 kDa, to the left of the gel. (C) Size-exclusion chromatogra-
phy analysis of the two constructs. (D) RP-HPLC analysis of ZHER3-ABD-mcDM1 and ZHER3-ABD-
AA. The constructs were eluted with a 25 min linear gradient from 30% to 60% acetonitrile in water
supplemented with 0.1% trifluoroacetic acid.

3.2. Protein Expression, DM1 Conjugation, and Biochemical Characterization

The fusion protein ZHER3-ABD was recombinantly expressed in Escherichia coli in
a soluble form. It was purified by affinity chromatography using immobilized human
serum albumin (HSA) as the ligand. After purification, mcDM1 was conjugated with the C-
terminal cysteine yielding ZHER3-ABD-mcDM1. A non-toxic control was also created where
the cysteine was alkylated, yielding ZHER3-ABD-AA (Figure 1A). Both constructs were
purified by reversed-phase high-performance liquid chromatography (RP-HPLC). Samples
of ZHER3-ABD-mcDM1 and ZHER3-ABD-AA were analyzed by SDS-PAGE (Figure 1B). Ac-
cording to the gel, both constructs were of essentially the correct molecular weight with no
visible extra bands, indicating a high purity. The constructs were further analyzed by size-
exclusion chromatography under native conditions (Figure 1C). Both constructs were eluted
as single, symmetrical peaks, suggesting that they were in a monomeric state, and that
no oligo- or multimers were formed. Both ZHER3-ABD-mcDM1 and ZHER3-ABD-AA were
analyzed by analytical RP-HPLC and were eluted essentially as single peaks (Figure 1D).
Calculation of the area under curve (AUC), showed that they were of more than 95% purity,
close to 100%. In Figure 1D it is evident that ZHER3-ABD-mcDM1 was eluted later than the
non-toxic control. This was not surprising since DM1 is relatively hydrophobic.

The constructs were further subjected to circular dichroism analysis. The spectra
of both ZHER3-ABD-mcDM1 and ZHER3-ABD-AA showed a high level of alpha-helicity,
characteristic of affibody molecules and the ABD (Figure 2A,C). The thermal stability of
the constructs was also investigated by measuring the ellipticity at 221 nm during heating
(Figure 2B,D). At this wavelength, the highly alpha-helical constructs have a large negative
ellipticity when folded. The negative ellipticity is lost upon heating, which indicates the
unfolding of the conjugates. After heat-induced denaturation, the samples were cooled
to 25 ◦C, and new spectra were recorded and overlayed with the spectra recorded before
heating (Figure 2A,C). For both constructs, the spectra before and after heating were
essentially identical, suggesting efficient refolding after heat-induced denaturation.

Figure 2. Cont.
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Figure 2. Circular dichroism measurements. Panels (A,C) show the measured ellipticity (y-axis) at
different wavelengths (x-axis). In both panels the spectra obtained before and after heat-induced
denaturation followed by refolding are included. The ellipticity at 221 nM was also measured
as a function of temperature (Panel (B,D)). The secondary structure of the constructs is to a large
extent alphahelical and the ellipticity at 221 nm is therefore a measurement of the folded state of
the constructs.

3.3. Determination of Affinity to HER3 and Murine ErbB3

The affinities of ZHER3-ABD-mcDM1 and ZHER3-ABD-AA to HER3 and murine ErbB3
(mErbB3) were determined by surface plasmon resonance analysis, and the results are
displayed in Table 1.

Table 1. Affinity between the constructs and HER3 and mErbB3, analyzed by a real-time biosensor.

Ligand
Temperature

(◦C)
Analyte ka (1/Ms) kd (1/s) KD (nM)

ZHER3-ABD-mcDM1 25 HER3 4.3 × 104 2.5 × 10−4 6

ZHER3-ABD-AA 25 HER3 1.4 × 105 2.5 × 10−4 2

ZHER3-ABD-mcDM1 25 mErbB3 1.1 × 105 5.7 × 10−4 5

ZHER3-ABD-AA 25 mErbB3 1.0 × 105 4.7 × 10−4 5

ZHER3-ABD-mcDM1 * 25 HER3 6.0 × 104 2.2 × 10−4 4

ZHER3-ABD-AA * 25 HER3 1.5 × 105 2.3 × 10−4 2

ZHER3-ABD-mcDM1 * 25 mErbB3 5.6 × 104 4.3 × 10−4 8

ZHER3-ABD-AA * 25 mErbB3 1.0 × 105 4.7 × 10−4 5

ZHER3-ABD-mcDM1 37 HER3 1.3 × 105 1.5 × 10−3 10

ZHER3-ABD-AA 37 HER3 2.2 × 105 1.2 × 10−3 5

ZHER3-ABD-mcDM1 37 mErbB3 2.7 × 104 2.7 × 10−3 100

ZHER3-ABD-AA 37 mErbB3 1.2 × 105 2.7 × 10−3 20

ZHER3-ABD-mcDM1 * 37 HER3 1.6 × 105 1.8 × 10−3 10

ZHER3-ABD-AA * 37 HER3 2.4 × 105 1.2 × 10−3 5

ZHER3-ABD-mcDM1 * 37 mErbB3 6.6 × 104 3.7 × 10−3 60

ZHER3-ABD-AA * 37 mErbB3 9.2 × 104 2.4 × 10−3 30
* Measurement after heat-induced unfolding and refolding.

The affinities of ZHER3-ABD-mcDM1 to HER3 and mErbB3 at 25 ◦C were similar with
equilibrium dissociation constants (KD values) of 6 nM and 5 nM, respectively. The affinity
measurements were also performed at 37 ◦C to have a milieu closer to the in vivo situation.
The affinities were weaker at this temperature, particularly to mErbB3, with KD values
of 12 nM (HER3) and 100 nM (mErbB3). At both 25 ◦C and 37 ◦C, the affinities obtained
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after heat-induced denaturation were essentially the same, further showing the efficient
and functional refolding of the drug conjugate. For ZHER3-ABD-AA, a similar pattern
was found with similar KD-values for HER3 and mErbB3 at 25 ◦C, but with a weaker
affinity for the murine variant at 37 ◦C. Moreover, this construct had similar affinities
before and after heat-induced denaturation, showing efficient refolding. Generally, the
affinities measured for ZHER3-ABD-AA were slightly stronger than the affinities measured
for ZHER3-ABD-mcDM1.

The affinity measurement was set up as a capture assay, where HSA was immobilized
on the sensor chip, followed by the injection of a construct and then HER3 or mErbB3. The
results thus show that in all cases, the constructs were able to bind to HSA and HER3 or
mErbB3 simultaneously.

3.4. Determination of Cytotoxic Potential

An essential characteristic of drug conjugates is their ability to target the relevant cells
and deliver a cytotoxic effect. To investigate the cytotoxic effect of ZHER3-ABD-mcDM1 to
HER3-overexpressing cells, a pancreatic carcinoma model was chosen. This is one of the
cancer types where HER3 overexpression has been correlated to a more dismal prognosis
for the patients [6]. The cytotoxic effect was investigated by treating BxPC-3 cells with
different concentrations of ZHER3-ABD-mcDM1, followed by the determination of cell
viability (Figure 3). ZHER3-ABD-mcDM1 showed a dose-dependent cytotoxic effect with
an IC50 value of 7 nM. Treatment of the cells with the non-toxic control ZHER3-ABD-AA
showed some loss in viability at higher concentrations.

Figure 3. Effect on viability on the human pancreatic cancer cell line BxPC-3 by ZHER3-ABD-mcDM1
and ZHER3-ABD-AA. The cells were incubated with different concentrations of the constructs (x-axis),
followed by the measurement of cell viability (y-axis). The viability of cells grown without the
addition of any construct was set to 100%. Each data point is the average of four experiments. The
error bars correspond to 1 SD.

3.5. Radiolabeling with [99mTc]Tc

To allow further analysis in vitro and in vivo, ZHER3-ABD-mcDM1 and ZHER3-ABD-
AA were radiolabeled with the residualizing nuclide, [99mTc]Tc. Specifically, the constructs
were labeled with [99mTc][Tc(CO)3(H2O)3]+ on the N-terminal (HE)3-tag. The radiochemical
yields were 93.0 ± 2% and 90.9 ± 0.4% for [99mTc]Tc-ZHER3-ABD-mcDM1 and [99mTc]Tc-
ZHER3-ABD-AA, respectively. After purification by size exclusion chromatography, the
purity for both constructs was greater than 99.9%. A control construct to be used in vivo,
(HE)3-ZHER3, was also radiolabeled and purified. The resulting purity after size-exclusion
chromatography was >98%.

To test the stability of the [99mTc]Tc-label, the constructs were challenged with a high
concentration of histidine. The results are shown in Table 2. Only a minor release of the
label, up to 2.3% for [99mTc]Tc-ZHER3-ABD-mcDM1, was observed at room temperature at

14



Biomedicines 2022, 10, 1293

both 1 h and 4 h. The release was higher for both constructs at 37 ◦C with 8.8 ± 0.6%, and
5.7 ± 0.2% released within 4 h from [99mTc]Tc-ZHER3-ABD-mcDM1 and [99mTc]Tc-ZHER3-
ABD-AA, respectively. Only a minor release was observed in the control experiment (PBS),
which was performed in a PBS buffer without histidine.

Table 2. Radiolabel stability of [99mTc]Tc-ZHER3-ABD-mcDM1 and [99mTc]Tc-ZHER3-ABD-AA.

Condition
[99mTc]Tc-ZHER3-ABD-mcDM1 [99mTc]Tc-ZHER3-ABD-AA

1 h 4 h 1 h 4 h

500× histidine, 22 ◦C 1.4 ± 0.5 * 2.3 ± 0.1 1.3 ± 0.1 2.0 ± 0.4

500× histidine, 37 ◦C 4.0 ± 0.5 8.8 ± 0.6 4.3 ± 0.5 5.7 ± 0.2

PBS, 22 ◦C 1.3 ± 0.9 0.9 ± 0.5 1.0 ± 0.6 1.0 ± 0.5
* The values in the table are given as a percent of the released radioactivity from the constructs ± 1 SD. Each value
corresponds to the average of three replicate experiments.

3.6. Cell-Binding Specificity and Rate of Internalization

The interaction of the radiolabeled constructs with the pancreatic carcinoma cell
line BxPC-3 and the prostate carcinoma cell line DU145, was further characterized. The
specificity in the interaction was determined by incubating the cells with [99mTc]Tc-ZHER3-
ABD-mcDM1 or [99mTc]Tc-ZHER3-ABD-AA, and comparing the result with cells where
available HER3 receptors had been pre-blocked with a large excess of the non-ABD con-
jugated, non-radiolabeled ZHER3 affibody. The experiment showed that the blocking of
available HER3 receptors resulted in a significant decrease in the uptake of [99mTc]Tc-ZHER3-
ABD-mcDM1 and [99mTc]Tc-ZHER3-ABD-AA in both cell lines (Figure 4), suggesting a
HER3-specific uptake of the constructs.

Figure 4. Cell-binding specificity of [99mTc]Tc-ZHER3-ABD-mcDM1 and [99mTc]Tc-ZHER3-ABD-AA.
BxPC-3 or DU145 cells were pre-incubated (blocked) with ZHER3:08698 or not pre-incubated (non-
blocked). The concentration of the construct for pre-blocking was 50 nM. Subsequently, the cells were
incubated with [99mTc]Tc-ZHER3-ABD-mcDM1 or [99mTc]Tc-ZHER3-ABD-AA (0.1 nM). Both panels
show the activity retained on the cells after incubation, as the percentage of the activity initially
added. The results are shown as the average of three samples with the error bars corresponding to
1 SD.

Next, the rates of association and internalization of [99mTc]Tc-ZHER3-ABD-mcDM1
were investigated. The association of [99mTc]Tc-ZHER3-ABD-mcDM1 to both cell lines was
quick with more than 75% of the total cell-associated activity bound after 1 h of incubation
(Figure 5). The level of internalized radioactivity increased with time, and after 8 h it was
27% of the cell-associated activity for both cell lines. The difference between BxPC-3 and
DU145 was not significant.
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Figure 5. Cellular association and internalization of [99mTc]Tc-ZHER3-ABD-mcDM1 in BxPC-3 (A) and
DU145 (B) cells. The cells, BxPC-3 and DU145, were subjected to continuous incubation with 0.1 nM
[99mTc]Tc-ZHER3-mcDM1 at 37 ◦C. The percent of total cell-associated radioactivity and internalized
radioactivity was measured and is plotted as a function of time. All values were normalized to
the highest value observed (which was set to 100%). The data points represent the average values
measured for three samples with error bars corresponding to 1 standard deviation. In some cases, the
error bars are smaller than the symbols, and are therefore not visible.

3.7. Affinity to BxPC-3 Cells

The affinities (equilibrium dissociation constants, KD values) of [99mTc]Tc-ZHER3-ABD-
mcDM1 and [99mTc]Tc-ZHER3-ABD-AA to HER3-expressing BxPC-3 cells were measured,
and the kinetic parameters of the interactions are shown in Table 3. The KD values of
[99mTc]Tc-ZHER3-ABD-mcDM1 and [99mTc]Tc-ZHER3-ABD-AA were in the sub-nanomolar
range. The control construct used in the in vivo experiments, [99mTc]Tc-(HE)3-ZHER3, was
also characterized. The KD value of that construct for BxPC-3 cells was stronger (0.04 nM)
compared to the values for [99mTc]Tc-ZHER3-ABD-mcDM1 and [99mTc]Tc-ZHER3-ABD-AA.
The interactions of the constructs and the HER3-binding mAb seribantumab with BxPC-3
cells was also investigated by flow cytometry. Both constructs and seribantumab were
found to bind to BxPC-3 cells (Figure S1).

Table 3. Kinetic parameters and equilibrium dissociation constants for the interaction between the
constructs and BxPC-3 cells.

Construct ka (1/Ms) a kd (1/s) KD (nM)

[99mTc]Tc-ZHER3-ABD-mcDM1 1.4 × 105 ± 0.1 × 105 3.0 × 10−5 ± 2.0 × 10−5 0.2 ± 0.1

[99mTc]Tc-ZHER3-ABD-AA 1.8 × 105 ± 0.1 × 105 4.0 × 10−5 ± 3.0 × 10−5 0.2 ± 0.1

[99mTc]Tc-(HE)3-ZHER3 3.0 × 105 ± 0.4 × 105 1.1 × 10−5 ± 0.1 × 10−5 0.04 ± 0.01
a Each value in the table is the average of three ([99mTc]Tc-ZHER3-ABD-mcDM1 and [99mTc]Tc-ZHER3-ABD-AA) or
two ([99mTc]Tc-(HE)3-ZHER3) independent experiments. The error corresponds to 1 standard deviation.

3.8. Biodistribution

The biodistribution of [99mTc]Tc-ZHER3-ABD-mcDM1 and [99mTc]Tc-ZHER3-ABD-AA
was studied in animals with xenografts derived from the BxPC-3 or DU145 cell lines,
both expressing HER3. As a control, xenografts derived from the RAMOS cell line were
used, which do not express HER3. The uptake of [99mTc]Tc-ZHER3-ABD-mcDM1 and
[99mTc]Tc-ZHER3-ABD-AA was significantly higher in the BxPC-3 xenografts than in the
RAMOS-derived xenografts at 24 h, indicating a specific binding of the constructs to HER3
in vivo (Figure 6). The uptake in the four DU145 xenografts at 24 h was higher than the
uptake in the four RAMOS xenografts, but the difference was not significant. Furthermore,
there was no significant difference in tumor uptake between [99mTc]Tc-ZHER3-ABD-mcDM1
and [99mTc]Tc-ZHER3-ABD-AA.
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Figure 6. In vivo tumor targeting. The uptake (expressed as %IA/g) of [99mTc]Tc-ZHER3-ABD-mcDM1
and [99mTc]Tc-ZHER3-ABD-AA was studied in mice carrying HER3-expressing BxPC-3 or DU145-
derived xenografts and in HER3-negative RAMOS-derived xenografts at 24 h pi. The mice (n = 4
animals/group) were injected with 20 μg of [99mTc]Tc-labeled constructs. * corresponds to significant
differences (p < 0.05).

The general biodistribution of [99mTc]Tc-ZHER3-ABD-mcDM1 and [99mTc]Tc-ZHER3-
ABD-AA in mice carrying BxPC-3 xenografts was also studied as a function of time (Figure 7,
Table S1). The results demonstrated an uptake in organs with the expression of mErbB3
(liver, lung, salivary gland, stomach, and small intestine) and an additionally elevated
uptake in the spleen. Considering all organs and the tumors, the uptake of [99mTc]Tc-
ZHER3-ABD-mcDM1 was significantly lower at 24 h pi compared with the uptake at 1 h
pi with the exceptions of the salivary gland, tumor, and GI tract. A similar pattern was
observed for animals injected with [99mTc]Tc-ZHER3-ABD-AA with the exception of salivary
gland, tumor, muscle, and GI tract. A comparison of the uptake of [99mTc]Tc-ZHER3-ABD-
mcDM1 and [99mTc]Tc-ZHER3-ABD-AA showed some differences. At both 1 h and 6 h pi,
the uptake in the liver of [99mTc]Tc-ZHER3-ABD-mcDM1 was significantly higher compared
with the hepatic uptake of [99mTc]Tc-ZHER3-ABD-AA. Moreover, at 1 and 6 h, the uptake
of [99mTc]Tc-ZHER3-ABD-mcDM1 in the small intestine was higher than the uptake of
[99mTc]Tc-ZHER3-ABD-AA. For the tumors, the uptake increased significantly from 1 h to
6 h pi, where it peaked with 6.3 ± 0.4% IA/g and 5.9 ± 0.2% IA/g, for [99mTc]Tc-ZHER3-
ABD-mcDM1 and [99mTc]Tc-ZHER3-ABD-AA, respectively.

As a control, the biodistribution of [99mTc]Tc-(HE)3-ZHER3 was studied at 1 h pi
(Table S2) This construct lacked both the half-life extending ABD domain, and the cy-
totoxic DM1 molecule. The uptake of [99mTc]Tc-(HE)3-ZHER3 was significantly lower than
the uptake of both [99mTc]Tc-ZHER3-ABD-mcDM1 and [99mTc]Tc-ZHER3-ABD-AA in most
organs, with the exception of the kidneys where the uptake was significantly higher.
Compared with [99mTc]Tc-(HE)3-ZHER3, both [99mTc]Tc-ZHER3-ABD-mcDM1 and [99mTc]Tc-
ZHER3-ABD-AA had a significant, 10-fold, higher concentration in blood at 1 h pi, showing
the impact of including the ABD in the constructs for an increased in vivo half-life. For both
ABD-containing constructs, a significant decrease in activity in the blood was observed
between the 1 h and 24 h time points. At 24 h the blood concentration of [99mTc]Tc-ZHER3-
ABD-mcDM1 was comparable to the concentration of [99mTc]Tc-(HE)3-ZHER3 at 1 h pi, and
was significantly lower than the blood concentration of [99mTc]Tc-ZHER3-ABD-AA, showing
a more rapid clearance of the construct with DM1.
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Figure 7. General biodistribution of [99mTc]Tc-ZHER3-ABD-mcDM1 and [99mTc]Tc-ZHER3-ABD-AA.
Analyses were performed at 1 h, 6 h, and 24 h pi in mice bearing BxPC-3-derived xenografts. The
bars represent the average of four mice. Data are presented as the uptake in different organs as a
percentage of the injected activity divided by the weight of the organ or tumor (%IA/g). The data
for the GI tract and body are presented as %IA per whole sample. Each mouse received an injection
of 20 μg of the [99mTc]Tc-labeled conjugates. * corresponds to statistically significant differences
(p < 0.05) between [99mTc]Tc-ZHER3-ABD-mcDM1 and [99mTc]Tc-ZHER3-ABD-AA for the same organ
at the same time-point. a corresponds to significant differences (p < 0.05) between the 1 and 6 h
time points. b corresponds to significant differences (p < 0.05) between the 6 h and 24 h time points.
c corresponds to significant differences (p < 0.05) between the 1 h and 24 h time points.

Furthermore, the biodistribution of [99mTc]Tc-ZHER3-ABD-mcDM1 and [99mTc]Tc-
ZHER3-ABD-AA was studied in mice carrying DU145-derived xenografts at 24 h pi (Table S3).
There was no significant difference in tumor uptake compared to the BxPC-3 model. More-
over, as expected, no difference in general biodistribution in normal organs was observed
between the two xenografts models.

4. Discussion

Targeted therapy directed to the human epidermal growth factor receptor 3 (HER3)
appears challenging due to its expression on several normal organs and relatively low
over-expression on tumor cells [18]. HER3-targeted therapies have been investigated in
both clinical and pre-clinical settings in several tumor types, but so far, no drugs have been
approved for clinical use. It is not clear if any of the currently investigated modalities will
reach the clinic and there is thus a need to also investigate other drug formats.

Here, a novel type of HER3-targeted drug candidate was constructed and studied,
ZHER3-ABD-mcDM1, an affibody–drug conjugate (AffiDC). It is a well-defined and rela-
tively small compound (Mw 14 kDa), consisting of a HER3-targeting affibody molecule,
an albumin-binding domain for in vivo half-life extension, and the highly potent cytotoxic
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drug DM1. Similar to several monoclonal antibodies (mAbs) directed against HER3, ZHER3
by itself has been found to be able to block the activation of the receptor by HRG. In an
earlier study by our group, experimental therapy with the ZHER3-ABD fusion protein led
to a cytostatic effect, delayed tumor growth, and prolonged survival in xenograft-bearing
mice, comparable to the therapeutic effect of the mAb seribantumab [43]. In the present
study, we found a decreased viability of the HER3-expressing pancreatic cancer cell line
BxPC-3 in the presence of increasing concentrations on the non-toxic control construct
ZHER3-ABD-AA (Figure 3), which may have been the result of the cytostatic effect observed
earlier. However, from comparing the effect of ZHER3-ABD-mcDM1 and ZHER3-ABD-AA
in Figure 3, it was evident that the main inhibitory effect on cell viability was delivered
through the cytotoxic drug DM1. It can therefore be concluded that ZHER3-ABD-mcDM1
has two modes of action, blocking the binding site of HRG and poisoning by DM1.

Monoclonal antibodies under pre-clinical and clinical development targeting HER3
usually deliver an antibody-dependent cell-mediated cytotoxicity (ADCC) effect, some-
times coupled with a blocking of the HRG-binding site and/or locking of the receptor
in a conformation that prevents its dimerization and signaling, and/or triggering inter-
nalization of HER3. A more recent strategy for HER3-targeted cancer therapy, which
inspired us to investigate the AffiDCs, is the antibody–drug conjugates (ADCs). These
compounds take advantage of the targeting ability of the mAb, as well as the therapeutic
effects described above for mAbs, and add the cytotoxic action of the attached drug. There
is currently one HER3-targeting ADC in clinical development, patritumab deruxtecan,
and it has shown promising results in a phase I/II trial [15]. Compared to patritumab
deruxtecan, ZHER3-ABD-mcDM1 is considerably smaller, and should thus penetrate solid
tumors more efficiently, possibly resulting in more efficient therapy [44,45]. These two
molecules also contain drugs with different toxic effects; patritumab deruxtecan inhibits
topoisomerase 1 activity, and ZHER3-ABD-mcDM1 prevents tubulin polymerization. There-
fore, it is possible that the two compounds could be used concomitantly for a synergistic
therapeutic effect with limited toxicity to healthy tissue, since they likely have differences
in their general biodistributions.

Engineered alternative scaffold proteins (ESPs) have been gaining attention as delivery
vehicles for different payloads, including cytotoxic drugs and radionuclides [20,46,47].
In addition to their smaller size, leading to a higher rate of tumor penetration [48], the
use of affibody molecules also allows for production in procaryotic hosts, resulting in a
comparatively low cost-of-goods compared to more advanced host cells [49]. Affibody
molecules have even been produced by peptide synthesis [50], which may further reduce
the cost in an industrial-scale manufacturing process.

During the biochemical evaluation of our novel AffiDC, the equilibrium dissociation
constants (KD values) for HER3 and murine ErbB3 were evaluated in a Biacore biosensor
and were found to differ by 10-fold at 37 ◦C, 11 nM, and 100 nM, respectively. It is therefore
possible that the on-target uptake in normal organs will be higher for a human subject than
for the mice investigated in this study. However, the conditions during the experiment
could only mimic the in vivo conditions. It is also interesting to note that the KD values
obtained at 25 ◦C for the two receptors were similar, with 6 nM and 5 nM for the human
and murine version, respectively. The results highlight the importance of performing
experiments as close to the relevant temperature as possible, 37 ◦C in this case.

Furthermore, the affinity of ZHER3-ABD-mcDM1 to the HER3-expressing BxPC-3
cells was stronger (KD 0.2 nM) than the measured affinity to the human receptor with
the biosensor (6 nM). It highlights the importance of studying interactions with several
methods to be able to draw robust conclusions about their performance. A comparison of
the affinity of ZHER3-ABD-mcDM1 and the non-toxic control ZHER3-ABD-AA to BxPC-3
cells showed the same strong affinity (KD 0.2 nM) in both cases. This strongly suggests that
the addition of DM1 to the C-terminus of the affibody carrier does not affect its binding
properties to HER3. This finding was corroborated by the biodistribution experiment where
the uptake of both constructs by the BxPC-3 and DU145 xenografts was similar.
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The biodistribution of [99mTc]Tc-ZHER3-ABD-mcDM1 and [99mTc]Tc-ZHER3-ABD-AA
was studied in tumor-bearing mice, with the measurement of the uptake in organs and
tissues as a function of time. Since HER3 is expressed on some normal organs and tissues,
it is important to note that ZHER3 is cross-reactive, and thus allows for an investigation
of both the on-target and off-target uptake, to be able to determine if future pre-clinical
and clinical testing is feasible. The results showed a striking difference in uptake by
HER3-positive and negative tumors. The uptake of [99mTc]Tc-ZHER3-ABD-mcDM1 was
10-fold higher in the HER3-positive xenografts derived from BxPC-3 cells, compared to
the HER3-negative xenografts derived from RAMOS cells. Moreover, the relatively high
kidney uptake of [99mTc]Tc-ZHER3-ABD-mcDM1, in combination with a relatively low
uptake in the liver suggests elimination mainly by the kidneys. The biodistribution pattern
for [99mTc]Tc-ZHER3-ABD-mcDM1 over time showed a significant decrease in uptake in
all normal organs, which in general terms, followed the activity concentration in blood
(Figure 7). There was a notable delay in the excretion of the activity for the kidney and liver
that could be explained by the degradation of the labeled construct and the elimination of
radiocatabolites in these organs, since the [99mTc]Tc(CO)3 label had residualizing properties.
This is in agreement with the constant activity uptake in the GI tract that was collected
together with its content, and overall reflects hepatobiliary excretion to some extent. For
the tumors, the activity instead accumulated over time, suggesting binding followed by
internalization. Such a pattern of tumor activity uptake is in a good agreement with the
in vitro data on the association and internalization of the constructs (Figure 5).

The uptake in the liver of [99mTc]Tc-ZHER3-ABD-mcDM1 was significantly higher than
the uptake of [99mTc]Tc-ZHER3-ABD-AA, at 1 h and 6 h, possibly due to the hydrophobic
character of the DM1 payload. An earlier study on an affibody–drug conjugate targeting
HER2 showed that the addition of three hydrophilic and negatively charged glutamic acids
next to the cysteine where DM1 was attached efficiently lowered liver accumulation [39].
In the present study, three glutamic acid residues were added in the same way to ZHER3-
ABD-mcDM1. It is possible that the uptake of ZHER3-ABD-mcDM1 in the liver would have
been higher without the glutamic acid residues.

Affibody-based drug conjugates targeting the HER2 receptor have been
studied [36,39,40,51]. Similar to those studies, the drug conjugate in this study was able to
deliver a strong cytotoxic effect to cells overexpressing the receptor, with an IC50 value of
7 nM to BxPC-3 cells. However, it was evident from the study on ZHER2-ABD-mcDM1 that
the cytotoxic potential varied among different cell lines, all having a very high expression
level of HER2 (AU565, SKBR3 and SKOV3), and that the strength of cell binding can only be
partially correlated to the cytotoxic effect. The IC50 value of ZHER2-ABD-mcDM1 towards
SKOV-3 cells was 33 nM, which was weaker than the IC50 value of ZHER3-ABD-mcDM1
towards BxPC-3 cells (7 nM). Since ZHER2-ABD-mcDM1 could efficiently eradicate SKOV3-
derived xenografts in mice, it is likely that ZHER3-ABD-mcDM1 might be effective in future
pre-clinical development, if the animals can tolerate a similar dosing scheme. The liver is
often a sensitive organ and may limit the maximum tolerated dose. Both constructs were
taken up in the liver to a relatively low extent, with 6% IA/g, 4 h after injection of 6 μg
ZHER2-ABD-mcDM1, compared to 9.7% IA/g, 6 h after the injection of 20 μg ZHER3-ABD-
mcDM1 (Figure 7, Table S1). The uptake in the tumors was similar with 4.2% IA/g and
6.3% IA/g for ZHER2-ABD-mcDM1 and ZHER3-ABD-mcDM1, respectively.

In conclusion, we generated a HER3-targeting affibody-based drug conjugate, ZHER3-
ABD-mcDM1, and extensively investigated its in vitro properties as well as determined its
biodistribution in tumor-bearing mice. The conjugate is a well-defined and robust molecule,
with potent cytotoxicity to HER3-overexpressing cells in vitro and with the ability to target
HER3-expressing human tumors in mice. The results hold promise for further pre-clinical
and clinical development.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/xxx/s1, Figure S1: Flow cytometry analysis of binding of ZHER3-ABD-mcDM1,
ZHER3-ABD-AA, and seribantumab to BxPC-3 55 cells; Table S1: Biodistribution of [99mTc]Tc-ZHER3-
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ABD-mcDM1, and [99mTc]Tc-ZHER3-ABD-AA in BxPC-3 xenograft bearing mice at 1 h, 6 h, and 24 h
pi; Table S2: Biodistribution of [99mTc]Tc-(HE)3-ZHER3 in BxPC-3 xenograft bearing mice at 1 h pi;
Table S3: Biodistribution of [99mTc]Tc-ZHER3-ABD-mcDM1 and [99mTc]Tc-ZHER3-ABD-AA in DU145
xenograft bearing mice at 24 h pi.
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Abstract: Microtubules are one of the major targets for anticancer drugs because of their role in
cell proliferation and migration. However, as anticancer drugs targeting microtubules have side
effects, including the death of normal cells, it is necessary to develop anticancer agents that can target
microtubules by specifically acting on cancer cells only. In this study, we identified chemicals that can
act as anticancer agents by specifically binding to acetylated microtubules, which are predominant in
triple-negative breast cancer (TNBC). The chemical compounds disrupted acetylated microtubule
lattices by interfering with microtubule access to alpha-tubulin acetyltransferase 1 (αTAT1), a major
acetyltransferase of microtubules, resulting in the increased apoptotic cell death of MDA-MB-231 cells
(a TNBC cell line) compared with other cells, such as MCF-10A and MCF-7, which lack microtubule
acetylation. Moreover, mouse xenograft experiments showed that treatment with the chemical
compounds markedly reduced tumor growth progression. Taken together, the newly identified
chemical compounds can be selective for acetylated microtubules and act as potential therapeutic
agents against microtubule acetylation enrichment in TNBC.

Keywords: microtubule acetylation; triple-negative breast cancer; anti-cancer agent; apoptosis

1. Introduction

Breast cancer is the most frequently diagnosed cancer, and approximately 13% of women will be
diagnosed with invasive breast cancer in their lifetime [1,2]. Breast cancer is a heterogeneous disease
composed of several well-recognized subtypes with different clinical and prognostic characteristics [3,4].
To classify the molecular subtypes of breast cancer, the status of estrogen receptor (ER), progesterone
receptor (PR), and human epidermal growth factor receptor 2 (HER2) has been considered [5], and
the discrimination of these subtypes is crucial for determining treatment options and selecting
anticancer agents.
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Triple-negative breast cancer (TNBC), characterized by the absence of ER, PR, and HER2,
represents approximately 15~20% of all breast cancers [6]; however, its metastasis and mortality are
significantly worse than those of other subtypes [7]. Although various anticancer therapeutic agents
that can target specific receptors in breast cancer have been developed [8], TNBC does not respond
to hormonal therapies that target HER2 and ER [9]. In order to overcome the limitations of TNBC
therapeutic options, platinum-based compounds, including cisplatin and carboplatin, have been used
in therapeutic trials for TNBC, in which they can effectively interfere with DNA replication and related
cellular processes [10–13]. In addition to the development and application of novel anticancer agents,
knowledge of specific TNBC characteristics will provide more options in the selection of therapeutic
trials. Therefore, it is crucial to identify therapeutic agents based on specific features for TNBC [14,15].
Microtubules are essential cytoskeletal components in eukaryotic cells, which are composed of α- and
β-tubulin heterodimers arranged in the form of filamentous tubes [16], and their polymerization
dynamics are firmly controlled spatially and temporally during cellular processes such as intracellular
transport and cell division [17,18]. Microtubule disruption reagents such as paclitaxel and Vinca
alkaloids have been successfully used as chemotherapeutic drugs against various cancers [19]; however,
they can act on normal cells in other tissues, causing serious side effects such as nervous system adverse
reactions [20] and abnormal changes in inflammatory cytokines in the plasma of cancer patients
during chemotherapy [21,22]. Therefore, the development of anticancer agents that specifically target
microtubules in cancer cells is required.

Microtubule dynamics and organization are mainly regulated through post-translational
modifications (PTMs), such as detyrosination [23], glutamylation [24], and acetylation [15]. In contrast
to other PTMs on the outer surface of polymerized microtubules, acetylation of the α-tubulin
luminal residue lysine 40 (K40), a residue exposed to the microtubule lumen, is a well-known
PTM [25,26]. In mammals, microtubule acetylation is an evolutionarily conserved modification
regulated by alpha-tubulin acetyltransferase 1 (αTAT1) [27] and deacetylases including HDAC6,
which is a NAD-independent deacetylase [28], and Sirt2, which is a NAD-dependent deacetylase [29].
Microtubule acetylation is considered as a hallmark of long-lived microtubules, which may be a
consequence of microtubule stability rather than a contributing factor [30], and it has been reported to
be involved in several biological processes related to microtubule flexibility [31], intracellular transport
through kinesin-1 regulation [32], and cilia formation [33]. Furthermore, the relationship between
microtubule acetylation and human diseases has revealed that the dysregulation of microtubule
acetylation may be associated with Charcot-Marie-Tooth disease [34], Alzheimer’s disease [35], and
heart diseases [36]. Studies have been conducted on cell mobility according to the characteristics
of microtubules [37], and some studies have focused on the relationship between microtubule
acetylation and cancer progression. We reported recently that acetylated microtubules are required
for TGF-β-induced cancer-associated fibroblast activation in breast cancer tissues [38], suggesting
that microtubule acetylation seems to be a prerequisite cellular factor for breast cancer progression
and that the downregulation of microtubule acetylation is important in breast cancer therapy. In this
regard, we attempted to screen small chemical inhibitors for interfering with microtubule acetylation.
The chemical inhibitors identified in this study showed the potential to inhibit αTAT1, a microtubule
acetyltransferase, resulting in the downregulation of microtubule acetylation. We also demonstrated
that the novel inhibitors successfully downregulated tumor growth in a mouse xenograft model.
Therefore, the newly identified inhibitors could function as therapeutic agents against TNBC by directly
inhibiting microtubule acetylation.
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2. Materials and Methods

2.1. Sample and Data Collection

Paraffin-embedded human breast cancer tissue samples and patient pathological data were
obtained from US Biomax, Inc., Derwood, MD, USA (BR10011). The Gwangju Institute of Science and
Technology (GIST) Institutional Review Board approved this study (20191128-BR-49-05-02, approved
on 28 November 2019).

2.2. Cell Culture

MDA-MB-231 cells were kindly provided by Dr. Jeong-Seok Nam (GIST, Gwangju, Korea) and
maintained in Dulbecco’s Modified Eagle’s Medium (high glucose; Gibco, Billings, MT, USA) containing
10% fetal bovine serum (FBS), 50 μg/mL streptomycin, and 50 units/mL penicillin. ZR-75-1, T47D,
HCC-1428, HCC-1419, and Hs578T were purchased from the Korean Cell Line Bank and maintained as
specified in the datasheet.

2.3. Generation of αTAT1 Knockout (KO) Cells via CRISPR-Cas9

αTAT1 KO using the CRISPR-Cas9 system was performed as previously described [39]. Annealed
sgRNA was cloned into the plasmid lentiCRISPR v2. For lentiviral production, the cloned
αTAT1-targeting vector, psPAX2, and pMD2.G were co-transfected with polyethylenimine into
HEK293T cells. After 48 h of incubation, the lentivirus produced from HEK293T cells was collected
in conditioned media (CM). MDA-MB-231 cells were infected with the lentivirus in the presence of
polybrene (8 μg/mL) for 48 h and selected with puromycin (1 μg/mL) for 2 weeks.

2.4. Chemical Library Screening

A ChemBridge chemical library (NM1117-1) containing 30,000 small synthetic compounds
dissolved in dimethyl sulfoxide (DMSO) as a 10 mM stock solution was used. Spin90-KO mouse
embryonic fibroblasts (MEFs) with consistently high expression of acetyl-α-tubulin [40] were cultured
in 96-well plates, treated with each chemical compound at 10 μM, stained with antibodies against
acetyl-α-tubulin (Sigma, St. Louis, MO, USA), and finally analyzed using an IX81 microscope. Selected
candidates were analyzed quantitatively by western blotting.

2.5. Western Blotting

Collected cells were lysed in radioimmunoprecipitation assay buffer (RIPA buffer) containing
50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% NP-40, 1% SDS, 0.25% sodium deoxycholate, 10 mM
NaF, 1 mM Na3VO4, and protease inhibitor cocktail (Roche, Switzerland). Primary antibodies against
acetyl-α-tubulin (Sigma), α-tubulin (Sigma), Cyclin Antibody Sampler Kit (Cell Signaling Technology,
Danvers, MA, USA), and Acetyl-Histone H3 Sampler Kit (Cell Signaling Technology, USA) were used.

2.6. Immunofluorescence Staining

To detect acetyl-α-tubulin expression after treatment with the compounds, MDA-MB-231 cells
treated with GM-90257 and GM-90631 were fixed with 4% paraformaldehyde in PBS and permeabilized
with 0.1% triton-X 100 in PBS. After blocking with 0.1% bovine serum albumin, the cells were stained
with primary antibodies against acetyl-α-tubulin (Sigma). To analyze the co-localization of αTAT1 and
α-tubulin, MDA-MB-231 cells transfected with Dsred2-αTAT1 were prepared in the same manner and
stained with primary antibodies against α-tubulin (Sigma). To stain the microtubule bundles shown,
soluble tubulin proteins were extracted by dipping into 0.1% Triton X-100 for 15 s before fixation. Cells
were fixed with ice-cold methanol at −20 ◦C for 5 min, after which the samples were treated with
blocking solution (0.1% bovine serum albumin in PBST) for 1 h. The cells were stained with primary
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antibodies against α-tubulin (Sigma). All fluorescence microscopy images were obtained using a
confocal microscope (FV1000; Olympus, Tokyo, Japan).

2.7. Soft Agar Colony Formation Assay

To confirm anchorage-independent cancer cell growth, a mixture of 1% agarose solution and
2× DMEM growth media (1:1 ratio) was dispensed into 6-well plates (1.5 mL per well) and allowed to
solidify at room temperature for 30 min. MDA-MB-231 cells (5 × 103 cells/well) were resuspended in
the growth media, mixed with 0.6% agar at 40 ◦C, and added to agar-coated 6-well plates. The plates
were incubated at room temperature for 30 min, and 300 μL of complete growth media with chemical
compounds was added to each well and incubated at 37 ◦C for 3 weeks.

2.8. Microtubule Polymerization Assay

Tubulin proteins purified from porcine brain (Cytoskeleton, Denver, CO, USA) were used for
in vitro microtubule polymerization assay. The tubulin proteins were adjusted to 3 mg/mL and
individually mixed with chemical compounds including paclitaxel, nocodazole, GM-90257, GM-90631,
and DMSO as a control. Then, the OD value at 340 nm was determined every 30 s during the
polymerization reaction at 37 ◦C for 1 h.

2.9. In Vitro Microtubule Acetylation Assay

Microtubules were purified from αTAT1 KO MDA-MB-231 cells. MTS buffer containing 80 mM
PIPES, 1 mM EGTA, 1 mM MgCl2, 40% glycerol, 1 mM PMSF, 1 mM Na3VO4, and 10 mM NaF 10 was
added to the cells for 20 min at 37 ◦C in an incubator. After scraping the cells in MTS buffer, paclitaxel
was added to a final concentration of 20 μM. Then, the solutions were homogenized three times with
a 25G syringe and incubated for 10 min at room temperature. The solutions were separated into
pellets and supernatants by centrifugation at 31,100 rpm using a Ti-70 rotor (Beckman Coulter, Brea,
CA, USA) for 30 min at room temperature. Pellets were re-suspended with MTS buffer containing
20 μM paclitaxel. Then, 1 mg/mL His-αTAT1, 1 μM acetyl-CoA, and microtubule acetylation inhibitors
(1 mM) were added and incubated for 30 min at 37 ◦C. SDS sample buffer (4×) was added to stop the
enzymatic activity of αTAT1, and SDS-PAGE followed by western blotting was performed.

2.10. Immunohistochemistry

Tumors harvested from the xenograft breast cancer mouse model were fixed in 10% formalin
and embedded in paraffin blocks. Paraffin sections were deparaffinized and rehydrated with ethanol.
Antigen retrieval was performed by heating in retrieval solution (IHC World, Woodstock, MD, USA) for
30 min. The following primary antibodies were used for staining: acetyl-α-tubulin (Abcam, Cambridge,
UK) and Ki67 (Sigma, St. Louis, MO, USA). Nuclear counterstaining was performed with Mayer’s
hematoxylin (Dako, Buffalo, NY, USA). Stained slide samples were scanned and analyzed using Aperio
ImageScope (Leica Biosystems, Wetzlar, Germany).

2.11. Annexin V-PI Apoptosis Assay

Apoptotic and dead cells (MCF-10A, MCF-7, and MDA-MB-231) with chemical compounds were
identified using an annexin V-PI apoptosis kit (BD Biosciences, San Jose, CA, USA). After 24 h of
incubation with the chemical compounds, the cells were harvested and stained by FITC-annexin V
and PI according to the manufacturer’s protocol. Stained cells were analyzed by flow cytometry
(BD Biosciences).
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2.12. Xenograft Tumor Inoculation

Female NOD/SCID mice (8~12 weeks) were used for the breast cancer xenograft model.
MDA-MB-231 cells (1 × 106 cells) mixed with Matrigel were injected into the left inguinal mammary fat
pad, and developed tumors were quantified with the following equation: (V = (L ×W2)/2, L; length,
W; width). Each chemical compound was intraperitoneally injected for 15 days (once every 2 days)
starting when the tumor reached 100 mm3. All experimental procedures with animals were performed
with the approval of the Animal Care and Ethics Committees of GIST (GIST-2017-003, approved on
7 March 2018).

2.13. Statistical Analysis

All experimental results were the average of three repetitions, and data were analyzed by
two-tailed Student’s t-test to confirm statistical significance between two groups (experimental and
control group). The bars in graphs are shown as the mean ± standard deviation (SD), and all p values
are two-sided. The data were regarded as statistically significant at p values less than 0.05: *, p ≤ 0.05;
**, p ≤ 0.01; ***, p ≤ 0.001.

3. Results

3.1. Acetylation of α-Tubulin on K40 for TNBC Progression

To determine the level of acetyl-α-tubulin in various types of breast cancer, we obtained tissue
microarray slides derived from human cancer patients and performed staining for acetyl-α-tubulin
(Figure 1A). Microarray samples were separated into two groups for analysis (a group with TNBC and
a group with other subtypes including ER-, PR-, and HER2-positive cases). The proportion of cases
with a high expression level of acetyl-α-tubulin was significantly higher in the group with TNBC than
in the group with other subtypes. We also quantitatively analyzed the expression of acetyl-α-tubulin in
various breast cancer cell lines. As shown in Figure 1B, the level of acetyl-α-tubulin was significantly
higher in TNBC cell lines including Hs578T, BT549, and MDA-MB-231 compared with other cell lines.

To investigate the role of acetyl-α-tubulin in TNBC, we generated a MDA-MB-231 cell line with
the KO of αTAT1, a major α-tubulin acetyltransferase [23], using the CRISPR-Cas9 system (Figure 1C)
and carried out anchorage-independent growth assays with mock and αTAT1 KO MDA-MB-231 cell
lines. In comparison with mock cells, αTAT1 KO MDA-MB-231 cells showed a significant reduction
in colony formation on soft agar (Figure 1D). Subsequently, xenograft experiments also showed that
αTAT1 deficiency in MDA-MB-231 cells markedly interrupted tumor growth (Figure 1E). Overall, these
results indicated that microtubule acetylation in TNBC may be related to cancer progression.

3.2. Screening and Optimization of Microtubule Acetylation Inhibitors

As inhibitors that directly interfere with microtubule acetylation have not been developed,
we attempted to identify chemical inhibitors capable of interfering with microtubule acetylation
by cell-based screening using a chemical compound library (~30,000 compounds; ChemBridge).
A total of 20 potential small chemical compounds, which were selected in the first screening,
were analyzed quantitatively by western blotting, and GM-90257 was identified as a hit molecule
(Figure 2A). GM-90257 was optimized by the introduction of various substituents at several positions
(data not shown), which identified GM-90568 and GM-90631 (HCl salt of GM-90568) as potential
compounds (Supplementary Materials Figure S1A). GM-90257 was synthesized as shown in Scheme 1.
The commercially available compound 1 was converted to α-bromoketone 2, which was coupled with
thiourea 3 to give GM-90257. GM-90568 and GM-90631 were synthesized according to Scheme 2.
2-Aminothiazole 5 was reacted withα-bromoketone 6 to obtain compound 7, followed by Friedel–Crafts
acylation with chloroacetyl chloride 8 to give compound 9. Compound 9 was cyclized with thiourea 3

to afford GM90631, which was basified by NaHCO3 to finally obtain GM-90568.

29



Biomedicines 2020, 8, 338

Figure 1. Inhibition of triple-negative breast cancer (TNBC) progression by blocking microtubule
acetylation. (A) Representative images showing acetyl-α-tubulin expression in various subtypes of
human breast cancer. Scale bar, 500 μm. The intensity was analyzed using Aperio Image Scope
software. (B) Expression of microtubule acetylation in breast cancer cell lines (upper panel) categorized
according to the subtype (lower panel). (C) Confirmation of acetyl-α-tubulin expression in alpha-tubulin
acetyltransferase 1 (αTAT1) Knockout (KO) MDA-MB-231 cell lysates. (D) Anchorage-independent
growth assays using αTAT1 KO MDA-MB-231 cells for 3 weeks. The number of colonies was quantified
using ImageJ software. Scale bar, 1 mm. ***, p ≤ 0.001. (E) Mock and αTAT1 KO MDA-MB-231 cells
were injected into the mammary fat pad of non-obese diabetic/severe combined immunodeficiency
(NOD/SCID) mice (n = 5, each). *, p ≤ 0.05; ***, p ≤ 0.001.
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Figure 2. Reduction of microtubule acetylation in TNBC cell lines by selected microtubule acetylation
inhibitors. (A) The expression of acetyl-α-tubulin in MDA-MB-231 and Hs578T cells treated with
microtubule acetylation inhibitors was examined by western blotting. (B) GM-90257 (500 nM) and
GM-90631 (50 nM) were added to MDA-MB-231 cells; one set of samples was harvested after 24 h of
incubation, and the media of the other set of samples was replaced with new growth media followed by
incubation for another 24 h. Western blotting for acetyl-α-tubulin was performed. (C) Confocal images
showing the microtubules (white) in MDA-MB-231 cells treated with GM-90257 and GM-90631. Soluble
tubulin in the cytoplasm was extracted before methanol fixation. After the washout of acetylation
inhibitors, the cells were harvested in a time-dependent manner. Scale bar, 50 μm.

Scheme 1. Synthesis scheme of GM-90257. Reagents and conditions: (a) bromine, acetic acid, reflux to
room temperature, overnight; (b) 1-(4-methoxyphenyl)thiourea, ethanol, reflux, 20 h.
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Scheme 2. Synthesis scheme of GM-90568 and GM-90631. Reagents and conditions:
(c) 1-bromobutan-2-one, ethanol, reflux, 18 h; (d) chloroacetyl chloride, 1,4-dioxane, 120 ◦C, 10 min;
(e) 1-(4-methoxyphenyl)thiourea, ethanol, reflux, 20 h; (f) aqueous NaHCO3, room temperature, 30 min.

All three chemical compounds effectively reduced the level of acetyl-α-tubulin in MDA-MB-231 and
Hs578T cells in a concentration-dependent manner. In particular, compared with GM-90257, GM-90568
and GM-90631 showed improved inhibitory effects (Figure 2A). The inhibition of acetyl-α-tubulin was
abrogated within 24 h after the removal of the compounds from the cells (Figure 2B); however, there
was no significant change in the level of histone H3 acetylation in the sample treated with GM-90631
(Supplementary Materials Figure S1B). Immunocytochemistry also showed that microtubule lattices
were restored in a time-dependent manner after the washout of the inhibitors (Figure 2C), indicating
that the inhibitors disrupted the microtubule structure. The expression of tubulin was not altered;
however, both acetylated-α-tubulin and stable microtubule bundles were greatly reduced based on
fluorescence microscopy (Supplementary Materials Figure S1C). Taken together, these results indicated
that all three compounds could directly inhibit microtubule acetylation without any other side effects.

3.3. Inhibitory Effects of Potential Inhibitors on the Interaction between α-Tubulin and αTAT1

In order to determine which proteins may interact with our chemical compounds to inhibit
microtubule acetylation, we used GalaxyWEB to predict ligand-protein interactions. First, we
performed docking simulation with the active site of HDAC6, Sirt2, and αTAT1, which are involved
in microtubule acetylation, to identify the target enzyme of potential inhibitors of microtubule
acetylation [23]. However, there was no significant ligand-protein docking model. Then, molecular
docking simulations were performed on α-tubulin to determine whether potential acetylation inhibitors
can directly bind to α-tubulin and inhibit acetylation on the K40 residue. Both the GM-90257 and
GM-90568 inhibitors were docked into an identical cleft and showed reasonable affinity. According to
the docking results, GM-90257 was stably bound by a hydrogen bond with Gln85 and surrounded
by a hydrophobic environment with various residues. GM-905680 formed a hydrogen bond with the
backbone of Ser38 and the side chain of Asp39 and was predicted to be surrounded by a hydrophobic
environment in the cleft, similar to GM-90257. When both inhibitors were bound to α-tubulin,
it appeared to reduce the flexibility of the loop with the acetylation site, resulting in the inhibition of
acetylation (Figure 3A). In particular, the binding affinity between GM-90568 and the K40 residue was
predicted to be much higher than that for GM-90257, which is consistent with the result of the previous
experiment as shown in Figure 2A.

As the predicted docking model between chemical compounds and α-tubulin prevented the
recruitment of αTAT1 to the K40 residue in α-tubulin, we examined the localization of DsRed-tagged
αTAT1 and α-tubulin with a fluorescence microscope in the presence of GM-90257 and GM-90631.
Figure 3B showed that the DsRed-αTAT1 signal was overlapped with that of the microtubule structure
in the mock-treated cells. However, in the presence of the inhibitors, DsRed-αTAT1 appeared as a
puncta structure around the cytosol. Interestingly, the microtubules appeared broken in the presence of
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the inhibitors (Figure 3B). Both inhibitors also attenuated microtubule acetylation, which was increased
by αTAT1 overexpression (Figure 3C). In vitro acetylation assay using the microtubules obtained from
αTAT1 KO cells confirmed that the inhibitors directly reduced microtubule acetylation (Figure 3D).

Figure 3. Prediction of the disruption of the interaction between microtubules andαTAT1 by microtubule
acetylation inhibitors. (A) Predicted molecular docking models between acetylation inhibitors and the
K40 residue inα-tubulin. Chemical-protein interactions and residues in the images were visualized using
PyMOL program, and the binding affinity was obtained from GalaxyWEB. Hydrogen bonds are indicated
by dashed red lines, and pale cyan sticks represent residues interacting with chemical compounds
in α-tubulin. (B) Overexpressed αTAT1 (red), α-tubulin (green), and nucleus (blue) in MDA-MB-231
cells were detected by immunofluorescence staining. Scale bar, 50 μm. (C) DsRed-αTAT1-expressed
MDA-MB-231 cell lysates were analyzed by western blotting. (D) Microtubules purified fromαTAT1 KO
MDA-MB-231 cells were incubated with His-αTAT1, acetyl-CoA, and one of the inhibitors (GM-90257,
GM-90568, and GM-90631; 0.5 and 1 mM) or DMSO as a control for 30 min at 37 ◦C. (E) In vitro
microtubule polymerization assay. DMSO was used as a vehicle control, and all reagents including
paclitaxel, nocodazole, GM-90257, and GM-90631 were used at the same concentration of 1 μM.
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To determine whether inhibitors can affect the rate of microtubule polymerization, we performed
in vitro microtubule polymerization assay using the inhibitors with other microtubule-disrupting
agents. Unlike paclitaxel or nocodazole, which are known to act directly on microtubule polymerization,
the polymerization rate of microtubules was not different in the presence of GM-90257 and GM-90631
compared with the control (DMSO) (Figure 3E). Taken together, these results indicated that the inhibitors
directly reduced microtubule acetylation by preventing the binding of αTAT1 to the microtubules.

3.4. Induction of the Apoptosis of TNBC Cells by GM-90257 and GM-90631

To clarify the functional effects of GM-90257 and GM-90631 in MDA-MB-231 cells, we performed
anchorage-independent growth assays for 2 weeks with the chemical compounds. Both compounds
significantly reduced the colony formation of MDA-MB-231 cells in a concentration-dependent
manner (Figure 4A).

Figure 4. Induction of the apoptosis of TNBC cells by microtubule acetylation inhibitors.
(A) Anchorage-independent growth assays using MDA-MB-231 cells treated with GM-90257 (500 and
1000 nM) and GM-90631 (50 and 100 nM) for 3 weeks. The number of colonies was quantified using
ImageJ software. Scale bar, 1 mm. *** p ≤ 0.001. (B) Confocal images showing microtubules (white) in
MCF-10A, MCF-7, and MDA-MB-231 cells after GM-90257 (500 nM) and GM-90631 (50 nM) treatment.
Scale bar, 50 μm. (C) MCF-10A, MCF-7, and MDA-MB-231 cells treated with GM-90257 (500 nM)
and GM-90631 (50 nM) and drug-eliminated MDA-MB-231 cells were double-stained with annexin
V and propidium iodide (PI) and analyzed by flow cytometry. The four populations of cells in the
quadrants moving clockwise are as follows: non-apoptotic dead cells (Q1), late apoptotic cells (Q2),
viable cells (Q3), and early apoptotic cells (Q4). (D) The expression levels of BCl-2, PARP, and cleaved
PARP in MDA-MB-231 cells treated with GM-90257 (500 nM) and GM-90631 (50 nM) were examined
by western blotting.
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The previous result showed that the chemical compounds inhibited microtubule acetylation
concomitant with the disruption of microtubule lattices (Figure 2C). Therefore, we examined whether
the inhibitors can disrupt microtubule lattices by acting specifically on acetylated microtubules.
Immunocytochemistry revealed that the microtubule structure in MDA-MB-231 cells was specifically
disrupted by the inhibitors (Figure 4B). The result demonstrated that the inhibitors could act exclusively
on acetylated microtubules considering the higher level of acetylated microtubules in untreated
MDA-MB-231 cells compared with untreated MCF-10A and MCF-7 cells.

As the inhibitors specifically disrupted the microtubule structure of MDA-MB-231 cells,
we investigated whether cell death caused by the inhibitors is also limited to MDA-MB-231 cells
through FACS analysis. As shown in Figure 4C, treatment of the MCF-10A and MCF-7 cells having a
low level of microtubule acetylation did not induce cell death; however, MDA-MB-231 cells showed
increased apoptotic cell death following inhibitor treatment. Apoptotic cell death induced by the
inhibitors was significantly reduced when the inhibitors were removed from MDA-MB-231 cells.
In addition, GM-90257 and GM-90631 activated poly ADP ribose polymerase (PARP) cleavage in
MDA-MB-231 cells but downregulated the anti-apoptotic protein, B-cell lymphoma (BCl-2) (Figure 4D).
Taken together, these results demonstrated that the inhibitors could act specifically on cells with a high
level of microtubule acetylation, leading to cell death through the disruption of microtubules.

3.5. Inhibition of TNBC Progression In Vivo by Blocking Microtubule Acetylation

To evaluate the anticancer effects of the inhibitors in vivo, we injected the inhibitors into tumors in
the mammary fat pad of NOD/SCID mice, which were generated from MDA-MB-231 cells. Preliminary
experiments to determine the effective concentration of GM-90257 and GM-90631 in vivo indicated
biocompatibility in the range of 10~50 mg/kg. GM-90257 had no anticancer effects at 10 mg/kg
in vivo, and mice administered with a dose of 50 mg/kg had a mortality rate of almost 50% when the
drug injection was maintained for 2 weeks (data not shown). Based on these results, we decided to
inject GM-90257 at 25 mg/kg. GM-90631, which was effective at a much lower concentration in vitro,
inhibited tumor formation even at 10 mg/kg. After the tumor volume reached 100 mm3 (average
of 2 weeks after the injection of cancer cells), the mice were intraperitoneally (i.p.) administered
GM-90257 and GM-90631 for 15 days; control mice were injected with DMSO once every 2 days
(Supplementary Materials Figure S2A). The growth of tumors was significantly reduced in mice injected
with GM-90257 and GM-90631 compared with mice injected with DMSO (Figure 5A), and there was
no difference in the average weight of mice during the treatment period (Supplementary Materials
Figure S2B). After treatment completion, tumors were separated from the mice, and the final tumor
volume and weight were markedly reduced in a concentration-dependent manner (Figure 5B and
Supplementary Materials Figure S2C). In addition, immunohistochemistry showed that the expression
levels of acetyl-α-tubulin and Ki67, a representative proliferation marker, in sectioned tumor tissues
were markedly decreased after treatment with GM-90257 and GM-90631 (Figure 5C).
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Figure 5. Inhibition of TNBC progression in vivo by GM-90257 and GM-90631. (A) MDA-MB-231
cells were injected into the mammary fat pads of NOD/SCID mice. The mice were randomly divided
into two groups: control (DMSO) and 25 mg/kg GM-90257 (n = 5 per group, left graph). Each drug
was intraperitoneally (i.p.) administered once every 2 days for 15 days. The right graph shows
the experimental results for GM-90631, and the mice were randomly divided into three groups:
control (DMSO), 10 mg/kg GM-90631, and 25 mg/kg GM-90631 (n = 5 per group). The graphs show
the tumor volume growth for 15 days, and the bars in the graphs indicate the standard deviation.
** p ≤ 0.01. (B) Harvested tumor weight. * p ≤ 0.05; *** p ≤ 0.001. (C) Immunohistochemical analysis of
acetyl-α-tubulin and Ki67 in sectioned, paraffin-embedded tumor tissues. Scale bar, 100 μm.

4. Discussion

Although TNBC usually affects younger patients, the overall five-year survival rate for TNBC is
around 77% versus 93% for other breast cancer types, and almost all women with metastatic TNBC
will ultimately die from their disease [41]. For these reasons, the development of effective targeted
therapeutic agents against TNBC has been actively conducted. In addition, studies have focused on
specific features found in TNBC considering that anticancer agent efficacy is often diverse due to the
molecular heterogeneity of TNBC with restricted treatment options [42]. For example, PARP inhibitors
and platinum salt drugs are one of the most powerful anticancer agents but show different effects
against TNBC depending on BRCA gene activation [43]. In order to address this problem, combined
treatments with BET inhibitors regulating BRCA genes have been proposed [43]. Some studies of
combined treatments using anticancer agents that can complement each other have been conducted.
Here, we attempted to investigate significant factors that could be novel molecular features of TNBC
and obtain a proof-of-principle for the development of novel agents against TNBC. In the study,
we demonstrated that microtubule acetylation was specifically increased in TNBC patient tissues and a
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TNBC cell line (MDA-MB-231), and the inhibition of microtubule acetylation in MDA-MB-231 cells by
newly developed chemical inhibitors markedly reduced cancer progression in vitro and in vivo.

Microtubule acetylation is known to act as a double-edged sword in cancer research and treatment.
The high expression HDAC6 has been suggested to promote the proliferation of lung adenocarcinoma
cells [44], and HDAC6 inhibitors have been considered as effective anticancer agents against non-small
cell lung cancer [45]. Moreover, another HDCA6 inhibitor, ACY-1215, could enhance anticancer activity
against colorectal cancer [46]. On the other hand, the expression of microtubule acetylation is closely
associated with several cancers. Acetyl-α-tubulin is considered as a prognostic marker of squamous
cell carcinoma of the head and neck especially in metastatic cases [47]. As mentioned previously,
microtubule acetylation is enhanced in metastatic breast cancer (especially in basal-like breast cancer
types), promotes the formation of microtentacles (which are microtubule-based membrane protrusions),
and contributes to cell migration [48]. As basal-like breast cancer frequently overlaps with the TNBC
subtype, it provides strong supportive evidence for TNBC.

Although GM-90257, GM-90568, and GM-90631 are not direct inhibitors of the αTAT1 active site,
they can be considered as competitive inhibitors as they inhibit αTAT1 from binding to the microtubules
(Figure 3). Chemical compounds with a molecular weight of less than 900 Da are defined as small
molecules, and over 100 small chemical compounds have been approved as oncology drugs by the FDA
to date [49]. All of the three compounds identified in this study have a molecular weight of less than
900 Da; thus, they can be classified as small compounds (GM-90257: 342.4 Da; GM-90568: 356.4 Da;
GM-90631: 392.9 Da). The biggest advantage of small compounds is that they can rapidly diffuse across
cell membranes and localize in intracellular spaces easily. When TNBC cells were directly treated with
our compounds, both microtubule acetylation and cancer cell proliferation were effectively inhibited.
In addition, it was confirmed that the chemical backbone structure of GM-90568 and GM-90631 has a
much higher binding affinity with microtubules (GM-90257: -16.452; GM-90568, GM-90631: -21.217);
thus, they function effectively at lower concentrations. Furthermore, the results of in vivo experiments
were statistically significant. Most small-molecule anticancer drugs currently in clinical use lack tumor
selectivity and have various toxic side effects [50]. Based on the in vitro and in vivo results, the selected
chemical compounds demonstrated potential as anticancer agents against TNBC.

Microtubules are cytoskeletal proteins, which play an essential role in cell survival, and they have
attracted interest as a target in early anticancer drug development [22]. Microtubules consist of the α, β,
γ, δ, and ε families of tubulins; tubulinsγ, δ, and ε are typically located in the centrosome [51], andα- and
β-tubulins are the main building blocks of microtubules. Established microtubule-targeting agents
(MTAs) can be divided into two groups: stabilizers and destabilizers [19]. Paclitaxel and nocodazole,
which were used in the in vitro microtubule polymerization assay (Figure 3E), are representative MTAs.
Paclitaxel binds to the second globular domain of β-tubulins and stabilizes tubulin dimers without GTP
binding, and nocodazole induces microtubule destabilization and disrupts mitotic spindles by binding
to β-tubulins [52]. Similar to paclitaxel and nocodazole, acetylation inhibitors are thought to function
by directly binding to microtubules. The microtubule bundles in MDA-MB-231 cells were reduced
after treatment with inhibitors of α-tubulin acetylation, similar to the effect of destabilizing agents
(Figure 4B). As microtubule acetylation plays a key role in maintaining long-lived microtubules [15],
microtubule bundles would not be maintained when acetylation is inhibited in cells with constitutive
acetyl-α-tubulin expression, such as MDA-MB-231 cells. The findings indicated that normal cells,
or other carcinoma cells, which do not express acetyl-α-tubulin constitutively, would show a weaker
response compared with that of acetyl-α-tubulin-expressing TNBC cells. Although it is not known why
the microtubules in MCF-10A or MCF-7 cells were resistant to acetylation inhibitor treatment, other
PTMs may participate in microtubule bundle formation in MCF-10A and MCF-7 cells. Therefore, the
tested acetylation inhibitors might not significantly cause microtubule bundle disruption in MCF-10A
and MCF-7 cells. Furthermore, there were significantly less apoptotic MCF-10A and MCF-7 cells than
apoptotic MDA-MB-231 cells when the cells were treated with microtubule acetylation inhibitors at the
same concentration (Figure 4C).
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Thus far, both microtubule stabilizers and destabilizers are known to act as anticancer agents
by regulating cell cycle events, such as mitosis. At a high concentration, stabilizers inhibit the
depolymerization or destabilization of microtubules, thus, inducing gap 2 phase (G2)/mitosis(M) arrest,
which would result in growth inhibition and cell death [53]. On the other hand, a high concentration
of Vinca alkaloids (powerful destabilizers) promotes microtubule depolymerization, leaving the cancer
cells blocked in mitosis with condensed chromosomes due to mitotic spindle degradation [54]. In our
study, a high concentration of microtubule acetylation inhibitors was used (1 μM for GM-90257
and 100 nM for GM-90631), and after 12 h, it was observed that the cells were rounded for around
48 h (data not shown). However, in the case of αTAT1 KO MDA-MB-231 cells, where microtubule
acetylation is not constitutive, the duration of proliferation was longer compared with that of mock
MDA-MB-231 cells in a soft environment or in vivo (Figure 1). In addition, there was no critical defect
in cell proliferation when normal breast cells (MCF-10A) and luminal-subtype breast cancer cells
(MCF-7) were treated with microtubule acetylation inhibitors. Based on our experimental results,
it is likely that the induction of apoptosis by microtubule acetylation inhibitors does not occur by
merely blocking the cell cycle, and there might be unknown molecular mechanisms that contribute to
apoptosis through the regulation of microtubule acetylation. In the case of MTAs, a different effect was
observed at a low concentration compared with a high concentration; for example, when paclitaxel was
added at a low concentration, it arrested cells in the G1 phase but not the M phase and inhibited cancer
proliferation by increasing p53 and p21 expression levels [55]. A notable result of this study is that
BCl-2 was significantly inhibited after treatment with microtubule acetylation inhibitors (Figure 4D).
BCl-2 is one of the potent anti-apoptotic proteins in cells. BCl-2 family members are often amplified
during carcinogenesis, and it may also cause MTA resistance; thus, BCl-2 regulation may be necessary
to improve sensitivity to MTAs [56]. BCl-2 expression regulation by microtubule acetylation inhibitors
should be explored in subsequent studies; nevertheless, it is expected that there would be no resistance
problem with the effective inhibition of BCl-2 expression. Moreover, microtubule disruption is known
to effectively reduce anticancer drug resistance caused by the long-term administration of Taxol [57].
In this study, treatment with microtubule acetylation inhibitors showed that microtubule bundles were
disrupted in acetylation-enriched cells; thus, they could be used in combination therapy under the
appropriate conditions.

5. Conclusions

It was confirmed that microtubule acetylation was specifically increased in TNBC compared with
other subtypes of breast cancer through the analysis of tissue microarray slides derived from breast
cancer patients and human breast cancer cell lines. In addition, the disruption of acetyl-α-tubulin
by αTAT1 KO significantly reduced cancer progression in vitro and in vivo. We identified three
chemical compounds (GM-90257, GM-90568, and GM-90631) that could effectively inhibit microtubule
acetylation. Through molecular docking simulation analysis, all three small chemical compounds
were found to bind directly to α-tubulin and prevent the recruitment of αTAT1 to the K40 residue in
α-tubulin. In addition, treatment with these chemical inhibitors attenuated tumor growth in vivo and
caused the apoptosis of MDA-MB-231 cells (TNBC cells) with weaker effects on MCF-10A or MCF-7
cells, which have a relatively low level of microtubule acetylation. Overall, we demonstrated the
potential of the microtubule acetylation inhibitors GM-90257, GM-90568, and GM-90631 as targeted
therapeutic agents against microtubule acetylation enrichment in TNBC.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9059/8/9/338/s1,
Figure S1: (A) Schematic flowchart for small chemical compound screening. (B) Acetyl-histone-H3 and total H3
expression in MDA-MB-231 cell lysates treated with GM-90631. (C) Fluorescence microscopy images showing
microtubule bundles or β-tubulin and acetyl-α-tubulin in MDA-MB-231 cells after treatment with GM-90257
(500 nM) and GM-90631 (50 nM); Figure S2: (A) Photographs of mice after treatment with 25 mg/kg GM-90257
for 15 days. (B) The weight of mice showed no significant changes during treatment with GM-90257 (top) and
GM-90631 (bottom). (C) Photographs of harvested tumors at the end of drug administration.
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Abstract: Cancer cell invasion is a precondition for tumour metastasis and represents one of the most
devastating characteristics of cancer. The development of drugs targeting cell migration, known as
migrastatics, may improve the treatment of highly invasive tumours such as glioblastoma (GBM). In
this study, investigations into the role of the cell adhesion protein Cellular communication network
factor 1 (CCN1, also known as CYR61) in GBM cell migration uncovered a drug resistance mechanism
adopted by cells when treated with the small molecule inhibitor CCG-1423. This inhibitor binds
to importin α/β inhibiting the nuclear translocation of the transcriptional co-activator MKL1, thus
preventing downstream effects including migration. Despite this reported role as an inhibitor of cell
migration, we found that CCG-1423 treatment did not inhibit GBM cell migration. However, we could
observe cells now migrating by mesenchymal–amoeboid transition (MAT). Furthermore, we present
evidence that CCN1 plays a critical role in the progression of GBM with increased expression in
higher-grade tumours and matched blood samples. These findings support a potential role for CCN1
as a biomarker for the monitoring and potentially early prediction of GBM recurrence, therefore as
such could help to improve treatment of and increase survival rates of this devastating disease.

Keywords: migration; invasion; glioblastoma; CCN1; mesenchymal–amoeboid transition; biomarker

1. Introduction

Localisation and the invasive behaviour of the most aggressive form of gliomas,
glioblastoma (GBM), contributes to the challenge in treating brain tumour patients, in fact,
there is currently no curative approach available. Recent trends in GBM research aim to
provide a better understanding of the molecular pathology and genomic landscape of GBM,
which will enable tailored therapeutic approaches. Though much progress has been made
in cancer treatments in general, substantial challenges remain for GBM treatment including
tumour location, relapse, tumour heterogeneity and drug resistance. The current standard
of care consists of surgical resection followed by radiotherapy and adjuvant chemotherapy
with temozolomide [1]. Unfortunately, despite these therapeutical approaches, nearly
all patients will develop a recurrent tumour and treatment options become limited to
palliative care [2]. It is known, that the cell adhesion protein CCN1 (also known as cysteine-
rich angiogenic inducer 61 or CYR61) stimulates mesenchymal migration in fibroblasts,
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endothelial cells, smooth muscle cells and some types of cancer cells [3]. Studies have
also shown that CCN1 is associated with cancer progression and invasion [4,5]. The
tight association between CCN1, the extracellular matrix (ECM), and the cell surface
stimulates adhesive signalling and supports cell adhesion [3]. This results in the formation
of focal adhesions and activation of focal adhesion kinase (FAK); paxillin and Rac are
induced leading to reorganisation of the actin cytoskeleton and lamellipodia and filopodia
formation [6–8].

In tumour progression, CCN1 has been shown to promote invasion, angiogenesis,
cell proliferation, cell survival and metastasis [3]. Silencing CCN1 expression in vitro
leads to loss of invasion [9]. In addition, in immunodeficient mice implanted with human
gastric, naturally CCN1 deficient, adenocarcinoma cells induced expression of the CCN1
cDNA is an effective promoter of angiogenesis, concomitant with tumour vascularisation
and growth [10,11]. CCN1 is highly expressed in primary gliomas, as well as in high-
grade glioma cell lines [12]. High expression levels were also observed in the astrocytoma
cell lines U87, U373 and T98G and only low expression levels in the less invasive U343
cell line. Forced expression of CCN1 in U343 cells increased proliferation, angiogenesis
and tumorigenicity in vivo. U343 cells overexpressing CCN1 migrated more readily and
produced larger, more vascularised tumours in nude mice [12].

Here, we used the small molecule inhibitor CCG-1423 to investigate the effects of CCN1
on cell migration in GBM cell lines. CCG-1423 blocks the production of CCN1. It binds to
MKL1, preventing its nuclear import and therefore activation of MKL1/SRF-dependent
transcription and CCN1 production [13]. Contrary to other studies, our in vitro results did
not show CCG-1423 to have an anti-migratory effect as previously suggested [13,14]. In a
recent publication, using iSIM microscopy to analyse cell morphology during migration
we could show that GBM cells can respond to CCG-1423 treatment by switching their
migratory mode [15]. Therefore, since our previous study indicated that CCN1 is required
for mesenchymal migration, we hypothesise that glioma cells can overcome the anti-
migratory drug treatment by inducing a mesenchymal–amoeboid transition (MAT) for
continued migration and invasion. We also present clear evidence that CCN1 has a pivotal
role in the progression of GBM, as we present evidence that its increased expression in
higher grade tumours is correlated with higher concentrations in patient blood. This could
provide a valuable molecular marker for the characterisation, progression, and possibly
early detection of GBM. Furthermore, we present evidence that the cellular phenomenon of
MAT is in fact being utilised by cancer cells as a drug resistance mechanism. This enables
the cells to ‘side-step’ the action of drugs that only target one type of migration, allowing
continued spread and invasion.

2. Materials and Methods

2.1. Cell Culture

The glioma cell lines U87 (U-87MG, RRID:CVCL_0022) and U251 (U-251MG, RRID:
CVCL_0021) were obtained from ATCC and ECACC. U87-NT cell lines were created to
stably express a GFP control construct, a kind gift from Dr Chiara Galloni (University
of Leeds). The primary human oligodendroglioma cell line HOG (RRID:CVCL_D276)
(gifted by Diane Jaworski, University of Vermont) and adult glioma cell line G44 [16],
the murine glioma cell line GL261 (RRID:CVCL_Y003) and the rat glioma cell line CNS1
(RRID:CVCL_5276) were all maintained and grown in the Neurosurgery department at
Harvard Medical School, Brigham and Women’s Hospital. U251, U87, GL261 and CNS1
cell lines were grown in Dulbecco’s Modified Eagle’s Medium (Sigma, Poole, Dorset, UK)
with 10% heat-inactivated foetal calf serum (Sigma, Poole, Dorset, UK) and 0.5% penicillin-
streptomycin (Sigma, Poole, Dorset, UK) (complete medium) and cultured in a Sanyo CO2
incubator at 37 ◦C in a humidified atmosphere of 5% CO2 (in air).

HOG and G44 were grown as neurospheres suspended in neurobasal medium (Ther-
moFisher, Altrincham, UK) containing B27 supplement, 0.5% penicillin-streptomycin (Ther-
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moFisher, Altrincham, UK), glutamine (ThermoFisher, Altrincham, UK), EGF and FGF
(ThermoFisher, Altrincham, UK).

All human cell lines were recently authenticated using short tandem repeat profiling
by the University of Leeds and Harvard Medical School (July 2021), and all experiments
were performed with mycoplasma-free cells.

2.2. Tissue Microarray (TMA) Staining

A commercially available brain cancer tissue microarray (TMA) (Biomax BS17015a, Der-
wood, MD 20855, USA) including 63 cases/cores was stained for CCN1. The 63 cores included
38 astrocytoma grades 1–3, 14 GBM, 6 oligodendroglioma, 1 ependymoma, 1 medulloblastoma,
3 cases of cancer adjacent brain tissue (negative control) and 1 pheochromocytoma (adrenal
gland tumour, positive control). Because of the small sample size of the ependymoma
and medulloblastoma, these were not included in the data analysis. The TMA slide was
dewaxed and underwent antigen retrieval and staining with the primary antibody anti-
CYR61/CCN1 Rb (Abcam, Cambridge, UK) at 1:250 following the protocol described by
Cheng et al. [17]. The slide was analysed by calculating and combining two sub-scores for
the CCN1 staining: staining intensity and percentage of core stained. Staining intensity was
scored out of 3 with 0 being no staining and 3 being strong staining. Percentage of staining
was scored out of 4 with 0 being 0% stained, 1 being 1–25% stained, 2 being 26–50% stained,
3 being 51–75% stained and 4 being 75%+ stained. Thus, the final maximum combined
score is 7.

2.3. Immunohistochemistry (IHC) of Patient Samples

Patient GBM samples were collected, processed and stored by the Leeds Multidisci-
plinary Routine Tissue Banking (RTB) service, obtained from GBM patients undergoing
surgery at the Leeds General Infirmary (ethical approval no. RTB 15/YH/0080). Tumour
tissues were embedded in paraffin wax, sectioned on a microtome (Leica Biosystems,
Newcastle Upon Tyne, UK) at 8 μm and dried on glass microslides for 24 h. The slides
were deparaffinized and rehydrated following standard procedures, then dewaxed by
2× 1-min washes in xylene (Sigma, Poole, Dorset, UK), followed by 2× 1 min washes in
ethanol (Sigma, Poole, Dorset, UK) and 3× 1 min washes in water. Antigen retrieval was
performed using Tris EDTA, pH 9 (Abcam, Cambridge, UK) in a pressure cooker for 2 min.
The primary antibody anti-CYR61/CCN1 rabbit polyclonal (Abcam, Cambridge, UK) was
used at a concentration of 1:250. A secondary antibody (anti-rabbit IgG HRP polymer
(ready to use, Vector, 2BScientific, Upper Heyford, UK)) was used for signal amplification
and DAB (Abcam, Cambridge, UK) reaction (10 min) was used for signal detection. Slide
analysis was carried out by calculating and combining two scores for the CCN1 staining
as described above for TMA analysis. The samples were randomised prior to scoring to
prevent bias.

2.4. Enzyme-Linked Immunosorbent Assay (ELISA)

GBM patient blood samples matched to tumour samples were collected, processed
and stored by the Leeds Multidisciplinary Routine Tissue Banking (RTB) service from GBM
patients undergoing surgery at the Leeds General Infirmary (ethical approval no. RTB
15/YH/0080). A commercially available Human CYR61/CCN1 Quantikine ELISA kit
(R&D Systems, Abingdon, UK) was used for the solid-phase sandwich ELISA for CCN1.
The ELISA was carried out following the manufacturer’s instructions, using 100 μL of assay
diluent per well, followed by 50 μL of patient blood serum in duplicate, control blood
serum (from healthy donors), or standard supplied in the kit. After the final incubation
step the plate was immediately read out on a plate reader at 540 nm (ThermoFisher,
Altrincham, UK).

For determination of CCN1 secretion from established cell lines, the same ELISA kit
was used. U251 and U87 cells were split to a density of 2 × 103 into 6-well plates (Costar,
Corning Lifesciences, New York, NY, USA) and incubated for 24 h at 37 ◦C. Following
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incubation, the media was removed and replaced with 2 mL of complete medium (control
+ DMSO only) or medium with 500 nM of CCG-1423 (originally resuspended in DMSO)
(Tocris, Bristol, UK). The cell supernatants were collected at 24, 48 and 72-h time points. For
the ELISA, three wells per time point per cell line and 8 for the standard curve were set up
and 100 μL of assay diluent was added to each well, followed by 50 μL of cell supernatant,
control or standard. The same protocol as for the blood samples was followed.

2.5. Live Cell Imaging

U251 and U87 cells were adjusted to a density of 1.5 × 103/mL in complete medium.
100 μL of either cell suspension was pipetted into each well of a flat bottomed 96 well
plate (half a plate per cell line). Cells were allowed to settle for 24 h at 37 ◦C (humidified
atmosphere with 5% CO2). For the experiments, 100 μL of complete medium containing
either DMSO (control) or inhibitor diluted in DMSO (20 mM lithium chloride (LiCl), 5 μM
6-bromo-indirubin-3′-oxime (BIO), Selleckchem, Cambridge, UK), 500 nM CCG-1423, all
diluted in DMSO) was added. Live cell time-lapse imaging using the IncuCyte Zoom
System (Essen BioScience, Royston, UK) started immediately after drug application for
72 h at 37 ◦C (humidified atmosphere with 5% CO2). Movies were generated using the
IncuCyte Zoom System software. For analysis and quantification, cell motility was tracked
and measured with the MTrackJ plugin for ImageJ ( Rasband, W.S., ImageJ, U.S. National
Institutes of Health, Bethesda, MA, USA, https://imagej.nih.gov/ij/, 1997–2018, accessed
on 14 December 2021). Migration distance was determined as the accumulated total
migration distance over the given time. Displacement as the length of the vector from start
to end-point of measured migration was calculated to give an indication of directionality
of movement.

2.6. Immunofluorescence (IF) and Analysis of MKL1 Intracellular Distribution

U251 cells were cultured from a density of 2 × 103 on sterile 25 × 25 coverslips in
6 well plates (Costar, Corning Lifesciences, New York, NY, USA) allowed to settle for 24 h
at 37 ◦C. Cell culture media was replaced with 2 ml of complete medium with DMSO
(control) or medium with 500 nM of CCG-1423 (originally resuspended in DMSO, Tocris,
Bristol, UK). Cells were incubated for a further 48 h with control/inhibitor medium at
37 ◦C. The cells were then fixed using 4% PFA (Thermo Scientific, Altrincham, UK) and
blocked for 1 h using 5% normal goat serum (Abcam, Cambridge, UK). The cells were then
labelled for MKL1 (anti-MKL1, made in Rb, Abcam, 1:100 in blocking solution, Cambridge,
UK) and incubated for 24 h at 4 ◦C. After 3 PBS washes and incubation for 1 h with
the secondary antibody (anti-rabbit AlexaFluor 488 (Abcam, Cambridge, UK), 1:500) the
cells were washed again 3 times in PBS and mounted on glass microslides using Mowiol
containing DAPI nucleus stain (Sigma, Poole, Dorset, UK). Samples were imaged on a
Zeiss LSM880 inverted confocal microscope (Zeiss, Birmingham, UK) and resulting images
were analysed in ImageJ, as follows: Threshold images were created using standard ImageJ
settings for the DAPI and 488 channel separately. These were used to create ROIs outlining
the nucleus (DAPI channel) or the respective (single) cell (488 channel). These ROIs were
then used to calculate the mean grey values of MKL1 fluorescence in the cytoplasm (ROI
cell minus nucleus) and nucleus (ROI nucleus).

2.7. Western Blots

Cell lysates were obtained from cells grown in 25 cm2 plastic tissue culture flasks
(Corning) treated with 500 nM of CCG-1423 (Tocris, Bristol, UK) for 24, 48 and 72 h, respec-
tively. Cell culture vessels were placed on ice and cell cultures were washed twice with
ice-cold PBS. Cells were collected and pelleted at 400× g for 5 min. PBS was removed and
the cell pellet was resuspended in 0.5 mL of Tris-HCl lysis buffer, containing 25 μL/mL
protease inhibitor (Sigma, Poole, Dorset, UK) and incubated on ice for 5 min. For cytoplas-
mic separation, the solution was centrifuged at 400× g for 10 min. Supernatants containing
the cytoplasmic extract were collected and transferred into clean tubes. The protein con-
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centration of each cell lysate was determined by Bradford protein assay (BioRad, Watford,
UK). For Western blotting, proteins were separated by SDS-PAGE and transferred to PVDF
membranes (BioRad, Watford, UK). Antibodies used for immuno labelling of Western
blots were rabbit anti-MKL1 (1:300, Abcam, Cambridge, UK) and HRP-conjugated donkey
anti-rabbit IgG (1:1000, GE Healthcare, Chalfont Saint Giles, UK). Proteins were detected by
SuperSignal West Femto maximum sensitivity substrate (ThermoFisher, Altrincham, UK),
according to the provided protocol and visualised using a ChemiDoc MP imaging system
(BioRad, Watford, UK) and associated Image Lab software (BioRad, Watford, UK). Protein
band intensity was analysed using ImageJ software and normalised to the corresponding
β-actin control.

2.8. 3D Spheroid Generation and Invasion Assay

U87-NT cells were seeded at 3 × 103/well in low adherence 96 well plates (Ther-
moFisher, Altrincham, UK) as previously described [14]. Three days after seeding, spheroids
contained within the wells were embedded in rat tail collagen V (Corning Life Science,
Glendale, AZ 85301, USA), polymerisation was achieved with 1 M NaOH. The inhibitors
CCG-1423 and Rhosin-HCl (Tocris, Bristol, UK) were resuspended in DMSO and added at
a predetermined anti-migratory concentration (CCG-1423: 500 nM, Rhosin: 1 μM). Control
spheroids were mock-treated with DMSO-supplemented medium only. Spheroids were
allowed to grow for 72 h in collagen, fixed with 4% PFA and labelled with Phalloidin-TRITC
(ThermoFisher, Altrincham, UK) in their collagen plugs. Image z-stacks of spheroids were
acquired on a Zeiss 880 LSM confocal microscope (Zeiss, Birmingham, UK) with an EC
plan-neofluar 10× objective. For analysis maximum projections of the z-stacks were used.
The resulting grey-scale images were inverted and using the free-hand selection tool in
ImageJ, the outline of the spheroid as well as of the gaps between migration cells were
drawn and the area measured (for illustration see Supplement Figure S2).

2.9. Data Analysis

For all experiments, quantified data were statistically analysed using RStudio 1.4.1106
(RStudio Inc., Boston, MA, USA) using the R packages ggplot2, tidyverse, ggbeeswarm,
rstatix, and ggpubr. Data were tested for normality using the Shapiro Wilk test. Accordingly,
ANOVA with Tukey post hoc test or t-test for normally distributed data, otherwise Kruskal–
Wallis with post hoc Dunn test, or Wilcoxon–Mann–Whitney-test were performed. Used
scripts are available on request. p-values < 0.05 were considered statistically significant.

3. Results

3.1. CCN1 Expression Correlates with Tumour Grades in Patient Tissues

To obtain an overview of CCN1 expression in different types and grades of brain
tumours, we employed a commercially available TMA assay. In general, cytoplasmic, and
membranous CCN1 staining was visible in tumour cells, with strong staining in elongated
cells and cells in close proximity to blood vessels (data not shown), suggesting a correlation
between CCN1 and invasive cell migration. The clinical characteristics associated with the
samples, i.e., age, sex, and tumour grade, are summarised in a table in Figure 1A. Samples
were dichotomised into low and high CCN1 expression with low scoring samples having
a score of 3 or less and high scoring samples having a score of 4 or more. High CCN1
expression correlated with high astrocytoma grade (e.g., 50% astrocytoma grade 4 samples
were scored 4 or higher), while low CCN1 expression was observed within low astrocytoma
grades. Quantification and comparison of the different brain tumour types revealed a clear
correlation of high CCN1 expression with GBM (tumour grade 4) that was significantly
different from the negative control and low-grade astrocytoma (Figure 1B).
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Figure 1. CCN1 expression in patient samples. (A) Combined scoring of CCN1 staining strength
and percentage of the core covered on a TMA containing astrocytomas grade 1–2, GBM, oligoden-
droglioma, cancer adjacent brain tissue as a control and an adrenal core as a positive control. (B) The
clinical characteristics of the TMA astrocytoma samples. The results reveal associations of CCN1
expression levels with tumour grade. 86 % of the samples with low CCN1 expression are grade 2
astrocytomas, whilst 50% of the samples with high CCN1 expression are grade 4 astrocytomas (GBM).
There were no associations of CCN1 levels with age or sex. (C) Combined scores of CCN1 staining
intensity and percentage of staining covering the samples collected from 9 GBM patients during
surgery. Recurrent tumour samples were also collected for patients 30 and 63 (30R and 63R). Samples
of the core and edge of the tumour were collected for patients 30, 40, 52 and 58. Patient 30 also had a
sample of cancer adjacent tissue collected. (D) CCN1 concentration in 9 patient blood serum samples.
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Blood samples from patient no. 30 and 63 were also collected at their recurrent GBM tumour surgery
(30R and 63R). The percentage increase of each patient compared to the control was also calculated.
(E) CCN1 IHC staining correlates with the CCN1 concentration determined for the matched blood
samples. The GBM tissue sample from patient no. 52 presented with the lowest concentration of
CCN1 in the blood (51.51 pg/mL) which correlates with the low intensity CCN1 staining in the
tissue samples. The GBM tissue sample from patient no. 48 presented with the highest concentration
of CCN1 in the blood (2588.041 pg/mL), which correlates with the high intensity CCN1 staining
in the tissue sample. Scale bar = 50μm, Magnification 20×. Asterisks show statistical significance.
* p ≤ 0.05, *** p ≤ 0.001, Kruskal–Wallis: p = 0.0000344. Significant differences were marked in the
graphs when available.

We further analysed CCN1 expression judged from IHC staining on a total of 16 GBM
samples collected from 9 patients undergoing surgery. We followed the procedure and
scoring for the TMA samples. Tumour edge samples, defined as 200 μm from the tumour
boundary, and tumour core samples, defined as the tumour region outside the edge
margins [18], were collected from 4 of the 9 patients, 1 of which also had a sample of
cancer adjacent tissue collected. Two of the patients had an additional later surgery for
recurrent tumours, from which samples were also collected. Figure 1C summarises the
resulting scoring for these samples. In brief, all samples but one were scored as highly
expressing CCN1 (score 4 or higher). Interestingly, where core and edge samples were
available, the edge sample scored equal (patient 30) or higher than the core (patient 40,
52, 58, Figure 1C). Moreover, samples from recurrent samples always scored higher, than
the primary sample. This trend also emerged in the matched blood samples, collected
from each patient at the time of surgery (Figure 1D). These matched samples allowed us
to investigate a possible correlation between CCN1 levels in the blood of cancer patients
and tumour aggressiveness/severity. CCN1 is known to be associated with angiogenesis
and we did observe distinct CCN1 labelling around vessels in TMA samples. Thus, we
assumed CCN1 blood levels may be detectable if CCN1 was able to cross the blood–brain
barrier, as the blood–brain barrier is known to be compromised during GBM formation and
progression. Indeed, differences in CCN1 concentration in serum samples, compared to
the control, were seen in four patients. As mentioned previously, the CCN1 concentration
of two patients became especially elevated at the time of recurrent tumours (patients 30
and 63, Figure 1D). Comparing the IHC staining in tissue samples from patient 48, with the
highest measured CCN1 blood concentration, to patient 52 with the lowest concentration,
showed a low intensity of CCN1 immunostaining in the latter, but strong staining in patient
48 tissue.

These findings highlight a correlation between CCN1 staining intensity and concen-
tration of CCN1 in the serum of patients. Moreover, the results suggest a correlation
between tumour grade and CCN1 concentration in tissue and blood of patients. This
opens the interesting opportunity that CCN1 may be a useful liquid biopsy marker for
GBM diagnosis.

3.2. Effects of CCG-1423 on Cell Migration in Live Cell Imaging

To better understand the relevance of our findings on the correlation between CCN1
expression and tumour aggressiveness/grade and concentration in matched patient serum,
we next investigated the effects of blocking CCN1 in the established glioma cell lines U251
and U87. CCG-1423 is known to inhibit CCN1 production [13] and was therefore used to
observe effects on cell migratory behaviour by live-cell imaging. The commercially available
inhibitors BIO and Lithium chloride (LiCl) are well known for their inhibitory effects on
migration in glioma cells [19,20] and were used as positive controls for comparison with
CCG-1423 effects. Migratory distance (i.e., accumulated travelled distance over time), and
cell displacement (i.e., vector length between cell positions at start and end of experiment)
of treated cells are shown in Figure 2A,B and Supplementary Figure S2.
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Figure 2. Effect of CCG-1423 on cell migration and CCNI secretion. The effects of inhibitors on
cell migration as measured by distance travelled and cell displacement in (A) U251 and (B) U87 cell
lines. Experiments were repeated in triplicate. For sample specific tracking examples see Supple-
mentary Figure S2B. Asterisks indicate statistically significant results compared to the control (Med).
**** p ≤ 0.0001, Kruskal–Wallis for A, Distance: p = 4.18 × 10−13, Displacement: p = 1.52 × 10−12;
for B, Distance: p = 6.62 × 10−13, Displacement: p = 2.17 × 10−10. An ELISA was carried out to
determine CCN1 levels in the supernatants of (C) U251 and (D) U87 cell lines over a 72-h period.
Cells were incubated for 24, 48 and 72 h +/− CCG-1423. The supernatants were collected for each
time point and tested for CCN1 by ELISA. The results suggest reduced CCN1 concentration levels in
the supernatants of treated U251 and U87 cells, at the 48 and 72-h time points, when compared to the
untreated controls as indicated by decreased concentration. Significant differences were marked in
the graphs when available. **** p ≤ 0.0001.
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After treatment with BIO or LiCl, migration (both in terms of distance and displace-
ment) was significantly reduced in both cell lines in comparison to the control, as one
would expect. The effects of BIO were observed almost immediately, within 10 min of
treatment, in both cell lines and were maintained throughout the 72 h of imaging. Although
the effect of LiCl U87 appeared to wane around the 48 h mark, the cells started to recover
and adopt their normal cell migratory behaviour. In comparison, U251 cells did not recover
for the duration of the imaging. Unlike the other inhibitors, the CCG-1423 treatment did
neither result in changes in migration distance nor displacement, compared to the control
cells. These results were surprising in the light of the previously reported data suggesting
a significant decrease in PC3 cell invasion when treated with CCG-1423 [13].

To ascertain further the impact of treatment of CCG-1423 in blocking CCN1 production,
we investigated the levels of secretion of CCN1 pre- and post-application of CCG-1423. As
CCN1 is secreted by cells, a sandwich ELISA was used to detect the presence of CCN1 in
the supernatant cell culture medium of CCG-1423-treated and untreated U251 and U87
cell cultures over a time span of 72 h. We found, indeed that the concentration of CCN1
in the medium did not increase in treated cells, whereas CCN1 levels clearly increased
in supernatants from untreated cells over time (Figure 2C,D). From these results, it was
evident that CCG-1423 had an effect on the secretion and/or production of CCN1; despite
cells continuing to migrate, as illustrated by the live-cell imaging results. This suggested a
previously unreported relationship between CCG-1423 exposure and CCN1 expression.

3.3. Loss of Nuclear Import of MKL-1 Is Facilitated by CCG-1423 Activity

To investigate this further, we decided to investigate the regulation of CCN1 produc-
tion. CCG-1423 binds to the transcriptional co-activator MKL1, preventing its nuclear
import and therefore activation of MKL1/SRF-dependent transcription and CCN1 produc-
tion [15]. Immunofluorescence labelling was used to visualise the accumulation of MKL1
in the cytoplasm of U251 cells treated with CCG-1423 in comparison to untreated control
cells. As U87 and U251 cell lines had shown so far equal reactions to CCG-1423 treatment
and U251 is the more representative cell line in terms of adopting mesenchymal migration
with a pronounced lamellipodia front as observed by live-cell imaging, only results for
U251 is shown here. There appeared to be a marked increase in cytoplasmic MKL1 in cells
treated for 72 h with CCG-1423 with a concomitant loss of nuclear MKL1 in comparison to
the control (Figure 3A,B).

To confirm the results from the IF imaging of MKL1, Western blots were carried out to
determine cytoplasmic protein levels of MKL1 in untreated control and CCG-1423 treated
U251 cells over a 72 h period. During sample preparation of cell lysates, nuclear-associated
components were separated and discarded (as described in materials and methods), there-
fore the results from the Western blot analysis represent solely cytoplasmic MKL1. This
biochemical analysis of U251 cells showed an increase in MKL1 accumulation in the cyto-
plasm when treated with CCG-1423 (Figure 3C,D), supporting the IF results. The signal
intensity of MKL1 was clearly stronger (after normalisation with actin) in CCG-1423 treated
U251 cells at 24 and 48 h time points. After 72 h treatment, signal strengths converged,
which is consistent with the live-cell imaging results, showing that cells returned to normal
behaviour after 72 h CCG-1423 treatment. Western blot analysis for cytoplasmic MKL1 in
untreated control versus CCG-1423-treated cells was further carried out on the cell lines
HOG and G44 grown as neurospheres, the murine glioma cell line GL261 and rat glioma
cell line CNS1 (Supplementary Figure S1). As for the U251 cell line, all additional cell lines
showed clearly elevated signals for the intensity of the MKL1 band in CCG-1423 treated
cells compared to the control at all analysed time points (Figure S1). These results, along
with the MKL1 immunofluorescence analysis of cellular localisation and CCN1 ELISA,
illustrate that CCG-1423 can prevent CCN1 production through inhibition of the nuclear
import of MKL1.

51



Biomedicines 2022, 10, 9

 

Figure 3. Immunofluorescence staining and analysis of MKL1 in untreated and CCG-1423 treated

U251 cells. (A) Arrows show a build-up of MKL1 in the cytoplasm of treated cells compared to
the control cells which show pronounced nuclear staining. Imaged on a confocal microscope at
a magnification of x63. Green fluorescent stain = MKL1; right panel: nuclear DAPI stain; Scale
bar = 20 μm. (B) Quantification of immunofluorescence staining of MKL1 to determine differences in
nuclear and cytoplasmic MKL1 localisation in untreated (control) U251 cells and U251 cells treated
with CCG-1423. The images were analysed using ImageJ where a mean gray value was calculated
for the nucleus and the cytoplasm of each cell. Kruskal–Wallis: p = 1.96 × 10−31 (C) The U251 cell
line was treated with 500 nM of CCG-1423 and incubated for 24, 48 and 72 h before cell lysates were
obtained. Protein levels of cytoplasmic MKL1 were then determined by western blot. A beta-actin
control was included as a protein loading and transfer control. (D) Western blot analysis of the effects
of CCG-1423 on U251 cells. MKL1 band intensity was quantified and normalised to the β-actin
control using Image J software. Graphs show mean ± SD of 3 individual experiments. Asterisks
show statistical significance where **** p ≤ 0.0001. Significant differences were marked in the graphs
when available. **** p ≤ 0.0001.
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3.4. Targeting RhoA Signalling and Rac Activation Reduces Cell Migration by a Switch to
Collective Cell Migration

In our previous publication [15], we reported on a mesenchymal–amoeboid switch in
the U251 cell line characterised by loss of major protrusions/lamellipodia in cells treated
with CCG-1423 and a striking increase in the number of filopodia, shown here at high
resolution to highlight the phenotypic differences (Figure 4A). Following on these original
findings, we reasoned that targeting Rac activation and RhoA-driven cell migration by a
combination treatment with CCG-1423 and a RhoA inhibitor, such as Rhosin HCL, will
reduce cell migration in the cells. We used a combination treatment and then analysed
U87-generated spheroids to assess the effect of the combination treatment by confocal
microscopy. We utilised U87 as a proof of principle here as U87 rapidly migrates in a 3D,
collagen-based environment characterised by producing extensive protrusions emanating
from the original spheroid. Our preliminary findings indicate that treatment of the cells
with a combination of CCG-1423 and Rhosin HCl induced a third shift potentially towards
a collective cell migration as indicated by our findings that gap areas within the protrusions
were significantly reduced (Figure 4B,C).

 

Figure 4. High resolution iSIM imaging and analysis of fixed spheroids and migrating cells

within collagen plugs. (A) Top image: a single cell in untreated spheroids emanating from the

53



Biomedicines 2022, 10, 9

original spheroid core. Asterisks show filopodia. Right hand image: the elongated shape disappears
after treatment with inhibitor and is replaced by a rounded phenotype. Fluorescent label = Alexa
Fluor 488 phalloidin. Colour bar: sample depth. Scale bar = 10 μm. (B) Confocal microscopy
visualizes the effect of drug treatment on U87 spheroids. Images of fixed U87 treated spheroids, in
their collagen plugs, taken on a Zeiss LSM 880 with an EC Plan-Neofluar 10× objective lens. Cells
express GFP (488 nm) and are labelled with TRITC conjugated phalloidin (594 nm), to highlight the
actin cytoskeleton. Migration appears more sheet-like in response to the combination treatment, in
comparison to the mesenchymal and amoeboid extensions seen migrating from the control spheroid.
Scale bar represents 100 μm. (C) Average U87 collagen gap area. U87 cells were treated with CCG-
1423 (500 nM), Rhosin HCl (1 μM) or a combination of both. The combination of both inhibitors show
a significant (p < 0.0001) difference to untreated (Control) and all single inhibitor treatments (Kruskal–
Wallis p = 3.08 × 10−10). See Supplementary Figure S2 for quantification illustration. Significant
differences were marked in the graphs when available. **** p ≤ 0.0001.

4. Discussion

CCN1 is known to be overexpressed in a number of different cancer types and to drive
invasion [21–24]. Elevated levels of CCN1 in laryngeal squamous cell cancer promoted
the induction of epithelial–mesenchymal transition (EMT), thus leading to invasion and
metastasis and resulting in a poor prognosis [25]. In addition, CCN1 (as well as other
CCN family members) has been shown to be dysregulated in colorectal cancer and to be
involved in the initiation and development as well as the promotion of this disease [26].
Furthermore, a study in osteosarcoma tumours determined that silencing CCN1 reduces
tumour vascularisation and slows the growth of osteosarcoma cells resulting in a reduction
in subsequent lung metastases [27]. These few examples indicate towards diverse actions
of CCN1 on cancer progression.

In the current study, CCN1 levels were explored in patient-derived glioma tissue and
GBM cell lines. CCN1 levels were elevated both in its secreted form in blood samples and
in tumour tissues from glioma patients. In tissues, CCN1 was expressed in the cytoplasm
of tumour cells, with strongly stained cells associated with blood vessels. Moreover, CCN1
expression levels were concomitant with high-grade tumours, especially in comparison
to expression levels in lower-grade gliomas. This data suggests that CCN1 expression is
correlated with tumour aggressiveness, which confirms a previous study that performed a
semi-quantitative IHC analysis of gliomas and normal brain samples correlating CCN1 with
tumour grade: In 88% of the WHO grade IV samples studied, CCN1 was overexpressed,
and expression was positively correlated with the expression of c-Met, a receptor tyrosine
kinase involved in proliferation, migration and invasion. When investigated in vivo using
a U87 xenograft in mouse models, CCN1 siRNAs significantly inhibited proliferation by
57% compared to the control [11].

Interestingly, in our study levels of secreted CCN1 in the GBM tissue, samples were
mirrored in the matched patient blood in comparison to blood samples from healthy
volunteers. In addition, samples from patients with recurrent tumours showed a significant
increase in CCN1 levels both in tumour tissues as well as in blood samples in comparison
to the primary tumour and blood sample. As the observed increases in CCN1 levels are
considerable, the use of larger sample sizes and further investigations could prove CCN1
to be a potential blood biomarker for the monitoring of brain tumour patients to predict
disease recurrence and help adapt further treatment.

Moreover, improved sensitivity to enhance the detection levels of an ELISA-based
screening system may lead to the development of a cost-effective and non-invasive diag-
nostic tool for advanced early detection of brain tumours, an unmet need in glioma. The
molecular subtyping of brain tumours themselves has advanced diagnosis and treatment
options; however, a conclusive diagnosis is still largely based on the interpretation of the
histopathology of tumour samples, which may be open to human error and bias. The
growing identification and use of biomarkers and genomics data will enhance brain tu-
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mour diagnosis by providing more detailed information when paired with the traditional
histopathology method [28].

The distribution of CCN1 identified in our clinical sample derived data provided the
basis for our functional studies. Previous investigations revealed that the small molecule
inhibitor CCG-1423 inhibits the production of CCN1, followed by a reduction in cell
migration, [11,12]. Unexpectedly, our findings showed seemingly unaffected migration
despite CCG-1423 treatment. However, indeed, we observed a striking relocalisation of
the co-transcriptional activator MKL1 from a nuclear to a cytoplasmic localisation as a
result of CCG-1423 treatment, e.g., in U251 cells. Western blot analysis of U251 cell lysates
also uncovered a build-up of MKL1 in the cytoplasm of cells treated with CCG-1423 at
24 and 48 h time points with cells appearing to return to pre-treatment balance after 72 h.
This is consistent with the original CCG-1423 inhibition studies conducted by Evelyn et al.
(2007) on PC-3 cells, whereby cells recovered following the withdrawal of CCG-1423 [13].
Furthermore, we identified a significant decrease in CCN1 secretion in the supernatants of
U251 and U87 cells treated with CCG-1423, confirming the action of the inhibitor. However,
there was no apparent overall effect on cell migration in cells treated with CCG-1423, judged
from our migration studies. In our previous study, using iSIM imaging and quantification
of cell extensions, we showed a direct effect on the frequency of filopodia and major cell
protrusions of U251 cells due to incubation with CCG-1423 [15]. We included additional
representative iSIM images from this data set, a quantification of the data was reported in
this previous publication. U251 cells reacted to the inhibitor with a significant reduction in
major protrusions and adopted a more rounded shape, which indicates a transition from
mesenchymal to amoeboid migration [29]. These results led us to hypothesise a potential
induction of MAT due to CCN1 inhibition as a drug resistance mechanism adopted by
glioma cells.

Previous studies suggest that CCN1 secretion results in inhibition of Rac activation
leading to reduced mesenchymal migration and loss of focal adhesions with a concomitant
increase in rounded cell movement [30]. The extensions of the plasma membrane in
lamellipodia of cells are primarily driven by Rac-activated actin polymerisation. An
essential part of migration involving lamellipodia is integrin-mediated adhesion, as this
maintains activated Rac in a positive feedback loop whereby integrins at the leading edge
of a cell stimulate Rac activation [31]. Rac recruits activated integrins to the leading edge
to promote cell migration [32]. Among these is the integrin αvβ3, whose expression is in
turn stimulated by CCN1 [33]. By inhibiting CCN1, integrin αvβ3 will not be activated
and therefore, will not be recruited by Rac to stimulate the positive feedback loop and
promote elongated cell migration. Because of this reduced Rac activation, rounded motility
of cells will be elevated via a bleb-driven cell migration, such as amoeboid migration.
This motility type correlates with a high level of active RhoA/ROCK signalling and is
driven by cortical actomyosin contractility [34]. This migratory activity is often seen in vivo
and in low-adhesion in vitro systems. Cells have the ability to readily transition between
bleb-based migration (amoeboid) and lamellipodia-based migration (mesenchymal) in vivo
in order to adapt to their surroundings as they migrate [35].

CCG-1423 activity targets events downstream of the RhoA signalling pathway but
upstream of CCN1 production and therefore Rac activation. Not only does this explain
the reduction in CCN1 cell secretion but also the changes in phenotype from elongated to
rounded. This correlates with the concept that CCG-1423 is inducing MAT in these cells
in vitro, allowing them to continue to migrate after treatment with CCG-1423 by amoeboid
migration. We were able to observe a distinct loss of major protrusions/lamellipodia in
treated cells compared to the control cells, which was concurrent with an increase in the
number of filopodia in treated cells compared to control cells, a striking feature of MAT
(Figure 4A). These results support a direct effect on actin dynamics and cell morphology
indicative of MAT when cells are treated with CCG-1423. Anti-migratory combination
treatments to prevent tumour cells from migrating to healthy parts of the brain will need to
be developed to circumvent a potential migratory switch from one phenotype to another.
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Finally, based on findings by Butler [36], that a combination treatment of U87 with CCG-
1423 and an inhibitor targeting RhoA-driven migration reduced cell migration in 2D and
3D, we investigated this effect by confocal microscopy. In a preliminary experiment we
treated U87 tumour spheroids with either CCG-1423, or the RhoA inhibitor Rhosin HCl,
or a combination of both inhibitors, which revealed a strong effect of both inhibitors in
combination on cell invasion into collagen. In addition, by confocal microscopy, for the
first time, we were able to uncover that the combination of both inhibitors leads to a more
sheet-like collective migration compared to the loose single-cell migration in control or
single inhibitor groups. Cancer cells have been reported to adopt this type of cell migration
highlighting great plasticity in migratory patterns [37]. This apparent ability of glioma
cells to respond to extracellular challenges and adopt to continuous cell migration and
invasion requires further detailed investigation including additional in vitro methods to
characterise RhoA activation and MMP activity as reported by Chikina and Alexandrova
(2018) [38]. In addition, the downstream events regulated by MKL1 activity should also be
further investigated.

5. Conclusions

The studies presented here provide novel and compelling evidence that glioma cells
can undergo MAT in response to pharmacological intervention intended to prevent mi-
gration, resulting in continued migration and invasion, which supports the notion of
combination treatments with migrastatic inhibitors. This also highlighted the impor-
tance of moving cell migration research into a 3D setting to obtain more accurate drug
efficacy results in a more tumour-relevant environment. In addition, our study has uncov-
ered an important role for CCN1 in disease progression supporting CCN1 as a potential
biomarker for GBM, which could help disease monitoring and improve survival rates of
this devastating disease.
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Abstract: The current study investigated the cytotoxic effect of ten sulfonamide-derived isatins,
following molecular hybridization, based on the association principles, on hepatocellular carcinoma
(HCC) HepG2 and Huh7 cell lines, compared for safety using human normal retina pigmented
epithelial (RPE-1) cells. The ten compounds showed variable in vitro cytotoxicity on HepG2 and
Huh7 cells, using the MTT assay. Four compounds (4/10) were highly cytotoxic to both HepG2
and HuH7. However, only 3 of these 4 were of the highest safety margin on RPE-1 cells in vitro
and in the in vivo acute (14-day) oral toxicity study. These later, superior three compounds’ struc-
tures are 3-hydroxy-3-(2-oxo-2-(p-tolyl)ethyl)-5-(piperidin-1-ylsulfonyl)indolin-2-one (3a), N-(4-(2-(2-
oxo-5-(piperidin-1-ylsulfonyl)indolin-3-ylidene)acetyl)phenyl)acetamide (4b), and N-(3-(2-(2-oxo-5-
(piperidin-1-ylsulfonyl)indolin-3-ylidene)acetyl)phenyl)acetamide (4c). The half-maximal inhibitory
concentration (IC50) of the tested compounds (3a, 4b, and 4c) on HepG2 cells were approximately
16.8, 44.7, and 39.7 μM, respectively. The 3a, 4b, and 4c compounds significantly decreased the
angiogenic marker epithelial growth factor receptor (EGFR) level and that was further confirmed
via molecular docking inside the EFGR active site (PDB: 1M17). The binding free energies ranged
between −19.21 and −21.74 Kcal/mol compared to Erlotinib (−25.65 Kcal/mol). The most promising
compounds, 3a, 4b, and 4c, showed variable anticancer potential on “hallmarks of cancer”, significant
cytotoxicity, and apoptotic anti-angiogenic and anti-invasive effects, manifested as suppression of
Bcl-2, urokinase plasminogen activation, and heparanase expression in HepG2-treated cells’ lysate,
compared to non-treated HepG2 cells. In conclusion, compound “3a” is highly comparable to
doxorubicin regarding cell cycle arrest at G2/M, the pre-G0 phases and early and late apoptosis
induction and is comparable to Erlotinib regarding binding to EGFR active site. Therefore, the current
study could suggest that compound “3a” is, hopefully, the most safe and active synthesized isatin
sulfonamide derivative for HCC management.

Keywords: apoptosis; HepG2; Huh7; isatin sulfonamides; angiogenesis; invasion; cancer hallmarks;
molecular docking; EGFR tyrosine kinase inhibitor

1. Introduction

“Hallmarks of cancer” include the programmed molecular cell death mechanism
“Apoptosis” [1]. Apoptosis is related to other cancer hallmarks such as progression and
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metastasis [1–3]. Therefore, it is important to design more drug moieties targeting apoptosis
and/or tumor invasiveness.

Isatin (1H-indole-2,3-dione) is a well-known natural product found in many plants
which has also been a common scaffold in various anticancer drugs [4,5]. Many isatin
derivatives display diverse pharmacological activities, including anti-viral, anti-convulsant,
anti-bacterial, and anti-fungal activities [6–8]. Because of its unique size and privileged
electronic properties, there is considerable interest in pharmaceutical drug development
and the biochemical pharmacology of isatin anticancer drug derivatives [9]. The isatin
scaffold is incorporated in many synthetic anti-cancer drugs such as Sunitinib V maleate and
Toceranib phosphate [10]. These inhibitors with isatin moiety have shown outstanding anti-
cancer effects in clinical trials, including multi-receptor tyrosine kinase inhibitor activity [11].
Therefore, anti-tumor drugs containing isatin scaffolds could possess a broader spectrum
of cytotoxicity against cancer cells, namely, apoptotic, anti-proliferative, and anti-migratory
effects, collectively, anti-tumor invasiveness.

The α, β-unsaturated ketone (Michael Acceptor) pharmacophore is presented as a
common skeleton in many naturally occurring agents including isatin [10,12]. Therefore,
incorporating a “Michael Acceptor” into designed molecules results in products with
improved cytotoxicity [10,13]. Hence, “α, β-unsaturated ketone” can be considered as a
cytotoxic drug design “a functionality structure”.

Molecular hybrids are one of the most popular strategies to develop new anticancer
agents, based on combining structural features of two different active fragments. This
reduces the risk of drug–drug interactions and improves the biochemical/molecular out-
come(s) [14,15]. During the last decade, many isatin-based hybrids have been developed as
promising anti-cancer agents, including Erlotinib, Vandetanib, Olaparib, and others [16].
Several published datasets have reported that isatin derivatives have potential toward
different biological targets such as tubulin, tyrosine kinase, and histone deacetylase, leading
to apoptosis and, moreover, influencing apoptosis-related gene expression [17–20]. Interest-
ingly, incorporation of sulfonamide moiety to a benzene ring of isatin showed increased
anti-tumor activities with a potential inhibitory effect against epidermal growth factor
receptors (EGFRs) [21,22].

This study aimed to characterize ten novel synthesized isatin sulfonamide-molecular-
hybrid derivatives to target EGFRs and evaluate their in vitro antiproliferative activities.
Based on the previous promising anti-tumor activities of some morpholinosulfonyl isatin
derivatives on HepG2 [22,23], we tested their anti-cancer activities against two hepato-
cellular carcinoma (HCC) cell lines: the HepG2 and Huh7 cell lines, which are different
in their drug-metabolizing activities as well as their p53 expression. To ensure the safety
of the tested compounds, the most active derivatives were tested in vitro against normal
human cell line, and an in vivo acute oral toxicity study was performed. The most active
and safest synthesized compounds have been evaluated for their possible apoptotic effect,
cellular cytotoxicity, and whether they cause angiogenesis arrest or invasion inhibition. The
cell death mechanism underlying this activity was investigated via cell cycle analysis and
apoptotic studies. Doxorubicin (Dox) was used as an internationally accepted cytotoxic
agent to be the positive control to compare the cytotoxic potential of the tested drugs. In
addition, inhibitory mechanism confirmation using molecular docking (MD) was carried
out to study the interaction of promising compounds with EGFRs.

2. Materials and Methods

2.1. Biochemical Reagents, Chemicals, Solvents

Unless otherwise specified, chemicals and reagents were purchased from Sigma-
Aldrich Chemical Co. (St. Louis, MO, USA) and were of analytical grade. Dimethyl
sulfoxide (DMSO) was used as the vehicle for isatin sulfonamide derivatives per their
molecular wt. Dox was used as a small anti-cancer cytotoxic reference drug (positive
control), Erlotinib as reference EGFR inhibitor. Other chemicals and solvents such as xylene,
paraffin, trypsin, and alcohol were of the highest grade commercially available.
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2.2. Biochemical/Molecular Assay Kits

MTT assay kit and propidium iodide (PI) staining FC assay kit was purchased from
Abcam (Boston, MA, USA). AST, ALT, and bilirubin (total and direct) kits and creatinine,
urea kits, and GSH kit were all purchased from Biodiagnostics Company (Cairo, Egypt).

Heparanase ELISA kit (Abcam, Cambridge, UK), Annexin V/PI double staining kit
(eBiosciencesDx), EGFR 96-well plate kit (Abcam, Cambridge, UK), uPA ELISA kit (Creative
Diagnostics, New York, NY, USA), and BcL-2 ELISA kit (Zymed Laboratories, Carlsbad,
CA, USA) were used.

2.3. Cell Lines

The cell lines used were obtained from ATCC including Hep G2 [HEPG2] (ATCC
HB-8065), Huh7 cell line-615, and the normal retina pigmented epithelial cells immortalized
with hTERT; hTERT RPE-1 (ATCC CRL-4000). Handling procedure for flask cultures and
subculturing, media (DMEM, bovine serum albumin), and incubations were all performed
according to www.ATCC.org (accessed on April 2021).

2.4. Animals

5–7-week-old mice (weighing 15–20 g, females) were obtained from Nile Co. for
Pharmaceutical and Chemical Industries (Egypt). Mice were acclimatized for 1 week
under standard laboratory conditions in cages in a room with 12 h light/dark cycles, at
25 ◦C ± 2 ◦C and 55% ± 5% relative humidity. Mice were fed on standard diet pellets
(El Nasr Company for Intermediate Chemicals, Giza, Egypt) containing no less than 20%
protein, 3.5% fat, 6.5% ash, 5% fiber, and a vitamin mixture. Animals were allowed free
access to drinking water ad libitum.

2.5. Isatin Sulfonamide Derivative Synthesis

In this study, motivated by the structural features of isatin and α, β-unsaturated
ketone, we proposed combining these two bioactive scaffolds into a single chemical entity.
We centered on molecular hybridization strategy [23] to design and synthesize a novel
series of isatin sulfonamide derivatives carrying the α, β-unsaturated ketone scaffold.

Quantitative Structure–Activity Relationships (QSAR) model was utilized to get a
more profound understanding of the molecular description of compounds’ activities. Few
QSAR models that clarify the anti-cancer activity of isatin analogues were reported [24].

2.6. Chemical Synthetic Pathway

The routes adopted to synthesize isatin sulfonamide derivative compounds were
as described in Figure 1. The parent molecule is 5-(piperidin-1-ylsulfonyl) indoline-2,
3-dione. This compound was derivatized into three compounds: 2a-b, 3a-d, and 4a-d.
These newly designed compounds were structurally recognized and affirmed by using
different spectroscopic analysis as IR, 1H NMR, and 13C NMR spectra as described in
organic synthesis literature article [25]. Additionally, all the spectra investigations (in the
Supplementary File) and were in great conformity with the proposed structures. These
compounds were prepared by the Organic Chemistry authors in the Organic Chemistry
Lab, Faculty of Science (Boys-Branch), Al Azhar University, Cairo, Egypt. Then, these three
compounds were derivatized to produce ten final isatin sulfonamide-derivative compounds
to be tested further by various biochemical/molecular assays.

2.7. Cancer Cell Proliferation Inhibition

MTT-based cell viability assay was carried out to evaluate the antiproliferation po-
tential of the target compounds on HCC cell lines (HepG2 and Huh7). The half maximal
inhibitory concentration (IC50) values were calculated against DMSO non-treated HepG2
cells (negative control) and Dox-treated HepG2 cells (positive control). The assay was
conducted using 3-(4, 5-di-MethylThiazol-2-yl)-2,5-diphenyl Tetrazolium bromide (MTT)
to test cell viability, according to the method described by Mosmann [26] with minor
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changes [27]. The yellow MTT is reduced in the viable cells to purple formazan. The insolu-
ble formazan is solubilized by DMSO to colored solution measured spectrophotometrically.
Briefly, cells were seeded in a 96-well plate at density of 1 × 104 cells/well for 24 h in
5% CO2 incubator at 37 ◦C to allow their adherence. Then, cells were incubated for 48 h
with different concentrations of test compounds ranging from 100 to 1.56 μM in 5% CO2
incubator at 37 ◦C. After incubation, 20 μL of a 5 mg/mL MTT solution were mixed with
the contents of each well, and the plate was incubated for another 4 h. Then, the medium
was suctioned, and the wells were washed with PBS. After 2 h of drying, 200 μL of DMSO
was added to each well. The plate was set on a shaker to dissolve the formazan crystals.
Then, the absorbance was measured spectrophotometrically at 570 nm with a reference
wavelength of 630 nm using ELX800 UV universal microplate reader (BioTek Instruments
Inc., VT, Santa Clara, CA, USA).

 
[isatin derivatives (1), triethyl amine (TEA)]  

Chemical Names Compound no. 
Ethyl I-2-cyano-2-(2-oxo-5-(piperidin-1-ylsulfonyl) indolin3-ylidene) acetate (2a) 
2-Cyano-2-(2-oxo-5-(piperidin-1-ylsulfonyl) indolin-3-ylidene) acetamide (2b) 
3-Hydroxy-3-(2-oxo-2-(p-tolyl) ethyl)-5-(piperidin-1-ylsulfonyl) indolin-2-one (3a) 
3-(2-(3-Aminophenyl)-2-oxoethyl)-3-hydroxy-5-(piperidin-1-ylsulfonyl) indolin-2-one (3b) 
3-(2-(4-Aminophenyl)-2-oxoethyl)-3-hydroxy-5-(piperidin-1-ylsulfonyl) indolin-2-one (3c) 
3-hydroxy-3-(2-(4-hydroxyphenyl)-2-oxoethyl)-5-(piperidin-1-ylsulfonyl) indolin-2-one (3d) 
3-(2-Oxo-2-(p-tolyl) ethylidene)-5-(piperidin-1-ylsulfonyl) indolin-2-one (4a) 
N-(4-(2-(2-Oxo-5-(piperidin-1-ylsulfonyl) indolin-3-ylidene) acetyl) phenyl) acetamide (4b) 
N-(3-(2-(2-Oxo-5-(piperidin-1-ylsulfonyl) indolin-3-ylidene) acetyl) phenyl) acetamide (4c) 
3-(2-(4-Hydroxyphenyl)-2-oxoethylidene)-5-(piperidin-1-ylsulfonyl) indolin-2-one (4d) 

Figure 1. Synthetic routes scheme for arylidine and 3-hydroxy-3-substituted isatin sulfonamide and
2-oxindole as well as 3-phenacylidene-2-indolinone derivatives with their chemical names.

All experiment conditions were tested in three replicates. The % cell viability was
calculated from the following equation: (mean absorbance of treated sample/mean ab-
sorbance of negative control sample) × 100. The % death rate = 100 -% cell viability, and
the inhibitory concentration of 50% (IC50) was measured from the exponential curve of
viability against concentration (dose–response curve) [28].
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2.8. In Vitro Safety/Cell Viability Assay towards Human Healthy RPE1 Cell Line

Toxicity of the most active six isatin sulfonamide derivatives (2a, 3a, 4a, 4b, 4c, 4d)
were evaluated using noncancerous cells (RPE1) to examine the safety of these newly
synthesized isatin sulfonamide derivatives towards normal human cell line, again using
the MTT test.

2.9. In Vivo Acute Oral Toxicity Study

GPower 3.0.10 software was used to estimate the sample size needed for the experi-
ment and the number of mice per group but, according to the Organization for Economic
Cooperation and Development (OECD) Test Guidelines No. 407 (OECD, 2008 and updated
2017) [29] and under the International Academy of Science’s Guide for the Care and Use of
Laboratory Animals, as well as the ARRIVE guidelines, to use the least number of mice per
group for the acute single dose oral toxicity test.

2.10. Ethics Statement

Animal care and all experimental protocols were approved and conducted in accor-
dance with the ethical guidelines approved by the Institutional Review Board of the Faculty
of Pharmacy, Ain Shams University, Cairo, Egypt (Ethics Committee Approval, 10/2019/1).

2.11. Experimental Design

Animals were divided randomly into nine groups (5 animals per group). Before the
experiment, the body weight (BW) of all mice was recorded. All mice were made to fast for
24 h and treated once (day zero) then carefully monitored for 14 days.

Normal control group: mice received saline orally once;
Negative control group: mice received vehicle (DMSO) orally once;
Positive control group: mice were injected with Dox (15 mg/kg BW, i.p.) once [30,31].
Isatin-sulfonamide-derivative-compound-treated groups (2a, 3a, 3d and 4b, 4c and

4d) of mice received 250 mg/kg BW of each orally once [29,32].
After single oral dose, animals were observed for the first 30 min and 4–5 times at

intervals of 48 h to record any signs of abnormality. The animals’ BWs were recorded at
the end of the 14 days of observation. Blood samples were collected from the retro-orbital
plexus and allowed to clot. Sera were prepared by centrifugation at 4000 rpm for 15 min and
then kept frozen at − 80 ◦C for liver and kidney function tests (LFTs and KFTs). Thereafter,
mice were deprived of food overnight, euthanized, and sacrificed by cervical dislocation.
Liver and kidney tissues were collected, washed with ice-cold saline, and weighed. Excised
weighed livers and kidneys were fixed in a suitable buffer for histological examination.

N.B. the objective of the acute toxicity study was not the determination of LD50 values.

2.12. Histopathological Examination

Liver and kidney tissues were fixed in 10% neutral buffered formaldehyde overnight
and then embedded in paraffin, deparaffinized in serial grades of alcohols, cleared in
xylene, and were subjected to ultramicrotomy, where 4 μm thick tissue sections were
cut by rotatory microtome. Tissue sections were stained with hematoxylin and eosin
(H and E) for histological examination using full HD light microscopic imaging system
(Leica Microsystems GmbH, Wetzlar, Germany). Standard procedures for sample fixation
and staining were done as previously described [33,34].

2.13. Flow Cytometric Analysis and Apoptotic Studies

Targeting cell cycle and induction of apoptosis are promising strategies to develop
potential anticancer agents. Therefore, the 3 promising isatin sulfonamide derivatives were
investigated for their apoptotic activities.
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2.13.1. Cell Cycle Analysis

In 6-well plate, HepG2 (1 × 105 cells per well) were treated with either (0.1% DMSO)
vehicle or 5 μM of 3a, 4b, and 4c compounds. After 48 h incubation, cells were harvested
and fixed for 12 h using ice-cold 70% ethanol at 4 ◦C. Ethanol was removed and cells were
washed by PBS and incubated for 30 min at 37 ◦C in 0.5 mL of PBS containing 1 mg/mL
RNase. Then, cells were stained for 30 min with PI in the dark and the DNA content was
determined using flow cytometer [35].

2.13.2. Annexin V/FITC Apoptosis Assay

To apprehend the mechanism of the chosen newly synthesized isatin sulfonamide-
derivative compounds and to recommend further in vivo testing as new chemotherapeutics,
HepG2 cells were incubated with IC50 dose of compounds 3a, 3b, and 3c, against the
positive chemotherapeutic control, Dox. Annexin V/PI double staining kit (eBiosciencesDx)
was used to detect apoptotic activity of the selected isatin sulfonamide derivatives. The
Annexin V corresponding signal provides a very sensitive marker for cellular apoptosis,
while PI was used to detect necrotic or late apoptotic cells, identified by the loss of plasma
integrity and loss of nuclear membranes.

Briefly, 1 × 105 cells/mL of HepG2 cells were seeded into a 6-well plate and incubated
at 37 ◦C, 5% CO2, overnight. Cells were treated with either 0.1% DMSO or IC50 of the
three selected compounds for 48 h (50 μL from each compound solution in DMSO; IC50
dose) in triplicate. After time elapsed, trypsinization of cells was carried out. Washing
was done by PBS once, followed by fixation using 70% ethanol. Fixed cells were stored
at 4 ◦C for 2 h, then centrifuged at 500× g for 5 min. Again, cells were washed with PBS
prior to staining. An amount of 200 μL of the staining solution (annexin V- fluorescein
5-isothiocyanate (FITC) and PI in binding buffer (10 mM HEPES, 140 mM NaCl, and 2.5 mM
CaCl2 at pH 7.4)) were added to the cell suspension and incubated at 37 ◦C for 20 to 30 min
in dark and analyzed with a fluorescence-activated cell sorter (FACS) (BD FACSCalibur, BD
Biosciences, California, USA). Data were analyzed using ModFit LT v2.0 (Verity Software
House, Topsham, Maine, USA).

2.14. Biochemical Evaluation

As previously described [36], with little modification, HepG2 cells were cultured in
T25 flask until they reached 30% confluency. Then, cells were incubated separately with
selected isatin derivatives (3a, 4b, and 4c) at their IC50 for 48 h at 37 ◦C under 5% CO2.
After treatment, cells were washed by PBS, trypsinized and centrifuged at 10,000 rpm. The
formed pellets were washed twice with PBS and lysed in 1 mL ice-cold radio immunopre-
cipitation assay (RIPA) lysis buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% Triton X-100,
0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate) and kept on ice for 20 min. Then,
the mixture was centrifuged at 15,000 rpm for 15 min to remove any cell debris. The cell
lysate was aliquoted and stored at −80 ◦C for determination of protein using Pierce BCA
Protein Assay Kit (Thermo Fisher Scientific, Waltham/Boston, USA) according to manufac-
turer’s recommendations and determination of other biochemical parameters including
EGFR, urokinase Plasminogen Activator (uPA), B-Cell Lymphoma-2 (Bcl-2), heparanase,
and oxidative stress markers (glutathione; GSH and malonaldehyde; MDA).

Levels of EGFR [37] and heparanase [38] in cell lysate were investigated using com-
mercially available enzyme-linked immunosorbent assay (ELISA) kits supplied by Abcam
(Cat. No. ab269558, ab256401, respectively). Levels of uPA [39] were measured using
ELISA kit supplied by Creative Diagnostics (New York, USA, Cat. No. DEIA1630). Bcl-2
levels [36,40] were determined using ELISA kit supplied by Zymed Laboratories, Carlsbad,
California (Cat. No. 99-0042). Briefly, standards and samples were added to corresponding
96-well plate coated with suitable antibody. After the washing step, biotinylated anti-
human antibody was added to each well. After washing away unbound biotinylated
antibody, horseradish peroxidase (HRP)-conjugated streptavidin was pipetted into each
well. A peroxidase substrate solution was added to all wells, after washing, and the color
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developed was proportionate to the amount of EGFR bound. Finally, the stop solution was
added and the color intensity was measured at 450 nm.

Glutathione levels were determined using GSH Biodiagnostics kit (Cairo, Egypt).
The method is based on the reduction of 5,5′dithiobis (2-nitrobenzoic acid) (DTNB) with
glutathione (GSH) to produce a yellow compound. The reduced chromogen is directly
proportional to GSH concentration and its absorbance was measured at 405 nm [41,42].

Levels of MDA, the marker of lipid peroxidation, were measured by thiobarbituric
acid (TBA) method. TBA reacts with MDA in an acidic medium at temperature of 95 ◦C
for 30 min to form colored thiobarbituric acid reactive (TBAR) product, the absorbance
of which was measured at 534 nm. The MDA kit was purchased from Biodiagnostics,
Cairo, Egypt [43,44].

2.15. Molecular Docking Simulation

MD was performed using Molecular Operating Environmental (MOE) software (Ver-
sion10.2008, Chemical Computing Inc., Montreal, Quebec, Canada) targeting EGFRs. The
macromolecule structure for the EGFR tyrosine kinase domain inhibitor Erlotinib (PDB:
1M17) was obtained from the protein data bank, February 2021 (https://www.rcsb.org/
structure/1M17) (accessed on 5 February 2022). The docking process and the generation
of the active site were performed according to the previously reported method [22,40,45].
The structure of the newly designed and most promising compound was drawn using
ChemDraw14.0 then exported to MOE. The new structure was potentate 3D and minimized
energy using MMFF94x force field. The co-crystalized ligand was exposed to validation
process with RSMD 1.99 Å using Triangle Matcher placement method and London dG as
docking score energy. Validation process of the co-crystalized ligand Erlotinib showed
binding energy S = −25.65 Kcal/mol with RMSD = 0.89 ◦A Å, through one hydrogen bond
backbone donor, between Met769 and nitrogen of quinazoline, with bond length 3.04 Å
and strength 27%.

2.16. Statistical Analysis

Data are presented as the mean ± SEM. All experiments were performed in triplicate
and repeated twice. Testing of data normality was carried out using Kolmogorov–Smirnov
test. Multiple comparisons were done using a one-way ANOVA test followed by Tukey–
Kramer as a post hoc test. The statistical significance criterion used was the 0.05 level of
probability p. Statistical analyses were carried out using GraphPad Prism v 5 software (ISI
software, San Diego, California, USA).

3. Results

3.1. Biological Evaluation
3.1.1. Antiproliferative and Anticancer Activities of Isatin Sulfonamide Derivatives on
HepG2 and Huh7 Cell Lines

The cytotoxic effect of the ten compounds was assessed by the MTT assay using
two human hepatocellular carcinoma cell lines, HepG2 and Huh7. The assay was performed
in triplicate to calculate the IC50 (μM), the concentration required for 50% cell cytotoxicity
and a % death rate of 100 p.p.m (μg/mL) after the specified time (48 h) against DMSO
(vehicle, negative control) and Dox (positive control drug) (Table 1). The compounds
showed more selectivity to HepG2. Tumor cells showed normal growth in the culture
system, and DMSO did not seem to have any noticeable effect on cellular growth. Only
six compounds (2a, 3a, 4a, 4b, 4c, and 4d) had cytotoxic activity compared to the DMSO-
treated cells (HepG2 or Huh7).

Before proceeding further to test these latter six compounds as potential selective
anticancer agents, their safety was examined in vitro and in vivo.
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Table 1. The in vitro cytotoxic activity of isatin sulfonamide derivatives on HepG2 and Huh7 cell
lines (10 compounds) and in vitro safety assay towards normal human retina pigmented epithelial
(RPE1) cell line (6 compounds) using MTT assay.

Cells HepG2 Huh7 RPE1

Compound no.
IC50
(μM)

% Death Rate
at 100 p.p.m

(μg/mL)

IC50
(μM)

% Death Rate
at 100 p.p.m

(μg/mL)

CC50
(μM)

% Cell Viability
at 100 p.p.m

(μg/mL)

2a 54.60 ± 2.00 81.50 * 40.00 ± 3.80 100 * 40.30 ± 1.61 4.40

2b >100 10.20 >100 N.A - -

3a 16.80 ± 1.44 70.10 * 40.00 ± 2.20 100 * >100 74 #

3b >100 1.20 >100 N.A - -

3c >100 11.50 >100 N.A - -

3d >100 19.50 >100 N.A - -

4a 12.00 ± 0.40 100 * >100 N.A 21.90 ± 1.15 0

4b 44.70 ± 1.55 94.20 * 53.00 ± 3.00 76.00 * >100 66.40 #

4c 39.70 ± 1.90 95.60 * 35.00 ± 1.90 75.60 * >100 80.70 #

4d 13.30 ± 0.75 100 * 18.76 ± 0.8 0 11.90 ± 0.70 0

DMSO >100 1 >100 5 >100 95

Doxorubicin 21.60 ± 0.81 100 11.60 ± 0.90 100 - -

Results are expressed as the mean ± SEM of three separate experiments. IC50, half-maximal inhibitory concentra-
tion (used for HepG2 and Huh7 cell lines); CC50, half-maximal cytotoxic dose (used for healthy RPB1 cell line);
N.A, no activity; ppm, parts per million (equivalent to μg/mL). * highly active compounds in case of HepG2 and
Huh7 cells, and # highly safe compounds in case of RPE1.

3.1.2. In Vitro Safety Assay towards Human Healthy Retina Pigmented Epithelial (RPE1)
Cell Line

As shown in Table 1, three superior isatin sulfonamide derivatives (3a, 4b, and 4c)
showed a non-cytotoxic effect towards the noncancerous cell line (RPE1), proving a high
safety profile as potential selective anticancer agents to be tested later. In addition, com-
pound 4c was better than 4b and 3a regarding both the safety and death rate on HepG2.
However, 4b and 4c showed lower IC50 and higher death rates than 3a on Huh7 cells
(Table 1).

The results were expressed as MTT assay IC50 (μM) and % cell viability at 100 ppm
values (Table 1). The three superior isatin sulfonamide derivatives (3a, 4b, and 4c) showed
non-cytotoxic effects towards the noncancerous cell line (RPE1), thereby proving a high
safety profile as potential selective anti-cancer agents to be tested further.

3.1.3. In Vivo Acute Oral Toxicity Assay

After giving isatin sulfonamide-derivative compounds 2a, 3a, 4a, and 4b, 4d, and 4c

as a single acute oral dose of 250 mg/kg [29,32], all the mice groups survived the treatment
period (14 days). No physical or abnormal changes were observed in the body weight (BW),
skin, fur, eyes, mucus membranes, tremors, salivation, behavior patterns, sleep patterns,
or the animals’ overall appearance. Kidney and liver biochemical analyses (liver and
kidney function tests) were reported as normal (Table 2). Histopathology analyses (H and
E staining) of the liver and kidney tissues are presented in Figures 2 and 3, respectively.
There were no differences in the hepatic or renal tissue structures between the treated (3a,
4b, and 4c groups), the untreated normal mice control group, and the negative control
group which received DMSO, and these were superior to the positive control Dox-treated
animals, where hepatic and renal pathology were obvious.
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Table 2. Effects of the acute oral toxicity study of isatin derivatives (2a, 3a, 4a, and 4b, 4d, and 4c) on
liver and kidney function tests of mice.

Tests liver function kidney function

Parameters S.ALT S.AST S.T.Bilirubin S.D.Bilirubin S.Creatinine S.Urea

Groups /Units (U/L) (U/L) (mg/dL) (mg/dL) (mg/dL) (mg/dL)

Control

Normal 28.92 ± 0.51 36.24 ± 0.94 0.69 ± 0.016 0.18 ± 0.005 0.67 ± 0.03 53.50 ± 1.01

Negative 30.06 ± 0.72 34.40 ± 0.89 0.74 ± 0.016 0.19 ± 0.002 0.79 ± 0.03 52.38 ± 0.69

Positive 52.97 ± 0.92 *,# 46.93 ± 0.30 *,# 1.45 ± 0.072 *,# 0.36 ± 0.026 *,# 1.57 ± 0.02 *,# 83.27 ± 0.95 *,#

Treated

2a 28.42 ± 0.27 ˆ 37.11 ± 0.35 ˆ 0.65 ± 0.018 ˆ 0.16 ± 0.003 ˆ 0.59 ± 0.04 ˆ 52.24 ± 0.65 ˆ

3a 27.05 ± 0.81 ˆ 36.78 ± 0.33 ˆ 0.65 ± 0.026 ˆ 0.16 ± 0.002 ˆ 0.82 ± 0.03 ˆ 51.25 ± 0.36 ˆ

4a 28.14 ± 0.56 ˆ 36.51 ± 0.15 ˆ 0.72 ± 0.019 ˆ 0.17 ± 0.004 ˆ 0.70 ± 0.02 ˆ 55.10 ± 2.96 ˆ

4b 27.95 ± 0.34 ˆ 35.18 ± 0.47 ˆ 0.70 ± 0.013 ˆ 0.17 ± 0.001 ˆ 0.88 ± 0.06 ˆ 62.60 ± 3.64 ˆ

4c 28.41 ± 0.28 ˆ 37.35 ± 1.47 ˆ 0.73 ± 0.014 ˆ 0.16 ± 0.007 ˆ 0.79 ± 0.04 ˆ 55.76 ± 5.64 ˆ

4d 30.14 ± 0.93 ˆ 38.72 ± 1.37 #,ˆ 0.69 ± 0.016 ˆ 0.18 ± 0.004 ˆ 0.85 ± 0.03 ˆ 48.18 ± 0.53 ˆ

Data are expressed as mean ± SEM. Statistical analyses were carried out using ANOVA followed by the Tukey–
Kramer post hoc test. Acute toxic doses of selected isatin derivatives (2a, 3a, 4a, and 4b, 4d, and 4c, 250 mg/kg)
were given to mice as a single oral dose, and the impact on their liver and kidney function tests was evaluated
after 14 days of dose intake in comparison to normal healthy non-treated mice, DMSO-treated mice as negative
control, and doxorubicin-treated mice as positive control (15 mg/kg, I.P, once). * p < 0.05 compared with the
normal control; # p < 0.05 compared with the negative control group (DMSO-treated); ˆ p < 0.05 compared with
the positive control group (doxorubicin-treated).

3.1.4. Isatin Sulfonamide Molecular Hybrids Effect Cell Cycle Analysis

Flow cytometry was done to characterize whether the synthetic isatin sulfonamide-
derivative compounds exerted an anticancer effect via disrupting the cell cycle compared
to untreated controls. Moreover, flow cytometry would prove whether isatin sulfonamide-
derivative hybrids activate the programmed cell death pathway, inducing apoptosis, with
an overall gain of “cell death”, or not. The results are presented in Table 3, where the % cell
cycle arrest in the different cell cycle phases showed that treatment of HepG2 cells with
compounds 3a and 4c arrested the cells at the G2-M phase by 44.58 and 37.62 %, respectively,
which is 6.32- and 5.30-fold higher compared to the negative control, HepG2 (7.1%). It
was also noticed that the effect of compound 3a was superior to the effect of Dox (39%) on
arresting the cells at the G2-M phase. In addition, compound 4b caused the accumulation
of cells at the G0-G1 and S phases by 41.25 and 53.26%, respectively. Interestingly, the three
compounds, 3a, 4b, and 4c, induced apoptosis at the pre-G1 phase, and the percentages of
cell death were 46.29, 28.14, and 32.02, respectively, in comparison to the negative control
(1.47%). Again, induction of apoptosis at the pre-G1 phase by compound 3a was more
than the induction induced by doxorubicin (46.29% versus 42.38%). These results indicate
that compounds 3a, 4b, and 3c could target the cancer cell cycle and induce apoptosis at
different phases.

The cell cycle arrest in HepG2 is expressed as % cells in each phase after treatment with
5 μM isatin sulfonamide tested compounds, 3a, 4b, and 4c, against positive and negative
controls. The apoptotic activity of compounds 3a, 4b, and 4c is expressed as % cell death
induction after treatment of HepG2 with IC50 of the selected compounds for 24 h. The
positive control was Dox-treated HepG2 cells; the negative control was DMSO-treated
HepG2 cells.
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Figure 2. Photomicrographs of mice liver sections stained by H and E from (A) the normal control
group, which demonstrated normal histological features of the liver parenchyma with apparently
intact well-organized hepatocytes with intact subcellular details (black arrow), normal hepatic
sinusoids, vasculatures (star), and portal tracts; (B) Dox-treated mice as the positive control group,
which showed hepatocellular necrotic changes (arrow) accompanied with moderate dilatation of
the hepatic blood vessels and hepatic sinusoids (star) associated with focal perivascular mixed
inflammatory cell infiltrates (red arrow); (C) mice treated with compound 3a, which showed intact
vasculatures (star) as well as hepatic sinusoids with no inflammatory cell infiltrates; (D) mice group
treated with compound 4b, which demonstrated apparently intact hepatocytes and allover hepatic
parenchyma with intact vasculatures (star), and almost no record of inflammatory cell infiltrates;
(E) mice treated with compound 4c, and (F) negative control group that received DMSO. Both (E,F)
groups showed almost intact histological features of hepatic parenchyma (as normal control; (A)).
[scale bars 50 μm].
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Figure 3. Photomicrographs of mice kidney sections, where renal tissue stained by H and E from
(A), the normal control group, demonstrated normal histological features of the renal parenchyma
with many intact renal corpuscles (star) and nephron segments with intact tubular epithelium
(black arrow) and intact interstitial tissues and vasculatures. (B) Positive control treated with Dox,
showing dilatation of the cortical tubular segments (red star) with tubular vacuolar degenerative
changes (red arrow), loss of luminal border integrity, and occasional tubular epithelial necrotic cells
records (dashed black arrow); (C) group treated with compound 3a, showing intact well-organized
histological features of renal parenchyma with minimal records of sporadic tubular epithelial changes
(red arrow); (D) group treated with compound 4b, with almost intact histological features of renal
parenchyma; (E) group treated with compound 4c, where most of the tubular segments showed
almost intact well-organized morphological features (as in (A)), and (F) negative control group that
received DMSO, which showed almost intact histological features of renal parenchyma with minimal
records of tubular degeneration (red arrow). [scale bars 50 μm].
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Table 3. Cell cycle analysis using flow cytometry in HepG2 expressed as % of cells in each phase
after treatment with isatin sulfonamide tested compounds, 3a, 4b, and 4c, and controls, and Annexin
V/FITC apoptotic activity of selected isatin compounds is expressed as % of cell death induction.

Compound no.

%Cell Cycle Arrest/Phase %Cell Death

%G0-G1 %S %G2-M %pre-G1
Total Early Late

Necrosis
Apoptosis

3a 31.57 23.58 44.85 46.29 46.29 3.56 29.58 13.15

4b 41.25 53.26 5.49 28.14 28.14 6.12 12.61 9.41

4c 36.44 25.94 37.62 32.02 32.02 2.88 18.08 11.06

Positive control 29.74 31.26 39 42.38 42.38 1.85 26.27 14.26

Negative control 55.29 37.61 7.1 1.47 1.47 0.36 0.12 0.99

Data are expressed as mean percentage of three separate experiments.

3.1.5. Effect of Isatin Sulfonamide Derivatives on Apoptotic Assay

The mechanism of cell death was analyzed by flow cytometry using Annexin V/PI
double staining. The data generated were plotted in two-dimensional dot plots, in which
PI is represented versus Annexin V-FITC (Figure 4).

These plots were divided into four regions corresponding to:

(1) Viable cells, which are negative to both probes (PI/FITC −/−),
(2) Apoptotic cells, which are PI negative and Annexin positive (PI/FITC −/+),
(3) Late apoptotic cells, which are both PI and Annexin positive (PI/FITC +/+),
(4) Necrotic cells, which are PI positive and Annexin negative (PI/FITC+/−).

As shown in Table 4 and Figure 4, the % of total apoptosis induced by the tested
compounds (3a, 4b, and 4c) were 46.3%, 28.1%, and 32.0%, respectively, compared to the
negative control (1.47%). Compound 3a exhibited the highest induction of total apoptosis,
31.49-fold greater than that of negative control HepG2 cells and higher than the total apop-
tosis induced by Dox (42.38%). Moreover, compound 3a was the most potent compound
for inducing total apoptosis or necrosis (46.29 % and 13.15%, respectively) in comparison
to 4b and 4c. In addition, the percentage of late apoptosis varies from 29.58% to 12.61%
and 18.08% for compounds 3a, 4b, and 3c, respectively, when compared to both negative
control HepG2 cells (0.12%) and Dox-treated cells (26.27%).

Table 4. Effects of treatment with the superior isatin sulfonamide derivatives (3a, 4b, and 4c com-
pounds) on the levels of EGFR, uPA, BcL-2, heparanase, GSH, and MDA in cell lysate from HepG2
cells treated with the selected compounds at their IC50.

HepG2 Cell Line Control Treated

Parameter/Groups Positive Negative 3a 4b 4c

EGFR (pmol/mg protein) 27.5 ± 1.7 a* 306 ± 20 42 ± 2.3 a*,b* 87.49 ± 3.4 a*,b* 54 ± 2.4 a*,b*
uPA (nmol/mg protein) 1244 ± 18 a* 3149 ± 111 1258 ± 15 a* 1916 ± 40 a*,b* 1729 ± 38 a*,b*
Bcl-2 (nmol/mg protein) 1.7 ± 0.10 a* 7.8 ± 0.07 4.2 ± 0.10 a*,b* 2.5 ± 0.04 a,b* 3.6 ± 0.11 a*,b*
Heparanase (pmol/mg protein) 902.1 ± 21 a* 3097 ± 160 1262 ± 35 a*,b* 1827 ± 30 a*, b* 1449 ± 12.5 a*,b*
GSH (μmol/mg protein) 0.8 ± 0.1 a* 1.7 ± 0.2 1.6 ± 0.7 1.1 ± 0.7 2.1 ± 0.3 b*
MDA level (μmol/mg protein) 18.5 ± 1.5 a* 13.8 ± 1.0 2.0 ± 0.5 a*,b* 3.7 ± 0.4 a*,b* 14.5 ± 1.4

Data are expressed as mean ± SEM of three separate experiments. Results were computed by a one-way ANOVA
test followed by Tukey–Kramer as a post-hoc test. * p values < 0.05 were considered significant. EGFR, epidermal
growth factor receptor; uPA, urokinase plasminogen activator; Bcl-2, B-cell lymphoma; GSH, reduced glutathione;
MDA, malondialdehyde. a difference from negative control (non-treated HepG2 cells); b difference from positive
control (doxorubicin-treated HepG2 cells).
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(A) 3a-treated HepG2 cells 

  

(B) 4b-treated HepG2 cells (C) 4c-treated HepG2 cells 

 

(D) Positive control 

 

(E) Negative control 

Figure 4. Apoptosis analysis by flow cytometry using the Annexin V/PI double staining method
((A) compound 3a-treated HepG2 cells, (B) compound 4b-treated HepG2 cells, (C) compound 4c-
treated HepG2 cells, (D) positive control; Dox-treated HepG2 cells, and (E) negative control; non-
treated HepG2 cells). Apoptosis analysis depends on the quantitation of DNA content after PI
staining, being stoichiometric, i.e., cells in the S phase will have more DNA than cells in the G1 phase
and will take up proportionally more dye and will fluoresce more brightly. Cells in the G2 phase will
be approximately twice as bright as cells in the G1 phase.
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3.1.6. Effect of Isatin Sulfonamide Molecular Hybrids on Other Cancer Hallmark
Markers Assay

As illustrated in Table 4, compounds 3a-, 4b-, and 4c-treated HepG2 cells showed
significant reductions in the EGFR levels, where 3a-treated cells reported the most reduction
to 42 ± 2.3 pmol/mg protein in comparison to untreated HepG2 cells (306 ± 20 pmol/mg
protein). This signifies the potent anti-angiogenic effect of the selected promising isatin
sulfonamide derivatives.

As clarified in Table 4, cells treated with compounds 3a, 4b, and 4c showed significantly
lower levels of uPA (1258 ± 15, 1916 ± 40, and 1729 ± 38 nmol/mg protein, respectively)
than the non-treated negative control HepG2 cells (3149 ± 111 nmol/mg protein). These
levels, except those for 3a-treated cells, were significantly higher than the Dox-treated cells
uPA levels (1244 ± 18 nmol/mg protein).

Anti-apoptotic repression via Bcl-2 antigen level restoration was also evaluated. Com-
pounds 3a, 4b, and 4c showed significant differences in levels of Bcl-2 (4.2 ± 0.1, 2.5 ± 0.04,
and 3.6 ± 0.11 nmol/mg protein, respectively) when compared to the negative control
(7.8 ± 0.11 nmol/mg protein). This points to the fact that one role of these three selected
isatin derived compounds as anti-cancer promising drugs is via apoptosis induction.

Heparanase expression levels were assessed as markers of metastasis. Compound
3a showed the lowest levels of heparanase (1262 ± 35 pmol/mg protein) in comparison
to the negative HepG2 cell control (3097 ± 160 pmol/mg protein). Compounds 4b and
4c lowered heparanase expression levels in HepG2 cell lysates as well, to 1827 ± 30 and
1449 ± 12.5 pmol/mg protein, respectively.

With respect to markers of oxidative stress, the three investigated compounds had no
significant effect on GSH levels compared to non-treated HepG2 cells. On the other hand,
only compounds 3a and 4b had remarkable reducing effects on MDA levels in HepG2
cell lysates, to 2.0 ± 0.5 and 3.7 ± 0.4 μmol/mg protein, respectively, in comparison to
both non-treated HepG2 cells (13.8 ± 1.0 μmol/mg protein) and Dox-treated HepG2 cells
(18.5 ± 1.5 μmol/mg protein).

3.2. Molecular Docking Studies and Binding to EGFR

Next, molecular docking studies were carried out to better understand the binding
energies (Kcal/mol) and amino acid residue interactions of the most active isatin sulfon-
amide derivatives in the current study (3a, 4b, and 4c). The molecular docking results
were compared to Dox and the co-crystalized ligand (Erlotinib) entering into the ATP
binding site inside the active site of an EGFR (PDB: 1M17) retrieved from the protein data
bank (https://www.rcsb.org/structure/1M17) (accessed on 5 February 2022) to explore
the binding mode.

As shown in Table 3, 3a, 4b, and 4c, when docked to the same binding site as Erlotinib
(Table 5) revealed binding free energy with a minus score, showing quick fitting into the
EGFR binding site, with free energies of −21.74, −19.21, and −20.80 kcal/mol, respectively.
The results confirm the promiscuity of these three isatin sulfonamide derivatives to form
good binding within the EGFR binding site [22,37]. Dox displayed lower binding energy of
S = −22.82 Kcal/mol, through five hydrogen bonds, as did Erlotinib (S= −25.65 Kcal/mol).
Compound 3a displayed a hydrophobic interaction with piperidin-1-ylsulfonyl, phenyl
derivatives of isatin’s bioactive core, as well as the carbonyl and tolyl groups (Figure 5). The
hydrophobic interactions of both compounds 4b and 4c appear on the acetyl, piperidin-1-
ylsulfonyl, and phenyl derivatives of the isatin scaffold. The synthesized isatin sulfonamide
derivatives showed a hydrogen bond backbone acceptor between Met769 and a carbonyl of
isatin with a low bond length of less than 3.04 Å, as did Erlotinib, that formed one hydrogen
bond between the nitrogen of quinazoline and Met769, providing more evidence of good
activity against EGFRs as promising new tyrosine kinase inhibitors.
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(A) 3D interaction map of Erlotinib (co-crystalized ligand) (B) 2D interaction map of Erlotinib (co-crystalized ligand) 

 
(C) 3D interaction map of Dox (Positive control) (D) 2D interaction map of Dox (Positive control) 

  
(E) 3D interaction map of compound 3a (F) 2D interaction map of compound 3a 

  
(G) 3D interaction map of compound 4b (H) 2D interaction map of compound 4b 

Figure 5. Cont.
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(I) 3D interaction map of compound 4c (J) 2D interaction map of compound 4c 

Figure 5. Molecular docking study: 3D and 2D interaction maps of the co-crystalized ligand (Erlotinib)
(A,B), the positive control (doxorubicin) (C,D), and the isatin sulfonamide derivatives 3a, 4b, and 4c

(E–J) inside the EGFR (PDB:1M17) active site.

Table 5. Molecular docking study results of the isatin sulfonamide derivatives 3a, 4b, and 4c,
doxorubicin, and the co-crystalized ligand (Erlotinib), with binding energy and inter-acting groups
with specific amino acids in residue inside the active site of the EGFR (PDB: 1M17).

Compound no. S (Kcal/mol)
Amino Acids

Residues
Ligand Atoms Distance (Å A) Strength (%)

3a −21.74 Met769 C=O of isatin 2.86 15

4b −19.21 Met769 C=O of isatin 2.71 23

4c −20.80
Met769 C=O of isatin 2.85 33

Asp831 NH of acetanilide 2.44 54

Doxorubicin −22.82

Met769 C=O pf anthraquinone 2.74 32
Lys721 C=O of ethenone 2.61 19
Asp831 Hydroxy group 2.76 42
Asn818 NH2 group 2.56 37
Arg817 NH2 group 2.60 28

Erlotinib −25.65 Met769 C=O of quinazoline 3.04 27

4. Discussion

Molecular hybridization drug design based on combining different bioactive moi-
eties into one compound is an effective strategy to produce promising efficient anticancer
agents [17,46]. In the present study, molecular hybridization approach was used to syn-
thesize ten new isatin sulfonamide hybrids. The anticancer antiproliferative activities of
these derivatives, characterized using two HCC cell lines, HepG2 and Huh7, revealed that
six compounds (2a, 3a, 4a, 4b, 4c, and 4d) provided the most cytotoxic effects. The safety
of these six compounds was investigated through in vitro and in vivo studies that showed
that three derivatives (3a, 4b, and 4c) exhibited the least toxicity and higher safety margins.

To shed more light on the mechanistic pathways underlying the anticancer and an-
tiproliferative activities of compounds 3a, 4b, and 4c, we evaluated their effect on cell death
tendency through studying cell cycle apoptosis. Our results showed that the compound
“3a”, of all the tested compounds, has the highest cell cycle arresting potential during the
cell cycle critical phases (M and pre-G1), rather than the other two new isatin hybrids
(4b and 4c) and the classically used cytotoxic positive control drug (Dox), in comparison
to non-treated HepG2 cells (negative control). Cell cycle arrest percentage is now docu-
mented as a marker for new anti-cancer drug efficiency [47,48]. Our observations come in
agreement with other studies reporting that some isatin derivatives arrested the cell cycle
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during the mitotic phase, in comparison to the positive cytotoxic control drugs cisplatin [49]
and Dox [50].

One of the mechanisms by which anticancer agents could affect cell cycle machinery
is through targeting various cyclin-dependent kinases (CDKS). Depending on the type
of targeted CDK, cell cycle machinery could be arrested at different phases. Targeting
cyclinA-CDK2 causes apoptosis induction at the S phase, while inappropriate activation
of cyclinB-CDK1 targets the cell cycle at the G2-M boundary [48,51]. This could explain
why isatin sulfonamide derivatives 3a and 4c arrested the cell cycle at the G2-M and pre-G1
phases, while 4b accumulated the cells at the G0-G1 and S phases. However, this needs
more investigation by evaluating the effects of these derivatives on CDKs and the other
enzymes regulating cell cycle machinery.

Regarding the mode of cell death analysis using Annexin V-FITC/PI double staining,
it was found that compound 3a had the highest induction of both total and late apoptosis
in comparison to the 3b and 4c compounds, and it was even more potent than Dox. This
suggests that compound 3a would modulate cell death regulators and may play a key role
in the decision of cell death having an apoptotic effect that would also be related to other
cancer hallmarks [52,53].

This apoptotic efficacy raised by the 3a compound was further supported by the
significantly decreased expression of the survival anti-apoptotic protein (Bcl-2) compared
to untreated HepG2. In addition, treating HepG2 with the 4b and 4c compounds caused a
significant reduction in the Bcl-2 levels. Similarly, to our findings, different isatin deriva-
tives could induce HepG2 cells death through targeting cell cycle proteins, apoptotic
induction [50], and down-regulation of Bcl-2 with autophagy promotion [54].

Although 3a had a much more potent apoptotic efficacy than the positive chemothera-
peutic cytotoxic control Dox, the latter depressed the Bcl-2 level more than compound 3a;
this could possibly be due to the confined Dox effect against Bcl-2 solely [55].

Compounds 3a, 4b, and 4c significantly decreased angiogenesis measured as EGFR
protein, and the greatest reduction was observed when HepG2 cells were treated with 3a.
The potential of isatin sulfonamide derivatives to depress angiogenesis was also previously
reported with apoptosis induction and arresting the cell cycle at the G2/M phases [56].
This inhibitory effect of the newly synthesized isatin sulfonamide derivatives (3a, 4b, and
4c) was confirmed by the molecular docking studies, as they displayed low free binding
energy in comparison to the co-crystalized ligand (Erlotinib) and to the positive control
(Dox) and inside the EGFR active site, meaning better potential anti-angiogenic drugs with
tyrosine kinase inhibitory activity.

uPA is a highly restricted serine protease that converts the zymogen plasminogen
to active plasmin, a broad-spectrum serine proteinase capable of degrading most protein
components of the extracellular matrix, facilitating cancer invasion and metastasis (one
of the cancer hallmarks) [57,58]. The three superior tested isatin sulfonamide-derivative
compounds, 3a, 4b, and 4c, showed possible anti-invasive activity measured as decreased
uPA levels. Compound 3a showed the most significant efficacy that is comparable to the
Dox effect. This observation is in accordance with a previously reported work, showing
some isatin derivatives to decrease the cancer invasiveness in treated cancer cell lines via
down-regulating urokinase [59].

The three currently investigated potential isatin sulfonamide derivatives, 3a (the most
superior), 4b, and 4c, significantly decreased the invasive potential of liver cancer cells
through decreasing heparanase expression in the HepG2 cell lysate by a comparable degree
to that shown in the Dox-treated HepG2 cells. Heparanase is an endo-β-D glucuronidase
that cleaves an extracellular component, heparan sulfate. High expression levels of hep-
aranase have been reported in several tumors [60,61] and associated with tumor growth,
invasiveness, metastasis, and poor prognosis. In addition, there is crosstalk between hep-
aranase and many other proteases such as matrix metalloproteinase-9 and uPA [62,63].
Therefore, downregulation of both uPA and heparanase by isatin derivatives (3a, 4b, and 4c)
highlights their promising anticancer activities via targeting tumor invasion and metastasis.
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It is worth mentioning here the role of heparanase in augmenting angiogenesis, another
hallmark of cancer, through both its enzymatic and non-enzymatic activities. Release of
heparan sulfate induces the angiogenesis via the upregulation of various growth factors
and other proangiogenic factors [64,65]. Moreover, heparanase could promote angiogenesis
non-enzymatically through activation of hypoxia-inducible factors, heat shock proteins,
and proangiogenic factors [63,66]. Hence, the inhibitory effect of our newly synthesized
isatin sulfonamide molecular hybrids on heparanase and EGFRs suggests a possible role in
targeting angiogenesis.

Alongside this, we tried to explore the contribution of oxidative stress in the whole
anticancer or apoptotic induction, through measuring both MDA and GSH levels. The
tested isatin sulfonamide-derivative compounds did not affect the oxidative stress mark-
ers measured currently, and, together with their cytotoxic efficacy, did not rely on this
stressful pathway.

In summary, the anticancer molecular or biochemical analysis revealed, mechanisti-
cally, that isatin sulfonamide derivatives’ cytotoxicity is possibly due to an effect on the
apoptotic and the angiogenic machineries as well as targeting tumor invasiveness stud-
ied using the HepG2 cell line. The isatin sulfonamide derivatives showed an ability to
depress the action of the survival mechanism of Bcl-2, inhibiting angiogenesis, and further
hindering cancer invasion through inhibition of uPA and heparanase expression.

In future, more in vivo extrapolation for the compound 3a will be conducted to in-
troduce more insight into the anti-cancer autophagic/mitochondrial efficacy of the new
molecularly hybridized isatin sulfonamide derivative, or, moreover, it will be engineered
by nanotechnology for better drug targeting.

5. Conclusions

A schematic diagram is outlined in the graphical abstract, summarizing the present
research’s findings on the newly synthesized isatin sulfonamide derivatives 3a, 4b, and 4c,

which have promising anticancer activities on HCC cell lines. Moreover, the compound
(3a) presents, hopefully, a promising new anticancer agent to suppress HepG2 cell growth
in vitro through cell cycle arrest, apoptosis induction, and possible anti-angiogenic and
anti-metastatic activities.
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10.3390/biomedicines10030722/s1. Synthesis and Identification of the Tested Isatin Sulfonamides
Derivatives (10 Compounds).

Author Contributions: M.E. and E.F.S. contributed equally during the research conduction, data
analysis, and drafting of the first manuscript and share the “First Authorship”; A.R. and Y.A.A.
contributed equally to the new heterocyclic derivatives’ design; A.R. performed the molecular
docking study; K.M. contributed during the biochemical practical research conducted; M.M.A. and
N.M.H. contributed to the study design and conceptualization and share the “Chief Supervisor
Authorship”, including revising the manuscript draft and ensuring partial funding; E.F.S. and N.M.H.
contributed to writing and revising the manuscript until submission and full publication; N.M.H.
being the corresponding author. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Animal care and all the experimental protocols were ap-
proved and conducted in accordance with the ethical guidelines approved by the Institutional Review
Board of Faculty of Pharmacy, Ain Shams University, Cairo, Egypt (Ethics Committee Approval
10/2019/1). The study was carried out in compliance with the ARRIVE guidelines.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

76



Biomedicines 2022, 10, 722

Acknowledgments: The authors are thankful to the partial fund provided by both the ABRL at the
Biochemistry Dept., Faculty of Pharmacy, Ain Shams University (#2021NMH5) as well as the National
Research Centre, Giza (Grant #11/2/7,2020).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Tsuchiya, K. Switching from Apoptosis to Pyroptosis: Gasdermin-Elicited Inflammation and Antitumor Immunity. Int. J. Mol. Sci.
2021, 22, 426. [CrossRef] [PubMed]

2. Hussien, A.G.; Borai, I.H.; Said, M.M.; Mahmoud, K.; Ali, M.M. Chemotherapeutic effect of Ulmus pumila leaves methanolic
extract against N-methyl-N-nitrosourea-induced mammary carcinoma in female rats: An in vitro and in vivo study. J. Appl.
Pharm. Sci. 2019, 9, 57–68. [CrossRef]

3. Gong, Y.; Fan, Z.; Luo, G.; Yang, C.; Huang, Q.; Fan, K.; Cheng, H.; Jin, K.; Ni, Q.; Yu, X.; et al. The role of necroptosis in cancer
biology and therapy. Mol. Cancer 2019, 18, 1–17. [CrossRef] [PubMed]

4. Ke, S.; Shi, L.; Yang, Z. Discovery of novel isatin–dehydroepiandrosterone conjugates as potential anticancer agents. Bioorg. Med.
Chem. Lett. 2015, 25, 4628–4631. [CrossRef] [PubMed]

5. Kumar, K.; Bhargava, G.; Land, K.M.; Chang, K.-H.; Arora, R.; Sen, S.; Kumar, V. N-Propargylated isatin-Mannich mono-and
bis-adducts: Synthesis and preliminary analysis of in vitro activity against Tritrichomonas foetus. Eur. J. Med. Chem. 2014, 74,
657–663. [CrossRef]

6. Lin, H.-H.; Wu, W.-Y.; Cao, S.-L.; Liao, J.; Ma, L.; Gao, M.; Li, Z.-F.; Xu, X. Synthesis and antiproliferative evaluation of
piperazine-1-carbothiohydrazide derivatives of indolin-2-one. Bioorg. Med. Chem. Lett. 2013, 23, 3304–3307. [CrossRef]

7. Krause-Heuer, A.M.; Howell, N.R.; Matesic, L.; Dhand, G.; Young, E.L.; Burgess, L.; Jiang, C.D.; Lengkeek, N.A.; Fookes, C.J.R.;
Pham, T.Q. A new class of fluorinated 5-pyrrolidinylsulfonyl isatin caspase inhibitors for PET imaging of apoptosis. MedChem-
Comm 2013, 4, 347–352. [CrossRef]

8. Salem, M.A.; Ragab, A.; El-Khalafawy, A.; Makhlouf, A.H.; Askar, A.A.; Ammar, Y.A. Design, synthesis, in vitro antimicrobial
evaluation and molecular docking studies of indol-2-one tagged with morpholinosulfonyl moiety as DNA gyrase inhibitors.
Bioorg. Chem. 2020, 96, 103619. [CrossRef] [PubMed]

9. Nath, R.; Pathania, S.; Grover, G.; Akhtar, M.J. Isatin containing heterocycles for different biological activities: Analysis of
structure activity relationship. J. Mol. Struct. 2020, 1222, 128900. [CrossRef]

10. Wang, J.; Yun, D.; Yao, J.; Fu, W.; Huang, F.; Chen, L.; Wei, T.; Yu, C.; Xu, H.; Zhou, X. Design, synthesis and QSAR study of novel
isatin analogues inspired Michael acceptor as potential anticancer compounds. Eur. J. Med. Chem. 2018, 144, 493–503. [CrossRef]

11. Gupta, A.K.; Tulsyan, S.; Bharadwaj, M.; Mehrotra, R. Systematic review on cytotoxic and anticancer potential of n-substituted
isatins as novel class of compounds useful in multidrug-resistant cancer therapy: In silico and in vitro analysis. Top. Curr. Chem.
2019, 377, 15. [CrossRef] [PubMed]

12. Shin, J.-W.; Ohnishi, K.; Murakami, A.; Lee, J.-S.; Kundu, J.K.; Na, H.-K.; Ohigashi, H.; Surh, Y.-J. Zerumbone induces heme
oxygenase-1 expression in mouse skin and cultured murine epidermal cells through activation of Nrf2. Cancer Prev. Res. 2011, 4,
860–870. [CrossRef] [PubMed]

13. Heller, L.; Schwarz, S.; Perl, V.; Köwitsch, A.; Siewert, B.; Csuk, R. Incorporation of a Michael acceptor enhances the antitumor
activity of triterpenoic acids. Eur. J. Med. Chem. 2015, 101, 391–399. [CrossRef] [PubMed]

14. Mishra, S.; Singh, P. Hybrid molecules: The privileged scaffolds for various pharmaceuticals. Eur. J. Med. Chem. 2016, 124,
500–536. [CrossRef]

15. Fang, L.; Jumpertz, S.; Zhang, Y.; Appenroth, D.; Fleck, C.; Mohr, K.; Tränkle, C.; Decker, M. Hybrid molecules from xanomeline
and tacrine: Enhanced tacrine actions on cholinesterases and muscarinic M1 receptors. J. Med. Chem. 2010, 53, 2094–2103.
[CrossRef] [PubMed]

16. Abdel-Aziz, H.A.; Eldehna, W.M.; Keeton, A.B.; Piazza, G.A.; Kadi, A.A.; Attwa, M.W.; Abdelhameed, A.S.; Attia, M.I. Isatin-
benzoazine molecular hybrids as potential antiproliferative agents: Synthesis and in vitro pharmacological profiling. Drug Des.
Dev. Ther. 2017, 11, 2333. [CrossRef]

17. Ding, Z.; Zhou, M.; Zeng, C. Recent advances in isatin hybrids as potential anticancer agents. Arch. Pharm. 2020, 353, 1900367.
[CrossRef] [PubMed]

18. Medvedev, A.; Buneeva, O.; Gnedenko, O.; Ershov, P.; Ivanov, A. Isatin, an endogenous nonpeptide biofactor: A review of its
molecular targets, mechanisms of actions, and their biomedical implications. BioFactors 2018, 44, 95–108. [CrossRef] [PubMed]

19. Varun, V.; Sonam, S.; Kakkar, R. Isatin and its derivatives: A survey of recent syntheses, reactions, and applications. Medchemcomm
2019, 10, 351–368. [CrossRef]

20. Singh, S.N.; Regati, S.; Paul, A.K.; Layek, M.; Jayaprakash, S.; Reddy, K.V.; Deora, G.S.; Mukherjee, S.; Pal, M. Cu-mediated 1,
3-dipolar cycloaddition of azomethine ylides with dipolarophiles: A faster access to spirooxindoles of potential pharmacological
interest. Tetrahedron Lett. 2013, 54, 5448–5452. [CrossRef]

21. Senwar, K.R.; Reddy, T.S.; Thummuri, D.; Sharma, P.; Naidu, V.G.M.; Srinivasulu, G.; Shankaraiah, N. Design, synthesis
and apoptosis inducing effect of novel (Z)-3-(3′-methoxy-4′-(2-amino-2-oxoethoxy)-benzylidene) indolin-2-ones as potential
antitumour agents. Eur. J. Med. Chem. 2016, 118, 34–46. [CrossRef] [PubMed]

77



Biomedicines 2022, 10, 722

22. Ammar, Y.A.; El-Sharief, A.M.S.; Belal, A.; Abbas, S.Y.; Mohamed, Y.A.; Mehany, A.B.M.; Ragab, A. Design, synthesis, antipro-
liferative activity, molecular docking and cell cycle analysis of some novel (morpholinosulfonyl) isatins with potential EGFR
inhibitory activity. Eur. J. Med. Chem. 2018, 156, 918–932. [CrossRef] [PubMed]

23. Zhu, C.; Li, X.; Zhao, B.; Peng, W.; Li, W.; Fu, W. Discovery of aryl-piperidine derivatives as potential antipsychotic agents using
molecular hybridization strategy. Eur. J. Med. Chem. 2020, 193, 112214. [CrossRef] [PubMed]

24. Maldonado-Santiago, M.; Santiago, Á.; Pastor, N.; Alvarez, L.; Razo-Hernández, R.S. Isatin derivatives as DNA minor groove-
binding agents: A structural and theoretical study. Struct. Chem. 2020, 31, 1289–1307. [CrossRef]

25. Ali Mohamed, H.; Ammar, Y.A.; AM Elhagali, G.; Eyada, H.A.; Aboul-Magd, D.S.; Ragab, A. In Vitro Antimicrobial Evaluation,
Single-Point Resistance Study, and Radiosterilization of Novel Pyrazole Incorporating Thiazol-4-one/Thiophene Derivatives as
Dual DNA Gyrase and DHFR Inhibitors against MDR Pathogens. ACS omega 2022, 7, 4970–4990. [CrossRef] [PubMed]

26. Mosmann, T. Rapid colorimetric assay for cellular growth and survival: Application to proliferation and cytotoxicity assays. J.
Immunol. Methods 1983, 65, 55–63. [CrossRef]

27. Denizot, F.; Lang, R. Rapid colorimetric assay for cell growth and survival: Modifications to the tetrazolium dye procedure giving
improved sensitivity and reliability. J. Immunol. Methods 1986, 89, 271–277. [CrossRef]

28. Kamiloglu, S.; Sari, G.; Ozdal, T.; Capanoglu, E. Guidelines for cell viability assays. Food Front. 2020, 1, 332–349. [CrossRef]
29. Oecd, T.N. 425: Acute Oral Toxicity: Up-and-Down Procedure. OECD Guidel. Test. Chem. Sect. 2008, 4, 1–27.
30. Khan, M.A.; Aljarbou, A.N.; Aldebasi, Y.H.; Alorainy, M.S.; Khan, A. Combination of glycosphingosomes and liposomal

doxorubicin shows increased activity against dimethyl-α-benzanthracene-induced fibrosarcoma in mice. Int. J. Nanomed. 2015,
10, 6331. [CrossRef]

31. Mahesh, B.U.; Shrivastava, S.; Kuncha, M.; Sahu, B.D.; Swamy, C.V.; Pragada, R.R.; Naidu, V.G.M.; Sistla, R. Ethanolic extract of
Boswellia ovalifoliolata bark and leaf attenuates doxorubicin-induced cardiotoxicity in mice. Environ. Toxicol. Pharmacol. 2013, 36,
840–849. [CrossRef]

32. Akhila, J.S.; Shyamjith, D.; Alwar, M.C. Acute toxicity studies and determination of median lethal dose. Curr. Sci. 2007, 917–920.
33. Suvarna, K.S.; Layton, C.; Bancroft, J.D. Bancroft’s theory and practice of histological techniques E-Book; Elsevier Health Sciences, 2018;

ISBN 0702068861.
34. Culling, C.F.A. Handbook of Histopathological and Histochemical Techniques: Including Museum Techniques; Butterworth-Heinemann:

Cambridge, UK, 2013; ISBN 1483164799.
35. Karrowni, W.; Li, Y.; Jones, P.G.; Cresci, S.; Abdallah, M.S.; Lanfear, D.E.; Maddox, T.M.; McGuire, D.K.; Spertus, J.A.; Horwitz, P.A.

Insulin resistance is associated with significant clinical atherosclerosis in nondiabetic patients with acute myocardial infarction.
Arterioscler. Thromb. Vasc. Biol. 2013, 33, 2245–2251. [CrossRef] [PubMed]

36. Eldehna, W.M.; Almahli, H.; Al-Ansary, G.H.; Ghabbour, H.A.; Aly, M.H.; Ismael, O.E.; Al-Dhfyan, A.; Abdel-Aziz, H.A.
Synthesis and in vitro anti-proliferative activity of some novel isatins conjugated with quinazoline/phthalazine hydrazines
against triple-negative breast cancer MDA-MB-231 cells as apoptosis-inducing agents. J. Enzyme Inhib. Med. Chem. 2017, 32,
600–613. [CrossRef] [PubMed]

37. Rezki, N.; Almehmadi, M.A.; Ihmaid, S.; Shehata, A.M.; Omar, A.M.; Ahmed, H.E.A.; Aouad, M.R. Novel scaffold hopping of
potent benzothiazole and isatin analogues linked to 1, 2, 3-triazole fragment that mimic quinazoline epidermal growth factor
receptor inhibitors: Synthesis, antitumor and mechanistic analyses. Bioorg. Chem. 2020, 103, 104133. [CrossRef] [PubMed]

38. Treger, S.; Ackerman, S.; Kaplan, V.; Ghanem, S.; Nadir, Y. Progestin type affects the increase of heparanase level and procoagulant
activity mediated by the estrogen receptor. Hum. Reprod. 2021, 36, 61–69. [CrossRef] [PubMed]

39. Shamroukh, A.H.; El-Shahat, M.; Drabowicz, J.; Ali, M.M.; Rashad, A.E.; Ali, H.S. Anticancer evaluation of some newly
synthesized N-nicotinonitrile derivative. Eur. J. Med. Chem. 2013, 69, 521–526. [CrossRef] [PubMed]

40. Fayed, E.A.; Ammar, Y.A.; Saleh, M.A.; Bayoumi, A.H.; Belal, A.; Mehany, A.B.M.; Ragab, A. Design, synthesis, antiproliferative
evaluation, and molecular docking study of new quinoxaline derivatives as apoptotic inducers and EGFR inhibitors. J. Mol.
Struct. 2021, 1236, 130317. [CrossRef]

41. Beutler, E. Improved method for the determination of blood glutathione. J. Lab. Clin. Med. 1963, 61, 882–888.
42. Du, H.; Chen, B.; Jiao, N.-L.; Liu, Y.-H.; Sun, S.-Y.; Zhang, Y.-W. Elevated glutathione peroxidase 2 expression promotes cisplatin

resistance in lung adenocarcinoma. Oxid. Med. Cell. Longev. 2020, 2020, 7370157. [CrossRef] [PubMed]
43. Gavino, V.C.; Miller, J.S.; Ikharebha, S.O.; Milo, G.E.; Cornwell, D.G. Effect of polyunsaturated fatty acids and antioxidants on

lipid peroxidation in tissue cultures. J. Lipid Res. 1981, 22, 763–769. [CrossRef]
44. De Leon, J.A.D.; Borges, C.R. Evaluation of Oxidative Stress in Biological Samples Using the Thiobarbituric Acid Reactive

Substances Assay. JoVE J. Vis. Exp. 2020, 159, e61122. [CrossRef]
45. El-Sharief, A.M.S.; Ammar, Y.A.; Belal, A.; El-Sharief, M.A.M.S.; Mohamed, Y.A.; Mehany, A.B.M.; Ali, G.A.M.E.; Ragab, A.

Design, synthesis, molecular docking and biological activity evaluation of some novel indole derivatives as potent anticancer
active agents and apoptosis inducers. Bioorg. Chem. 2019, 85, 399–412. [CrossRef] [PubMed]

46. Wu, Z.; Liao, X.; Yuan, L.; Wang, Y.; Zheng, Y.; Zuo, J.; Pan, Y. Visible-Light-Mediated Click Chemistry for Highly Regioselective
Azide–Alkyne Cycloaddition by a Photoredox Electron-Transfer Strategy. Chem. Eur. J. 2020, 26, 5694–5700. [CrossRef] [PubMed]

47. Leal-Esteban, L.C.; Fajas, L. Cell cycle regulators in cancer cell metabolism. Biochim. Biophys. Acta Mol. Basis Dis. 2020,
1866, 165715. [CrossRef] [PubMed]

78



Biomedicines 2022, 10, 722

48. Bai, J.; Li, Y.; Zhang, G. Cell cycle regulation and anticancer drug discovery. Cancer Biol. Med. 2017, 14, 348–362. [CrossRef]
[PubMed]

49. Balachandran, C.; Haribabu, J.; Jeyalakshmi, K.; Bhuvanesh, N.S.P.; Karvembu, R.; Emi, N.; Awale, S. Nickel (II) bis (isatin
thiosemicarbazone) complexes induced apoptosis through mitochondrial signaling pathway and G0/G1 cell cycle arrest in IM-9
cells. J. Inorg. Biochem. 2018, 182, 208–221. [CrossRef] [PubMed]

50. Yousef, M.A.; Ali, A.M.; El-Sayed, W.M.; Qayed, W.S.; Farag, H.H.A.; Aboul-Fadl, T. Design and synthesis of novel isatin-based
derivatives targeting cell cycle checkpoint pathways as potential anticancer agents. Bioorg. Chem. 2020, 105, 104366. [CrossRef]
[PubMed]

51. Shapiro, G.I.; Harper, J.W. Anticancer drug targets: Cell cycle and checkpoint control. J. Clin. Investig. 1999, 104, 1645–1653.
[CrossRef] [PubMed]

52. Pfeffer, C.M.; Singh, A.T.K. Apoptosis: A target for anticancer therapy. Int. J. Mol. Sci. 2018, 19, 448. [CrossRef] [PubMed]
53. Pistritto, G.; Trisciuoglio, D.; Ceci, C.; Garufi, A.; D’Orazi, G. Apoptosis as anticancer mechanism: Function and dysfunction of its

modulators and targeted therapeutic strategies. Aging 2016, 8, 603. [CrossRef] [PubMed]
54. Cao, L.; Zhang, L.; Zhao, X.; Zhang, Y. A hybrid chalcone combining the trimethoxyphenyl and isatinyl groups targets multiple

oncogenic proteins and pathways in hepatocellular carcinoma cells. PLoS ONE 2016, 11, e0161025. [CrossRef]
55. Lee, T.; Lau, T.; Ng, I. Doxorubicin-induced apoptosis and chemosensitivity in hepatoma cell lines. Cancer Chemother. Pharmacol.

2002, 49, 78–86. [CrossRef] [PubMed]
56. Zhang, Q.; Fu, Y.; Zhao, Y.; Cui, S.; Wang, J.; Liu, F.; Yuan, Y.; Galons, H.; Yu, P.; Teng, Y. 5-Acetamido-1-(methoxybenzyl) isatin

inhibits tumor cell proliferation, migration, and angiogenesis. RSC Adv. 2019, 9, 36690–36698. [CrossRef]
57. Mekkawy, A.H.; Pourgholami, M.H.; Morris, D.L. Involvement of urokinase-type plasminogen activator system in cancer: An

overview. Med. Res. Rev. 2014, 34, 918–956. [CrossRef]
58. Mahmood, N.; Mihalcioiu, C.; Rabbani, S.A. Multifaceted role of the urokinase-type plasminogen activator (uPA) and its receptor

(uPAR): Diagnostic, prognostic, and therapeutic applications. Front. Oncol. 2018, 8, 24. [CrossRef] [PubMed]
59. Vine, K.L.; Indira Chandran, V.; Locke, J.M.; Matesic, L.; Lee, J.; Skropeta, D.; Bremner, J.B.; Ranson, M. Targeting urokinase and

the transferrin receptor with novel, anti-mitotic N-alkylisatin cytotoxin conjugates causes selective cancer cell death and reduces
tumor growth. Curr. Cancer Drug Targets 2012, 12, 64–73. [CrossRef] [PubMed]

60. Maxhimer, J.B.; Quiros, R.M.; Stewart, R.; Dowlatshahi, K.; Gattuso, P.; Fan, M.; Prinz, R.A.; Xu, X. Heparanase-1 expression is
associated with the metastatic potential of breast cancer. Surgery 2002, 132, 326–333. [CrossRef]

61. El-Assal, O.N.; Yamanoi, A.; Ono, T.; Kohno, H.; Nagasue, N. The clinicopathological significance of heparanase and basic
fibroblast growth factor expressions in hepatocellular carcinoma. Clin. Cancer Res. 2001, 7, 1299–1305. [PubMed]

62. Coombe, D.R.; Gandhi, N.S. Heparanase: A challenging cancer drug target. Front. Oncol. 2019, 1316. [CrossRef] [PubMed]
63. Jayatilleke, K.M.; Hulett, M.D. Heparanase and the hallmarks of cancer. J. Transl. Med. 2020, 18, 1–25. [CrossRef] [PubMed]
64. Knelson, E.H.; Nee, J.C.; Blobe, G.C. Heparan sulfate signaling in cancer. Trends Biochem. Sci. 2014, 39, 277–288. [CrossRef]

[PubMed]
65. Simons, M.; Gordon, E.; Claesson-Welsh, L. Mechanisms and regulation of endothelial VEGF receptor signalling. Nat. Rev. Mol.

Cell Biol. 2016, 17, 611–625. [CrossRef] [PubMed]
66. Hu, X.; Zhang, L.; Jin, J.; Zhu, W.; Xu, Y.; Wu, Y.; Wang, Y.; Chen, H.; Webster, K.A.; Chen, H. Heparanase released from

mesenchymal stem cells activates integrin beta1/HIF-2alpha/Flk-1 signaling and promotes endothelial cell migration and
angiogenesis. Stem Cells 2015, 33, 1850–1862. [PubMed]

79





biomedicines

Article

8-Hydroxydaidzein, an Isoflavone from Fermented
Soybean, Induces Autophagy, Apoptosis,
Differentiation, and Degradation of Oncoprotein
BCR-ABL in K562 Cells

Pei-Shan Wu 1,†, Jui-Hung Yen 2,3,†, Chih-Yang Wang 4,5, Pei-Yi Chen 2,6, Jui-Hsiang Hung 7 and

Ming-Jiuan Wu 1,*

1 Department of Pharmacy, Chia Nan University of Pharmacy and Science, Tainan 717, Taiwan;
dc7575@gmail.com

2 Department of Molecular Biology and Human Genetics, Tzu Chi University, Hualien 970, Taiwan;
imyenjh@mail.tcu.edu.tw (J.-H.Y.); pyc571@gmail.com (P.-Y.C.)

3 Institute of Medical Sciences, Tzu Chi University, Hualien 970, Taiwan
4 Ph.D. Program for Cancer Molecular Biology and Drug Discovery, Taipei Medical University, Taipei 11031,

Taiwan; chihyang@tmu.edu.tw
5 Graduate Institute of Cancer Biology and Drug Discovery, Taipei Medical University, Taipei 11031, Taiwan
6 Center of Medical Genetics, Buddhist Tzu Chi General Hospital, Hualien 970, Taiwan
7 Department of Biotechnology, Chia Nan University of Pharmacy and Science, Tainan 717, Taiwan;

hung86@mail.cnu.edu.tw
* Correspondence: imwu@gm.cnu.edu.tw or mingjiuanwu@gmail.com; Tel.: +886-6-2664911 (ext. 2520)
† Both authors contributed equally to this work.

Received: 29 October 2020; Accepted: 13 November 2020; Published: 16 November 2020

Abstract: 8-Hydroxydaidzein (8-OHD, 7,8,4′-trihydoxyisoflavone) is a hydroxylated derivative
of daidzein isolated from fermented soybean products. The aim of this study is to investigate
the anti-proliferative effects and the underlying mechanisms of 8-OHD in K562 human chronic
myeloid leukemia (CML) cells. We found that 8-OHD induced reactive oxygen species (ROS)
overproduction and cell cycle arrest at the S phase by upregulating p21Cip1 and downregulating cyclin
D2 (CCND2) and cyclin-dependent kinase 6 (CDK6) expression. 8-OHD also induced autophagy,
caspase-7-dependent apoptosis, and the degradation of BCR-ABL oncoprotein. 8-OHD promoted
Early Growth Response 1 (EGR1)-mediated megakaryocytic differentiation as an increased expression
of marker genes, CD61 and CD42b, and the formation of multi-lobulated nuclei in enlarged K562
cells. A microarray-based transcriptome analysis revealed a total of 3174 differentially expressed
genes (DEGs) after 8-OHD (100 μM) treatment for 48 h. Bioinformatics analysis of DEGs showed that
hemopoiesis, cell cycle regulation, nuclear factor-κB (NF-κB), and mitogen-activated protein kinase
(MAPK) and Janus kinase/signal transducers and activators of transcription (JAK-STAT)-mediated
apoptosis/anti-apoptosis networks were significantly regulated by 8-OHD. Western blot analysis
confirmed that 8-OHD significantly induced the activation of MAPK and NF-κB signaling pathways,
both of which may be responsible, at least in part, for the stimulation of apoptosis, autophagy,
and differentiation in K562 cells. This is the first report on the anti-CML effects of 8-OHD and the
combination of experimental and in silico analyses could provide a better understanding for the
development of 8-OHD on CML therapy.

Keywords: K562; 8-hydroxydaidzein; apoptosis; autophagy; BCR-ABL; MAPK; NF-κB
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1. Introduction

Chronic myeloid leukemia (CML) is a hematopoietic disease characterized by the expression of the
BCR-ABL fusion oncoprotein, which is caused by a reciprocal translocation between chromosomes 9
and 22 [t(9;22)(q34;q11)] [1]. BCR-ABL fusion protein exerts a deregulated tyrosine kinase activity that
activates proliferative and anti-apoptotic signaling pathways and leads to the malignant expansion of
pluripotent stem cells in bone marrow [2]. Historically, CML was treated with hematopoietic stem cell
transplantation, chemotherapy, and interferon-α [3]. Small molecule tyrosine kinase inhibitors (TKIs),
such as imatinib, bosutinib, dasatinib, nilotinib, radotinib, and ponatinib, have been developed to treat
CML by blocking the kinase domain of the BCR-ABL oncoprotein. However, a variety of adverse
effects, such as off-target and metabolic toxicities, resistance to TKI therapy due to BCR-ABL mutations,
and progression to advanced disease, render the need to pursue novel therapeutic strategies [3,4].

Since the BCR-ABL protein plays a crucial role in the pathogenesis of CML, its degradation
is a new strategy for overcoming the problem of TKI resistance [5,6]. Targeting approaches
include ubiquitin–proteasome, ubiquitin–lysosome, autophagy–lysosome, and caspase-mediated
degradation pathways [5]. For example, arsenic sulfide As4S4 and diterpenoid oridonin promote
ubiquitin–proteasome degradation of BCR-ABL [7,8]. Andrographolide, geldanamycin (GA),
and 17-allylamino-17-demethoxygeldanamycin (17-AAG) downregulate the BCR-ABL oncoprotein by
inducing HSP90 cleavage [9,10]. Arsenic trioxide (As2O3) promotes p62/SQSTM1-mediated autophagic
degradation of the BCR-ABL [11]. Platinum pyrithione and xanthohumol downregulate BCR-ABL
level through caspase-mediated degradation [12,13].

Isoflavones are dietary phytoestrogens mainly produced by Fabaceae family [14]. They are able to
compete with estrogen hormone, 17β-estradiol, for the ligand-binding domain of the estrogen receptors
and are used in the prevention and/or treatment of cancers, cardiovascular disease, osteoporosis, and
postmenopausal symptoms [15–17]. Furthermore, genistein can inhibit tyrosine kinase activity and
displays cancer chemopreventive activity [18]. 8-Hydroxydaidzein (8-OHD, 7,8,4′-trihydroxyisoflavone,
NSC-678112) is a hydroxylated derivative of daidzein commonly isolated from fermented soybean
products. It has recently attracted research attention due to its strong anti-inflammatory, antioxidant,
antitumor, anti-melanogenesis, and hepatoprotective activities [19–24]. It was found that 8-OHD had
strong anti-proliferative activity toward HL-60 human promyelocytic leukemia cells [25].

In this study, we evaluated the anti-CML effects of 8-OHD with a focus on cell cycle arrest,
apoptosis, autophagy, differentiation, and BCR-ABL levels in K562 cells, which is a model cell line
derived from a female CML patient in blast crisis [26]. High-throughput microarray analysis is a
valuable tool for early-stage drug discovery decision-making due to its potential to detect adverse effects
at the transcriptomic level [27]. Thus, microarray analysis was employed to explore the differentially
expressed genes (DEGs) in 8-OHD-treated K562 cells. Then, Gene Ontology (GO), (Kyoto Encyclopedia
of Genes and Genomes) KEGG, and BioCarta pathways were analyzed [28–30]. We further established
a protein–protein interaction (PPI) network of DEGs to screen out the hub genes with a high degree of
connectivity in the biological process.

Our data showed that 8-OHD induces reactive oxygen species (ROS) overproduction and cell cycle
arrest at the S phase by upregulating p21Cip1 and downregulating cyclin-dependent kinase 6 (CDK6)
and cyclin D2 (CCND2) expression. Caspase-7-dependent apoptosis and p62/UVRAV-dependent
autophagy may be responsible for the decreased level of BCR-ABL. Furthermore, 8-OHD promoted
Early Growth Response 1 (EGR1)-mediated megakaryocytic differentiation. 8-OHD also activated
mitogen-activated protein kinase (MAPK) and nuclear factor-κB (NF-κB) signaling pathways, and both
may be responsible for the stimulation of apoptosis, autophagy, and differentiation in K562 cells. This
is the first transcriptomics report on the anti-leukemic effects of 8-OHD, and the obtained results can
provide a more thorough understanding about potential development of 8-OHD in CML therapy.
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2. Experimental Section

2.1. Preparation of 8-Hydroxydaidzein (8-OHD, 7,8,4′-trihydoxyisoflavone, NSC-678112)

8-OHD was isolated from soybean fermented by Aspergillus oryzae, and the NMR spectral data
and purification of 8-OHD was reported previously [20,21,24]. The chemical structure of 8-OHD was
shown in Figure 1a.
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Figure 1. Effects of 8-hydroxydaidzein (8-OHD) on the cell viability of K562 cells. (a) Chemical structure
of 8-OHD. K562 cells were treated with vehicle (0.1% DMSO) or 8-OHD (6.25–100 μM) for 24 and 48 h.
(b) Cell viability was measured by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay. (c) Cell viability was examined using trypan blue exclusion test. The experiments were repeated
three times. These data represent the mean ± SD of three independent experiments. * p < 0.05 and
** p < 0.01 represent significant differences compared with the vehicle-treated cells.

2.2. Cell Culture

The K562 cells were provided by the Bioresource Collection and Research Center (Hsinchu, Taiwan)
and cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS), 1% nonessential
amino acids (NEAA), 100 units/mL of penicillin, and 100 μg/mL of streptomycin (Thermo Fisher
Scientific, Inc., Rockford, IL, USA) in a 5% CO2 incubator at 37 ◦C.

2.3. Cell Proliferation and Viability Analysis

K562 cells (5 × 105/mL) were treated with vehicle (0.1% DMSO) or 8-OHD (12.5–100 μM) for 24 h
or 48 h. Cell viability was analyzed by adding 1/10 volume of 0.5% MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide, in PBS) and incubating for another 3 h. Then, MTT solution was
removed by centrifugation, and the formazan crystals produced inside cells were dissolved by DMSO,
and the absorbance at 550 nm was measured spectrophotometrically [31]. The number of viable cells
after treatment was further accessed by the trypan blue exclusion test as described in the literature [32].
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2.4. Cell Cycle Analysis

K562 cells were synchronized by serum starvation overnight prior to shifting cells to
8-OHD-containing normal medium for 24 h. Then, cells were washed twice with PBS and fixed in
ice-cold 70% ethanol overnight. The fixed cells were stained with 1 mL DNA-staining buffer (20 μg/mL
of propidium iodide and 50 μg/mL of RNase in PBS) in the dark at 4 ◦C for 15 min before flow cytometry
analysis (FACScan, BD Biosciences, San Jose, CA, USA). The singlet cell population was gated on the
dot plot of FL2-A vs. FL2-W to exclude cell debris and aggregates. To evaluate the cell cycle, FL2-A
histogram of gated population was analyzed by FlowJo software (FlowJo v7.6, LLC, Ashland, OR,
USA) with Dean-Jett-Fox model.

2.5. Intracellular Reactive Oxygen Species (ROS) Assay

The fluorescence probe 2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA) (Invitrogen) was
used to measure ROS production. K562 cells were incubated with 8-OHDA (25–100 μM) for 24 h. Cells
were collected by centrifugation and then washed with PBS. Subsequently, cells were loaded with
200 μL of 10 μM H2DCFDA under dark for 30 min. Then, cells were washed twice with cold PBS and
analyzed by fluorometer at Ex/Em: 495/530 nm. The relative ROS production from 10,000 cells was
determined as the percentage of control after background subtraction [33].

2.6. Western Blot Analysis

Total cell lysate was prepared from cultured K562 cells using radioimmunoprecipitation assay
buffer (RIPA buffer), while nuclear extracts were by a nuclear extraction kit (Cayman Chemical,
Ann Arbor, Michigan, USA). Then, Bradford assay was employed to measure the protein concentration
(Bio-Rad Laboratories, Hercules, CA, USA).

Equal amounts of protein were subjected to separate on 5–12% SDS-PAGE. Following
electrophoretic separation, the proteins were transferred to a polyvinylidene difluoride (PVDF)
membrane and then were blocked with freshly made buffer (5% skim milk in PBS with 0.05% Tween 20,
pH 7.4). Then, the membrane was probed with specific primary antibody (Table 1) overnight at 4 ◦C.
After rinsing, horseradish peroxidase (HRP)-conjugated secondary antibody (Jackson ImmunoResearch,
West Grove, PA, USA) was then added and incubated for 1 h. The antigen–antibody reaction was
detected using enhanced chemiluminescence detection (GE Healthcare, Wauwatosa, WI, USA).

Table 1. Primary antibodies used in Western blotting.

Antibody Company Catalog Number

α-Tubulin Sigma T6199
β-Actin Genetex GTX629630
c-ABL Cell Signaling 2862

Caspase-3 Cell Signaling 9662
Caspase-7 Cell Signaling 9492

CDK6 Cell Signaling 13331
Cyclin D2 Cell Signaling 3741

JNK2 Cell Signaling 9258
Lamin A/C Genetex GTX101127

LC3B Genetex GTX127375
P21 Cell Signaling 2947

p38 MAPK Cell Signaling 9212
p44/42 MAP Kinase Cell Signaling 4695

p65 NF-κB Cell Signaling 8242
PARP1 Santa Cruz Sc-7150

Phoshpo-p38 MAPK Cell Signaling 9215
Phoshpo-p44/42 MAPK Cell Signaling 4370

Phospho-JNK1/2 Cell Signaling 4668
Phospho-p65 NF-κB Cell Signaling 3033
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2.7. RNA Extraction and Reverse Transcription Quantitative PCR

RNA was extracted from K562 cells with the Illustra RNA Spin Mini RNA Isolation Kit
(GE Healthcare, Wauwatosa, WI, USA). High-Capacity cDNA Archive kit (Thermo Fisher Scientific,
Inc., Rockford, IL, USA) was used for cDNA synthesis. Quantitative PCR was performed using a Power
SYBR Green PCR Master Mix (Thermo Fisher Scientific, Inc., Rockford, IL, USA) in a total volume of
20 μL that contained 0.4 μM of each primer (Table 2). PCR program consisted of a pre-incubation for
2 min at 95 ◦C, followed by 40 cycles at 94 ◦C for 15 s and 60 ◦C for 60 s (ABI StepOne Real Time PCR
System). Specificity verification was done by the melting curve. The relative mRNA expression was
normalized with β-actin expression and then calculated by comparative Ct method.

Table 2. The primer pairs used in real-time PCR.

Gene
Primer Sequence

(5′-3′) Amplicon (bp)

β-actin CATGTACGTTGCTATCCAGGC
250CTCCTTAATGTCACGCACGAT

ITGB3 (CD61) TGTATGGGACTCAAGATTGGA
187AGCGATGGCTATTAGGTTCA

GP1BA (CD42b) TCTGTATCAGAAGCCCTGTCTTCAC
112GCATCGGGAGCTTTGTCTTG

EGR1 CCGCAGAGTCTTTTCCTGAC
200TGGGTTGGTCATGCTCACTA

CD69 GCTGGACTTCAGCCCAAAATGC
121AGTCCAACCCAGTGTTCCTCTC

HECW2 GAGTATCCGCAGAACCATGACC
133GGTAGAGTGAGGCAGGATGTTC

SQSTM1 (P62) AAGCCGGGTGGGAATGTTG
116CCTGAACAGTTATCCGACTCCAT

2.8. Analysis of Cell Morphology

K562 cells were incubated with vehicle (0.1% DMSO) or 8-OHDA (100 μM) for 24 and 48 h.
Suspension cells (2.5 × 104) were added on Polysine™ slides and centrifuged at 200 rpm for 5 min using
Cytospin™ 4 Cytocentrifuge (Thermo Fisher Scientific, Inc., Rockford, IL, USA). Slides were carefully
removed and air-dried prior to staining with Wright-Giemsa dye (MilliporeSigma, St. Louis, MO,
USA). The cell morphology and lobulation of the nucleus were analyzed as described previously [34].

2.9. Microarray Analysis

Cells were treated with vehicle (0.1% DMSO) or 8-OHD (100 μM) for 48 h. Microarray analysis
was performed as previously described [35,36]. Briefly, fluorescent antisense RNA (aRNA) targets
were prepared from 1 μg total RNA samples using Onearray Amino Allyl aRNA Amplification Kit
(Phalanx Biotech Group, Hsinchu, Taiwan) and Cy5 dyes (Amersham Pharmacia, Piscataway, NJ, USA).
Fluorescent targets were hybridized to the Human One Array Plus Version 7.1 (HOA 7.1, Phalanx)
with phalanx hybridization buffer using Phalanx OneArray Plus Protocol. The signals of interest were
scanned via an Agilent G2505C scanner using Agilent 0.1 XDR Protocol (Agilent Technologies, Santa
Clara, CA, USA). The fluorescence intensity of each spot was analyzed and processed by GenePix 4.1
software (Molecular Devices, Sunnyvale, CA, USA) and a Rosetta Resolver System (Rosetta Biosoftware,
Seattle, WA, USA), respectively. Differentially expressed genes (DEGs) related with the treatment of
8-OHD were screened, and those with fold change values larger than 2 or less than −2 and p < 0.05
were selected.
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2.10. Gene Ontology, KEGG, and Biocarta Pathways and Protein–Protein Interaction Analysis

Gene Ontology (GO) term analysis [28] as well as KEGG [30] and Biocarta [29] Pathways of DEGs
were further analyzed using the Database for Annotation, Visualization, and Integrated Discovery
(DAVID, http://david.ncifcrf.gov) (version 6.8), an online biological information database, and p < 0.05
was used as the cut-off criterion [37]. The protein–protein interactions were analyzed using STRING
version 11 [38] on 2 October 2020 (https://string-db.org/).

2.11. Pathway Enrichment and Process Network Analysis

Molecular functions and the pathway of Gene Ontology (GO) term in MetaCore (GeneGo, Inc.,
St. Joseph, MI, USA) were further used to screen and analyze the signaling pathway and process
networks modulated by 8-OHD. The REVIGO web-based tool was used to summarize and remove
redundant GO terms. Gene Set Enrichment Analysis (GSEA) [39] was used to determine the statistically
significant molecular pathway with 8-OHD treatment.

2.12. Statistical Analysis

All experiments were repeated at least three times, and the values were expressed as the mean ± SD.
The results were analyzed using one-way ANOVA with Dunnett’s post hoc test, and a p value < 0.05
was considered statistically significant.

3. Results and Discussion

3.1. 8-OHD Reduces the Proliferation and Viability of K562 Cells

The K562 cell line is a well-known model of human chronic myeloid leukemia (CML). We first
examined the effect of 8-OHD on K562 cell proliferation by MTT assay. Figure 1b shows that 8-OHD
(12.5–100 μM) significantly decreased cell growth in a dose- and time-dependent manner. Cell
proliferation decreased to 68.7% and 56.8% of vehicle control, 24 and 48 h after 100 μM 8-OHD
treatment, respectively. It has been shown that MTT assay sensitivity decreases as cell concentration
increases and causes an overestimation of viability [40]. Thus, we reconfirmed the cell viability by
trypan blue exclusion assay. Figure 1c shows that 8-OHD exerted inhibitory effects on K562 cell viability
in a dose- and time-dependent manner. The IC50 (half maximal cell viability inhibitory concentration)
were 91.8 μM at 24 h and 49.4 μM at 48 h. Our results were in accordance with previous studies, which
show that 8-OHD at high concentrations, 40 μM and 100 μM, exerted more than 40% cytotoxicity in
B16 murine melanoma and Caco-2 cells, respectively [41,42].

3.2. 8-OHD Causes Cell Cycle Arrest at S phase

We further investigated how 8-OHD affects the cell population distribution in the cell cycle by
staining the cellular DNA with propidium iodide (PI) in K562 cells. As shown in Figure 2a–c, 8-OHD
caused a significant increase in S phase cell population, from about 32.2% of vehicle control to about
37.3% of 50 μM 8-OHD (p < 0.05) and 44.4% of 100 μM 8-OHD (p < 0.01). This was accompanied
with decreases in the proportion of cells in the G2/M phase of the cell cycle. Since cell proliferation is
inhibited by 8-OHD (Figure 1), it seems unlikely that the increase in the S phase represents an increase
in cells that are actively replicating DNA [43]. This rather indicates that K562 cells are arrested in the S
phase upon treatment with 8-OHD (50–100 μM).
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Figure 2. Effects of 8-OHD on the cell cycle distribution and regulatory gene expression. K562 cells
were treated with vehicle or 8-OHD (25, 50, and 100 μM) for 24 h, and distribution of the cell cycle was
measured by flow cytometric analysis. (a) FL2-A histogram overlay of K562 cells treated with various
concentrations of 8-OHD. (b) FlowJo software analysis of DNA cell cycle. (c) The cell populations
in G0/G1, S, and G2/M phases were quantified as described in Section 2.4. The experiments were
replicated three times. These data represent the mean ± SD of independent experiments. * p < 0.05 and
** p < 0.01 represent significant differences compared with the vehicle-treated cells. (d) Western blot
analysis of expression of p21Cip1, CDK6, cyclin D2, and β-actin of K562 cells treated with 8-OHD (25,
50, and 100 μM) for 24 h.

It has been shown that overexpression of the CDK inhibitor p21Cip1 (CDKN1A, also known as
p21WAF1) induces S-phase arrest [43,44]. Figure 2d shows that the p21Cip1 protein was upregulated by
8-OHD (25–100 μM) in a dose-dependent manner. It has been reported that p21Cip1 is an inhibitor
of the cyclin D-CDK complexes [45]. Thus, we further examined the expression of cyclin-dependent
kinase 6 (CDK6) and cyclin D2 (CCND2) by Western blot analysis. As shown in Figure 2c, CDK6 and
cyclin D2 were dose-dependently inhibited by 8-OHD (25–100 μM). Thus, 8-OHD induced K562 cell
cycle arrest at the S phase by upregulating p21Cip1 so as to downregulate the expression of CDK6 and
cyclin D2.

3.3. 8-OHD Causes ROS Production and Apoptosis in K562 Cells

It was found previously that 8-OHD induced ROS production and caused cell death in Caco-2
cells [42]. Therefore, we accessed the intracellular ROS production of K562 cells. Figure 3a shows that
8-OHD (25–100 μM) significantly increased ROS production in a dose-dependent manner in K562 cells,
and 8-OHD (100 μM) enhanced about 400% ROS production as compared with vehicle control after
24 h treatment (p < 0.01).
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Figure 3. Effects of 8-OHD on reactive oxygen species (ROS) production and apoptosis in K562 cells.
(a) K562 cells were exposed to various concentrations of 8-OHD for 24 h. Intracellular ROS was
measured by DCF fluorescence as described in Materials and Methods. These data represent the mean
± SD of independent experiments. * p < 0.05 and ** p < 0.01 represent significant differences compared
with the vehicle-treated cells. (b,c) Western blot analysis of apoptosis-related gene expression 24 and
48 h after 8-OHD treatment.

We further investigated whether K562 cells undergo apoptosis in response to 8-OHD. Caspase-3
(CASP3) and -7 (CASP7) are the most important executioner caspases involved in apoptotic cells [46].
Figure 3b shows that the treatment of K562 cells with 8-OHD (100 μM) for 24 h induced an increase in
the expression and cleavage of caspase-7, which was more prominent after 48 h treatment (Figure 3c).
In contrast, 8-OHD did not change the expression or activation of caspase-3 in K562 cells. It has been
reported that caspase-3 and -7 are at the center of a fundamentally recursive apoptotic program, where
they act as redundant signal amplifiers that are critical for activation of upstream and downstream
apoptotic processes [47]. Our data indicate that caspase-7-dependent and caspase-3-independent
apoptotic pathway is induced by 8-OHD.

Poly (ADP-ribose) polymerase-1 (PARP1) is the cellular substrate of caspases [48], caspase-7
is the most efficient caspase in PARP1 cleavage [49], and the proteolytic inactivation of PARP1 by
caspases ensures the execution of the apoptotic process [50]. Figure 3b, c show that in parallel to
caspase-7 activation, treatment of K562 cells with 100 μM 8-OHD for 24 and 48 h induced an increase
in PARP1 cleavage.

It is well-known that natural compounds, such as vitamins and polyphenols, may play dual roles,
antioxidant and pro-oxidant, in the prevention of cancer formation and cancer treatment [51–53]. It has
been shown that 8-OHD, at lower μM concentrations, had strong free radical scavenging activities
and decreased ROS production in cell-free and BV2 microglial cells [19,20,24,25]. On the other hand,
8-OHD could stimulate oxidative stress and caused Caco-2 cell death at higher concentrations [42].
Here, we reported that 8-OHD (50 and 100 μM) could stimulate ROS overproduction, which may cause
caspase-7-dependent apoptosis in K562 cells.
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3.4. 8-OHD Causes Autophagy and Decreases BCR-ABL Oncoprotein in K562 Cells

LC3s (MAP1LC3A, B, and C), the autophagosomal membrane proteins, are the most widely
used markers of autophagosomes [54]. The conversion of LC3B from LC3BI (free form, ≈18 kDa) to
LC3BII (phosphatidylethanolamine-conjugated form, ≈ 16 kDa) is an initiating step in autophagy in
mammals [55]. Figure 4a,b show a dose-dependent increase in the LC3BII 24 and 48 h after 8-OHD
(25–100 μM) treatment in K562 cells.
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Figure 4. Effects of 8-OHD on autophagy and BCR-ABL protein level in K562 cells. (a,b) Western
blot analysis of autophagy-related gene expression and BCR-ABL oncoprotein in K562 cells treated
with 8-OHD for 24 and 48 h. (c) mRNA expression of p62/ SQSTM1 was analyzed by RT-Q-PCR as
described in Materials and Methods. ** p < 0.01 represents significant differences compared with the
vehicle-treated cells.

BCR-ABL tyrosine kinase is responsible for the proliferation and malignant transformation of
CML. Therefore, we next investigated whether 8-OHD inhibits cell proliferation through decreasing
the BCR-ABL protein level in K562 cells. As shown in Figure 4a, 8-OHD (100 μM) exerts a marked
inhibitory effect on BCR-ABL expression in K562 cells after 24 h treatment. Furthermore, BCR-ABL
levels were significantly attenuated by lower concentrations of 8-OHD (25–100 μM) after 48 h treatment
(Figure 4b).

It was approved that ubiquitin-associated protein p62 (SQSTM1, autophagy receptor
sequestosome 1), which binds to LC3, is an autophagy marker [56,57]. Increased expression of
p62 (SQSTM1) was found in phorbol ester PMA- and the p38 MAPK inhibitor SB202190-induced
autophagy in K562 cells [58]. Figure 4c shows that 8-OHD (25–100 μM) also stimulated p62 (SQSTM1)
mRNA upregulation in a dose- and time-dependent manner.

It has been reported that BCR-ABL protein degradation can be mediated via autophagy–lysosome
pathway or caspase activation [5,11,59]. The above data indicate that 8-OHD causes cell death through
caspase-7-dependent apoptosis and autophagy pathways, and both pathways may be responsible for,
at least in part, the attenuation of the BCR-ABL protein level in K562 cells.
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3.5. 8-OHD Promotes EGR1-Induced K562 Cell Differentiation

K562 cells represent stem cell precursors of the myeloid lineage and can differentiate into
megakaryocyte/erythroid or granulocyte/macrophage lineages after exposure to various inducers [60,61].
It has been reported that autophagy is required for myeloid differentiation [58,62]. Furthermore,
p62 (SQSTM1) upregulation was found during megakaryocyte differentiation of K562 cells [58].
In addition, the BCR-ABL protein has been shown to confer on cells the characteristics of differentiation
inhibition [63]. Since 8-OHD induced autophagy and p62 expression, as well as decreased
BCR-ABL protein level, we further investigated its effects on the expression of genes associated
with megakaryocyte/erythroid differentiation. As shown in Figure 5a, 8-OHD (25–100 μM) significantly
increased the mRNA expression of CD61 (integrin β3, ITGB3), a megakaryocytic marker gene, 24 and
48 h after treatment. CD61 mRNA expression was increased by 5.0-, 13.5- and 21.5-fold, 48 h after 25,
50, and 100 μM 8-OHD treatment (p < 0.01), respectively.
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Figure 5. Effects of 8-OHD on the differentiation of K562 cells. (a–c) mRNA expression of CD61, CD42b,
and EGR1 were analyzed by RT-Q-PCR as described in Materials and Methods. ** p < 0.01 represents
significant differences compared with the vehicle-treated cells. (d) Cells were treated with vehicle
(0.1% DMSO) or 8-OHD (100 μM) for 48 h. K562 cells were stained with Wright–Giemsa dye and
the cell morphological changes and multi-lobulation of the nucleus were observed under microscopy.
The scale bar is 100 μm.

8-OHD (100 μM) also induced CD42b (Glycoprotein Ib Platelet Subunit Alpha, GP1BA) expression
by 2.6- and 3.1-fold, 24 and 48 h after treatment in K562 cells, respectively (p < 0.01) (Figure 5b).
Early growth response 1 (EGR1) is a transcriptional regulator that is involved in promoting the
differentiation of K562 cells and suppressing leukemia tumorigenesis [34,64,65]. 8-OHD (25–100 μM)
exerted a dose- and time-dependent induction effect on EGR1 mRNA expression (Figure 5c). 8-OHD
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(100 μM) upregulated EGR1 mRNA by 6.3- and 9.7-fold as compared with vehicle control, 24 and 48 h
after treatment, respectively (p < 0.01).

It has been reported that multi-lobulation of the nucleus is a unique morphologic change during
K562 megakaryocytic differentiation [34]. Figure 5d shows 100 μM 8-OHD promoted the formation of
large cells with multi-lobulated nuclei 48 h after treatment. Microscope examination found that the
ratio of cells with multi-lobulated nuclei increased from 0.83 ± 0.06% of untreated to 1.04 ± 0.13% and
3.75 ± 0.20% after 24 and 48 h 8-OHD (100 μM) treatment, respectively. This result indicates that a high
concentration of 8-OHD (100 μM) induced K562 differentiation.

3.6. Analysis of 8-OHD-Modulated Gene Expression

From the above data, we discovered that a high concentration of 8-OHD (100 μM) induces
apoptosis, autophagy, cell differentiation, and BCR-ABL downregulation in K562 cells. Recently,
transcriptome analysis provides an ideal method to investigate molecular changes in response to stress
or drug and is a valuable tool in early-stage drug discovery decision making [27]. Thus, we further
investigated gene expression in 8-OHD-treated cells by human genome-wide microarray analysis.
K562 cells were treated with vehicle or 8-OHD (100 μM) for 48 h, and transcriptome profiles were
analyzed using the Human OneArray system, which contained 25,765 known genes. The general
profile of transcriptome change is illustrated as a volcano plot (Figure 6a). Those with fold change
values larger than 2 or less than −2, and p < 0.05 were selected as differentially expressed genes (DEGs).
Among these, 1522 were upregulated and 1652 were downregulated by 100 μM 8-OHD. The most
significantly down-related gene is CRIP3 (p = 2.7 × 10−7), encoding a cysteine-rich protein with little
known function. The most significantly upregulated gene is SGMS2 (p = 1.0 × 10−7), encoding an
enzyme sphingomyelin synthase 2, which is a regulator of cell surface levels of ceramide: an important
mediator of signal transduction and apoptosis [66].
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Figure 6. Microarray analysis of 8-OHD-treated K562 cells. (a) Volcano plots of total gene expression
profiles of the K562 cells treated with 8-OHD (100 μM) for 48 h. Each dot represents the mean expression
(n = 2) of the individual gene obtained from a microarray normalized dataset. The green and red dotted
lines (cut-off values) were established according to the following parameters: fold= |2| and p-value = 5%,
respectively. Genes above the cut-off lines have been considered as differentially expressed genes (DEG)
and are shown as blue dots. (b) RT-Q-PCR analysis of HECW2 and CD69 expression in K562 cells 48 h
after 8-OHD treatment (50 and 100 μM). ** p < 0.01 represents significant differences compared with
the vehicle-treated cells.

91



Biomedicines 2020, 8, 506

The 30 DEGs with the most fold change (15 up- and 15 downregulated) are presented in Table S1.
The most dramatic downregulated HECW2 (downregulated by 64-fold) is a member of a family of
E3 ubiquitin ligases, which play an important role in the proliferation, migration and differentiation.
It has been reported that HECW2 was one of the most downregulated genes by dasatinib, which is a
selective tyrosine kinase receptor inhibitor that is used in the therapy of chronic myelogenous leukemia
(CML) [67]. RT-Q-PCR in Figure 6b reconfirmed that 8-OHD (50 and 100 μM) repressed HECW2
transcription to 0.075- and 0.011-fold of vehicle, respectively, 48 h after treatment (p < 0.01).

Microarray data also show that CD69 expression was strongly downregulated by 8-OHD (down
to 0.07-fold of vehicle). CD69, a member of the calcium-dependent lectin superfamily of type II
transmembrane receptors, was reported as the marker for BCR-ABL activity in chronic myeloid
leukemia [67]. In addition, CD69 was found to inhibit the apoptosis and differentiation in K562
cells [68]. RT-Q-PCR in Figure 6b validated that 8-OHD (50 and 100 μM) inhibits CD69 mRNA
expression after 48 h treatment. The above data support the notion that 8-OHD decreases BCR-ABL
levels, which may cause CD69 downregulation and in turn induce apoptosis and differentiation in
K562 cells.

We also found that LOXL2, which encodes lysyl oxidase-like protein 2, was upregulated by more
than 180-fold after 48 h treatment with 8-OHD (100 μM) (Figure 6a and Table S1). Both the down-
and upregulation of LOX2 in tumor tissues and cancer cell lines has been reported in the literature,
suggesting a paradoxical role for LOX2 as a tumor suppressor and a metastasis promoter gene [69].
The exact role of LOXL2 overexpression on cell proliferation/differentiation in 8-OHD-treated K562
cells remains unclear at this stage.

3.7. Analysis of 8-OHD-Modulated Biological Processes

To determine which Gene Ontology (GO) term was modulated by 8-OHD (100 μM), we performed
an analysis of the enrichment in the relevant ontological groups from the GO database. A whole set of
DEGs consisting of 3174 genes was subjected to functional annotation and clusterization using the
Database for Annotation, Visualization, and Integrated Discovery (DAVID) bioinformatics tools.

Table S2 presented the only GO BP (biological process) groups that fulfill the following criteria:
p < 0.05 and the minimal number of genes per group ≥ 30. REVIGO was used for the visualization of a
non-redundant GO term set in multiple ways to assist in interpretation. The scatterplot shows the
cluster representatives in a two-dimensional space derived by applying multidimensional scaling to a
matrix of the GO terms’ semantic similarities [70]. It was found that small GTPase-mediated signal
transduction, autophagy, transcription from RNA polymerase II promoter, and protein phosphorylation
processes were significantly changed in the 8-OHD-treated cells (Figure 7a).

Furthermore, Over Representation Analysis (ORA) is a widely used approach to determine whether
known biological functions or processes are enriched in DEGs, and GO-elite was a tool for ontology
pruning [71]. It was found that biological processes related to oxidative stress, signal transduction,
autophagy, cell death, and differentiation appeared significantly associated with upregulated DEGs in
8-OHD-treated groups. On the other hand, oxidative phosphorylation, cellular catabolic, and primary
metabolic processes were significantly associated with downregulated DEGs in 8-OHD-treated groups
(Figure 7b). These results were in good agreement with our experimental data that 8-OHD stimulates
ROS, cell death, differentiation and changes of BCR-ABL tyrosine kinase signaling, as well as decreases
normal cellular metabolism.
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Figure 7. Enrichment analysis and visualization of Gene Ontology (GO), Gene Set Enrichment Analysis
(GSEA), as well as predicted protein–protein interaction for DEGs in response to 8-OHD. (a) Significantly
enriched GO BP (biological process) in 8-OHD (100 μM)- vs. vehicle (0.1% DMSO)-treated K562 cells
was analyzed by REVIGO. The scatterplot represents functional clusters, the bubble color indicates
the p-values of the GO analysis, and the bubble size indicates the frequency of the GO term in the
underlying gene ontology database. (b) Heatmap of DEGs in response to 100 μM 8-OHD treatment.
The GO listed in the upper half of the heatmap is gene ontology annotation BP of the downregulated
DEGs. The lower processes are the BP of the upregulated DEGs. Only some of the representative
GO BPs are shown. (c) Gene Set Enrichment Analysis (GSEA) demonstrates that the signature
“Hallmark_Apoptosis” gene set is enriched in the DEGs of 8-OHD. The barcode plot indicates the
position of the genes in each gene set. The horizontal bar in graded color from red to blue indicates
positive and negative regulation by 8-OHD. The vertical axis in the lower plot indicates Ranked
List Metric. (d) Predicted protein–protein interaction for 8-OHD-upregulated DEGs associated with
autophagy (GO:0006914). The corresponding genes were uploaded to query the STRING interaction
database (https://string-db.org/cgi/input.pl). Only the “Experiments”, “Databases”, and “Textmining”
source options were selected, and the minimum interaction score was set to 0.4. For visual clarity,
disconnected nodes were omitted from the interaction graph. Line thickness indicates the strength of
data support. The identified clusters are colored differently. The solid and the dotted lines indicate
connection within the same and different cluster, respectively.
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To uncover dependencies of 8-OHD-treated apoptosis with DEGs, enrichment for genes in the
signature “Hallmark_Apoptosis” using GSEA was employed [72]. We found that most of the genes
associated with the signature “Hallmark_Apoptosis” were stimulated by 8-OHD (Figure 7c).

Table 3 shows 35 DEGs were associated with autophagy (GO: 0006914). Among them, 29 genes
were upregulated, and six genes are downregulated by 100 μM 8-OHD. We further exploit protein
interaction for those upregulated genes in this category by String analysis. Markov clustering algorithm
(MCL) with inflation factor = 2 was employed to find cluster structure in graphs by a mathematical
bootstrapping procedure [73]. As shown in Figure 7d, two clusters in the protein–protein interaction
(PPI) network. One cluster with light green color proteins are mainly involved in intracellular signal
transduction and vesicular trafficking process during autophagy. The other cluster with red color
includes highly induced genes such as p62 (SQSTM1), autophagy-related proteins (ATG13 and ATG2A),
and UVRAG. Among these, UVRAG has 10 edges within the cluster and is considered as a hub.
UVRAG has been suggested to be involved in the maturation of autophagosomes and endocytosis
during autophagy [74,75]. UVRAG upregulation also participates in the p62-mediated autophagic
degradation of BCR/ABL in CML cells [76].

Table 3. Genes associated with autophagy categories (GO: 0006914) in response to 100 μM 8-OHD.

ID Symbol Description log2FC p Value q Value

8878 SQSTM1
autophagy receptor that interacts directly with both

the cargo to become degraded and an autophagy
modifier of the MAP1 LC3 family

3.48 1.79 × 10−4 7.76 × 10−3

54472 TOLLIP component of the signaling pathway of IL-1 and
Toll-like receptors. 2.37 7.55 × 10−4 1.20 × 10−2

55823 VPS11

vacuolar protein sorting-associated protein 11
homolog; plays a role in vesicle-mediated protein

trafficking to lysosomal compartments including the
endocytic membrane transport and autophagic

pathway

2.3 3.22 × 10−4 9.01×10−3

10254 STAM2
signal transducing adapter molecule 2; Involved in

intracellular signal transduction mediated by
cytokines and growth factors.

2.15 1.61 × 10−3 1.62 × 10−2

3916 LAMP1 lysosomal associated membrane protein 1 1.98 7.97 × 10−4 1.21 × 10−2

51100 SH3GLB1 SH3 domain containing GRB2 like endophilin B1 1.87 5.95 × 10−3 3.06 × 10−2

81671 VMP1 vacuole membrane protein 1 1.8 8.26 × 10−5 6.26 × 10−3

85363 TRIM5 tripartite motif containing 5 1.75 1.77 × 10−2 6.08 × 10−2

23130 ATG2A autophagy related 2A 1.74 1.07 × 10−3 1.36 × 10−2

91445 RNF185 ring finger protein 185 1.64 2.70 × 10−4 8.72 × 10−3

9146 HGS hepatocyte growth factor-regulated tyrosine kinase
substrate 1.62 1.18 × 10−3 1.42 × 10−2

9842 PLEKHM1 pleckstrin homology and RUN domain containing
M1 1.61 1.70 × 10−3 1.67 × 10−2

79735 TBC1D17 TBC1 domain family member 17 1.57 1.47 × 10−4 7.34 × 10−3

83452 RAB33B RAB33B, member RAS oncogene family 1.54 3.33 × 10−3 2.26 × 10−2

7405 UVRAG UV radiation resistance associated 1.47 8.62 × 10−3 6.33 × 10−3

9776 ATG13 autophagy related 13 1.41 4.72 × 10−3 2.70 × 10−2

3428 IFI16 interferon gamma inducible protein 16 1.35 9.18 × 10−3 3.97 × 10−2

55048 VPS37C VPS37C, ESCRT-I subunit 1.31 5.69 × 10−3 2.99 × 10−2

57617 VPS18 VPS18, CORVET/HOPS core subunit 1.31 2.87 × 10−4 8.81 × 10−3

79142 PHF23 PHD finger protein 23 1.3 2.16 × 10−3 1.85 × 10−2

54874 FNBP1L formin binding protein 1 like 1.3 6.60 × 10−3 3.25 × 10−2

57724 EPG5 ectopic P-granules autophagy protein 5 homolog 1.26 1.06 × 10−3 1.35 × 10−2

79720 VPS37B VPS37B, ESCRT-I subunit 1.25 3.11 × 10−6 3.66 × 10−3

29978 UBQLN2 ubiquilin 2 1.23 4.25 × 10−3 2.55 × 10−2

23339 VPS39 VPS39, HOPS complex subunit 1.23 1.29 × 10−3 1.47 × 10−2

92421 CHMP4C charged multivesicular body protein 4C 1.18 1.76 × 10−2 6.05 × 10−2

410 ARSA arylsulfatase A 1.18 9.04 × 10−3 3.94 × 10−2

10133 OPTN optineurin 1.04 2.95 × 10−3 2.14 × 10−2

29982 NRBF2 nuclear receptor binding factor 2 1.01 5.32 × 10−4 1.07 × 10−2

7957 EPM2A epilepsy, progressive myoclonus type 2A, Lafora
disease (laforin) −1.02 4.22 × 10−4 9.84 × 10−3

83734 ATG10 autophagy related 10 −1.29 8.40 × 10−5 6.28 × 10−3

51160 VPS28 VPS28, ESCRT-I subunit −1.46 7.59 × 10−3 3.52 × 10−2

51028 VPS36 vacuolar protein sorting 36 homolog −1.53 1.26 × 10−2 4.84 × 10−2

93343 MVB12A multivesicular body subunit 12A −1.86 1.28 × 10−4 7.06 × 10−3

84938 ATG4C autophagy related 4C cysteine peptidase −2.05 8.90 × 10−4 1.26 × 10−2
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p62 (SQSTM1) has 10 edges (seven connect to the same cluster, and three connect to different
clusters) and is considered as another hub. It has been reported that p62 (SQSTM1) inactivates the
pro-oncogenic signaling through interaction with BCR-ABL and the subsequent autophagic degradation
of BCR-ABL in CML [11]. In conclusion, the bioinformatics and Western blot (Figure 4) analyses
suggest that 8-OHD decreased BCR-ABL possibly via autophagic degradation post-translationally.

3.8. Analysis of Signaling Pathways and Network Processes Using KEGG, BioCarta, and MetaCore

Twenty-one KEGG (Kyoto Encyclopedia of Genes and Genomes) and 25 BioCarta pathways
were significantly associated with DEGs of 100 μM 8-OHD treatment (Supplemental Tables S3 and
S4). Among these, the MAPK signal pathway was present in both KEGG and BioCarta pathways.
8-OHD-upregulated and downregulated genes involved in the KEGG MAPK signal pathway (hsa04010)
were marked as red and yellow, respectively, in Figure 8a. Gene Set Enrichment Analysis (GSEA)
reveals that the BioCarta MAPK pathway was predominantly correlated with upregulated DEGs of
8-OHD-treated K562 cells (Figure 8b).

Furthermore, we used the commercial MetaCore package to analyze the pathway enrichment by
DEGs, and the top 15 significantly enriched pathways were shown in Figure 8c. Two MAPK-related and
one oxidative stress-related signaling pathways were significantly regulated by 8-OHD. The canonical
pathway map, which represents the neurogenesis Nerve growth factor/ Tropomyosin receptor kinase A
(NGF/TrkA) MAPK signaling pathway in response to 8-OHD treatment, is shown in Figure S1. It has
been reported that neurotrophin signaling endosomes are formed in CML cells as in neuronal cells, and
imatinib treatment enhances NGF/TrkA-mediated signaling in K562 cells [77]. Current result indicates
that 8-OHD enhanced NGF/TrkA MAPK signaling pathway, which may be due to its BCR-ABL lowered
effect in K562 cells. Furthermore, NGF/TrkA MAPK signaling may be involved in 8-OHD-mediated
K562 differentiation.

 
(a) 

Figure 8. Cont.
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(b) 

Top 15 Pathways Top 23 process networks 

(c) (d) 

Figure 8. Signaling pathways and process networks associated with 8-OHD treatment. (a) KEGG
MAPK signaling pathway (hsa04010) in K562 cells in response to 8-OHD (100 μM) treatment for 48 h.
Expression changes of target genes are mapped by colors; red color: statistically significant increase
in expression, yellow color: statistically significant decrease in expression, green color: expression
statistically insignificant. (b) Gene Set Enrichment Analysis (GSEA) demonstrated that BioCarta MAPK
pathway gene set was enriched in the DEGs of 8-OHD. (c) Top 15 significantly enriched pathways
according to the MetaCore database in response to 8-OHD treatment. (d) Top 23 significantly enriched
process networks according to the MetaCore database in response to 8-OHD treatment.

Comparative enrichment analysis of the DEG dataset by MetaCore identified top 23 process
networks (Figure 8d). It was found that hemopoiesis, cell cycle regulation, NF-κB-, and MAPK-,
and JAK/STAT-mediated apoptosis/anti-apoptosis networks are significantly regulated by 8-OHD.
The JAK/STAT pathway is very important in transferring extracellular signals to the cell and initiates gene
expression involved in cell proliferation, differentiation, survival, and developmental processes [78].
The network map of MAPK and JAK/STAT-mediated apoptosis/anti-apoptosis is shown in Figure S2.
It has been reported that 8-OHD triggered apoptosis in breast cancer stem-like cells (BCSCs) through
blocking of the JAK/STAT signaling pathway [79]. Here, we found that JAK/STAT-related genes,
SYK, STAT3, STAT5, and BIRC5, were all downregulated by 8-OHD in K562 cells, indicating that the
JAK/STAT signaling pathway was attenuated.
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3.9. 8-OHD Modulates MAPK Pathways and NF-kB Activation

Since DAVID, Metacore, and GSEA analyses indicated the potential regulation of MAPK signaling
pathways by 8-OHD, we continued to analyze MAPK activation by Western blot. It was found
that 8-OHD (25–100 μM) significantly increased ERK (extracellular signal-regulated kinases), JNK
(c-Jun N-terminal kinase), and p38 phosphorylation in a dose-dependent manner after 24 h treatment
(Figure 9a). The activation of the ERK signaling pathway has been reportedly associated with K562
differentiation [34], while JNK activation is involved in ROS-mediated autophagy [80]. Furthermore,
JNK and p38 phosphorylation have been implicated in apoptosis in K562 cells [81,82]. Here, we found
that 8-OHD activated all three MAPK signaling pathways, which may be responsible for the
differentiation and cell death in K562 cells.

 
(a) 

 
(b) 

Figure 9. Western blotting analysis of MAPK and NF-kB activation. (a) Western blotting analysis
of MAPK activation from total cell lysate of K562 cells treated with 8-OHD (25–100 μM) for 24 h.
(b) Western blotting analysis of NF-κB activation from nuclear extract of K562 cells treated with 8-OHD
(25–100 μM) for 24 and 48 h.

We also found that RelA (NF-κB p65) mRNA expression was induced by 8-OHD (Figure 8a).
Thus, we continued investigating the effect of 8-OHD on NF-κB activation by analyzing the level of
phosphorylation of p65 in nuclear extracts of K562 cells. It was found that the phosphorylation of
nuclear p65 increased dose-dependently 24 and 48 h after 8-OHD (25–100 μM) treatments (Figure 9b).
NF-κB is a multifunctional transcription factor that mediates pro- and anti-apoptotic as well as
pro-autophagic signals [83,84]. In addition, NF-κB and MAP kinase pathways are involved in
PMA-induced megakaryocytic differentiation of K562 cells [85]. NF-κB is a positive regulator for
p21Cip1 expression and induces cell cycle arrest and apoptosis [86]. Therefore, 8-OHD activated NF-κB,
which may be responsible for the differentiation, cell cycle arrest, and apoptosis in K562 cells.

4. Conclusions

Our study provides the first evidence for the anti-CML activities and underlying molecular
mechanisms of 8-OHD. Our results demonstrated that K562 cell proliferation was significantly
inhibited by 8-OHD in a dose- and time-dependent manner. 8-OHD could induce K562 cell cycle arrest
at the S phase by the upregulation of p21Cip1, a negative regulator of the cell cycle, accompanied with
downregulation of cyclin D (CCND2) and cyclin D-dependent kinase (CDK6). The treatment of K562
cells with 8-OHD (100 μM) resulted in ROS overproduction, caspase-7-dependent apoptosis, autophagy,
and decreased BCR-ABL. Furthermore, 8-OHD also promoted EGR1-induced K562 differentiation as
megakaryocytic marker genes, CD61 and CD42b, were upregulated and the formation of large cells
with multi-lobulated nuclei in K562 cells was found (Figure 10).
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Figure 10. A hypothetical model for the anti-leukemic effects of 8-OHD in K562 cells. 8-OHD induces
ROS overproduction, cell cycle arrest at the S phase, caspase 7-dependent apoptosis, and autophagy, as
well as a decreased BCR-ABL oncoprotein level. It also promotes megakaryocytic differentiation in
human CML K562 cells. MAPK and NF-κB signaling pathways may be responsible for the stimulation
of apoptosis, autophagy, and differentiation in K562 cells.

A microarray-based transcriptome profiling was performed to offer a better understanding of the
effects of 8-OHD in K562 cells. A total of 3174 differentially expressed genes (DEGs) (1522 upregulated
and 1652 downregulated) were identified from K562 cells 48 h after 8-OHD (100 μM) incubation.
The enrichment analysis showed that GO biological processes, such as small GTPase-mediated signal
transduction, autophagy, transcription from RNA polymerase II promoter, and protein phosphorylation,
were significantly associated with DEGs. Gene Set Enrichment Analysis (GSEA) reconfirms that
most of the genes involved in the regulation of apoptosis were significantly stimulated by 8-OHD.
Protein–protein interaction (PPI) network was constructed for upregulated DEGs associated with
autophagy (GO: 0006914) using String. It was found that p62/UVRAV-mediated autophagy may be
responsible for the decreased level of BCR-ABL.

The 8-OHD-modulated MAPK signaling pathway was confirmed using KEGG Pathview library,
BioCarta and MetaCore package. The results of Western blot analysis reveal that 8-OHD (25–100 μM)
significantly increased phosphorylation of ERK, JNK, and p38 MAPK in a dose-dependent manner
in K562 cells. The phosphorylation of nuclear NF-κB-p65 was also increased by 8-OHD treatment
dose-dependently. The combination of experimental and in silico analyses could provide a more
thorough understanding about potential development of 8-OHD in CML therapy.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9059/8/11/506/s1,
Figure S1: MetaCore canonical pathway map showing the neurogenesis_NGF/TrkA MAPK signaling pathway in
response to 8-OHD; Figure S2: MetaCore process network map showing apoptosis_anti-Apoptosis mediated by
external signals via MAPK and JAK/STAT in response to 8-OHD; Table S1: The most significant regulated genes
by 8-OHD (100 μM) in K562 cells; Table S2: Overrepresented gene sets in DAVID GO BP DIRECT annotations
database obtained from comparisons in gene expression profiles between 100 μM 8-OHD treatment vs. vehicle
control (p < 0.05 and minimal number of genes per group ≥ 30); Table S3: The KEGG pathways associated with 100
μM 8-OHD treatment in K562 cells; Table S4: The BioCarta pathways associated with 100 μM 8-OHD treatment in
K562 cells.
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Abstract: We evaluated three newly synthesized B-lactam hybrid homo-aza-steroidal alkylators
(ASA-A, ASA-B and ASA-C) for their PARP1/2 inhibition activity and their DNA damaging effect
against human ovarian carcinoma cells. These agents are conjugated with an alkylating component
(POPA), which also served as a reference molecule (positive control), and were tested against four
human ovarian cell lines in vitro (UWB1.289 + BRCA1, UWB1.289, SKOV-3 and OVCAR-3). The
studied compounds were thereafter compared to 3-AB, a known PARP inhibitor, as well as to
Olaparib, a standard third-generation PARP inhibitor, on a PARP assay investigating their inhibitory
potential. Finally, a PARP1 and PARP2 mRNA expression analysis by qRT-PCR was produced in
order to measure the absolute and the relative gene expression (in mRNA transcripts) between
treated and untreated cells. All the investigated hybrid steroid alkylators and POPA decreased
in vitro cell growth differentially, according to the sensitivity and different gene characteristics of
each cell line, while ASA-A and ASA-B presented the most significant anticancer activity. Both these
compounds induced PARP1/2 enzyme inhibition, DNA damage (alkylation) and upregulation of
PARP mRNA expression, for all tested cell lines. However, ASA-C underperformed on average in
the above tasks, while the compound ASA-B induced synthetic lethality effects on the ovarian cancer
cells. Nevertheless, the overall outcome, leading to a drug-like potential, provides strong evidence
toward further evaluation.

Keywords: anticancer drug; B-lactam steroid alkylators; synthetic lethality; poly (ADP-ribose)
polymerase inhibitors; ovarian cancer; hybrid steroidal alkylating agents

1. Introduction

The second most common malignancy after breast cancer in women over the age of
40 is ovarian cancer. As of 2018, ovarian cancer was the seventh most common cancer
worldwide in women and the fifth leading cause of cancer-related death in the same group.
Due to the lack of a definitive screening tool and the vague signs and symptoms that can
“masquerade” as other non-malignant conditions, curative and survival trends have not
changed significantly, as early diagnosis remains a challenge [1].

Currently, the most common treatment consists of surgery and a combination of
platinum/taxane chemotherapy [2]. Nevertheless, the treatment is often ineffective, since a
major percentage of patients acquire resistance to chemotherapy regimens. The Platinum-
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resistant disease constricts further known chemotherapy approaches; treatment protocols
at this point are often selected individually, but recurrent disease is typically not curable [3].

Inherited mutations in the BRCA1 and BRCA2 genes and the Lynch syndrome (hered-
itary nonpolyposis colorectal cancer) have been closely associated with a highly increased
risk of developing ovarian cancer [4]. The protein products of the aforementioned genes
and their functions have been extensively investigated, in reference to the repair of DNA
strand breaks via homologous recombination [5] and the detriment of this ability (referred
to as “BRCAness”) [6]. This “malfunction” renders the cell susceptible to further DNA
alterations and increases the dependency on PARP-mediated DNA repair [7].

Poly (ADP-ribose) polymerase (PARP) is a superfamily of 18 proteins characterized by
the PARP homology domain, the catalytic domain. This catalytic domain helps in the ADP-
ribosylation of various acceptor proteins using nicotinamide adenine dinucleotide (NAD+)
as a donor for ADP-ribose. PARP-1 and PARP-2 carry out 80% of the poly-ADP-ribosylation
of cellular protein [8]. Poly-ADP-ribosylation of nuclear proteins, a post-translational event,
occurs in response to DNA damage. Poly-(ADP-ribose) polymerase (PARP) catalyzes the
NAD-dependent addition of poly-(ADP-ribose) to itself and adjacent nuclear proteins such
as histones. The contribution of PARP to the events that occur during DNA base excision
repair (BER) is important [9].

Nevertheless, PARP overactivation depletes its substrate, NAD+, slowing the rate
of glycolysis, electron transport and ATP formation, eventually leading to the functional
cell impairment or a PARP-mediated induction of cell and tissue necrosis by extensive
depletion of the intracellular NAD pool [10,11]. The cleavage of PARP-1 promotes apoptosis
by preventing DNA repair-induced survival and by blocking energy depletion-induced
necrosis [12].

Moreover, PARP activation promotes the transcription of pro-inflammatory genes and
modulates important inflammatory pathways, while PARP-1 transcription and activity can
be modulated as well by several endogenous mechanisms, such as “suicide” enzymes, like
caspases and hormonal factors, including steroid hormones. Consequently, as has been
presented in various studies, PARP inhibition could lead to several therapeutic outcomes
by downregulating multiple simultaneous pathways of inflammation and tissue injury,
including beneficial effects on neuronal and myocardial ischemia/reperfusion injury, var-
ious forms of heart failure, cardiomyopathies, circulatory shock, cardiovascular aging,
diabetes and diabetic cardiovascular complications, myocardial hypertrophy, atheroscle-
rosis, vascular remodeling following injury, angiogenesis of myocardial ischemia, septic
shock, vascular stroke, arthritis, colitis and neurodegenerative disorders [11,13–15].

The pharmacological effects of PARP inhibitors potentially enhance the cytotoxicity
of certain DNA-damaging anticancer drugs and promote the chemosensitization and
radiosensitization of tumors [15,16].

The aim of this report was to assess the potential antitumor effects of three novel
B-lactam-steroid alkylating compounds on human ovarian cancer cells, together with their
potential to inhibit PARP1/PARP2 activity.

The tested hybrid homo-aza- (lactam) steroidal alkylating esters exert their cytostatic
and cytotoxic effects on cancer cells combining multiple pharmacological functions, includ-
ing the induction of genotoxic effects and DNA damage through their alkylating moiety, as
well as the inhibition of PARP activity by binding on its catalytic site [17–21].

2. Materials and Methods

2.1. Compounds

Three lactamic homo-aza-steroidal alkylators—the B-lactam-steroid alkylator (derived
from dehydroepiandrosterone), namely 7a,9a-dimethyl-2,10-dioxo-1,2,4,5,6,7,7a,7b, 8,9,9a,10,11,
12,12a,12b-hexadecahydrobenzo[d]indeno [4,5-b]azepin-5-yl 3-(4-(bis(2-chloroethyl)amino)
phenoxy)propanoate (ASA-A), the B,D-homo-aza (bilactam)-steroid alkylator (derived from
dehydroepiandrosterone), namely 11a,13a-dimethyl-2,6-dioxo-2,3,4,4a,4b,5,6,8,9,10,11,11a,
11b,12,13,13a-hexadecahydro-1H-benzo[4,5]azepino [2,3-f]quinolin-9-yl 3-(4-(bis(2-chlor
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oethyl)amino)phenoxy)propanoate (ASA-B), and the B-homo-aza (lactam)-alkylator de-
rived from 5-cholesten-3b-ol-7-one (ASA-C), namely 7a,9a-dimethyl-10-((R)-6-methylheptan-
2-yl)-2-oxo-1,2,4,5,6,7,7a,7b,8,9,9a,10,11,12,12a,12b-hexadecahydrobenzo[d]indeno[4,5-b]
azepin-5-yl 3-(4-(bis(2-chloro ethyl)amino)phenoxy)propanoate were synthesized and pre-
pared according to previously described methods and procedures (Figure 1) [17,22–24].
All three alkylating B-lactam steroidal esters were esterified with the alkylating nitrogen
mustard 3-(4-(bis(2-chloroethyl)amino)phenoxy)propanoic acid (POPA).

Figure 1. Schematic outlining the synthetic procedure and respective chemical reaction yields of B-homo-aza (lactam)-
alkylator (ASA-A), B,D-homo-aza (bilactam)-steroid alkylator (ASA-B) derived from dehydroepiandrosterone (Section A)
and B-homo-aza (lactam)-alkylator (ASA-C) derived from 5-cholesten-3b-ol-7-one (Section B), esterified with the alkylating
acid 3-{4-[bis (2-chloroethyl) amino] phenoxy}propanoic acid (POPA).
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Furthermore, the third-generation well-established PARP inhibitor Olaparib (AZD2281,
AstraZeneca Pharmaceuticals) was tested and used as a positive control.

Stock solutions of the tested compounds were made immediately before use. The
compounds were initially dissolved in a small volume of 10% dimethyl sulfoxide (DMSO).
Afterwards, they were diluted in a culture medium to reach the final concentrations of
0.05–100 μM for in vitro testing. The solvent (DMSO) in the highest concentration used in
the test did not reveal any cytotoxic activity.

2.2. Cell Lines

All human ovarian cancer cell lines described below and used for this study were
obtained from the American Type Culture Collection (ATCC®).

UWB1.289 (CRL-2945™) and UWB1.289+BRCA1 (CRL 2946™) cell lines were cul-
tured in 50% RPMI 1640 and 50% MEGM medium supplemented with 1% antibiotics
(penicillin/streptomycin) and 6% fetal bovine serum. The mediums used for OVCAR-3 and
SKOV-3 cells are RPMI 1640 and McCoy’s 5A Medium, respectively, containing 10% v/v
of fetal bovine serum (Gibco FBS, Thermo Fisher Scientific Inc., Waltham, MA, USA,) and
a mixture of antibiotics (100 IU/mL penicillin and 100 μg/mL streptomycin). Moreover,
the normal human lung fibroblasts MRC-5 cells (CCL-171™) were cultured in RPMI 1640
medium and tested in order to prove the compound selectivity versus the ovarian cancer
cells. All mediums used were sterilized by filtration (Corning-Costar filter, diameter 0.2 μm).
The cell cultures were maintained at 37 ◦C in a humid atmosphere saturated with 5% CO2.

The in vitro experiments included the analysis of the compounds’ biological activity
and efficacy on four studied human ovarian cancer cell lines; these cell lines were selected
based on their characteristics, such as their genetic background and chemotherapeutic
resistance (Table 1). These selection criteria are considered essential in order to facili-
tate the investigation of ovarian cancer drug resistance and the evaluation of potential
therapeutic protocols.

Table 1. Human ovarian cancer cell lines tested for the in vitro analysis of the compounds’ biological activity.

Cancer Type
Human Cell Line

Designation
Mutated Genes Special Characteristics

Ovarian Carcinoma UWB1.289

p53 p53, cytokeratin 7 (CK-7) positive; calretinin
(625delAG) positive; Wilms’ tumor protein (WT) positive;
BRCA1-null Estrogen/Progesterone receptor negative;
(2594delC) MSS **

Ovarian Carcinoma UWB1.289 + BRCA1
p53 Estrogen/Progesterone receptor negative; MSS **

(625delAG)

Ovarian
Adenocarcinoma

SK-OV-3
(SKOV-3)

TP53 (p.S90fs) Tumor Necrosis Factor; Diphtheria Toxin; Cisplatin
and Adriamycin not sensitive; Estrogen receptor α

(ERα) positive/Progesterone receptor negative;
MSI-High *

PIK3CA
(p.H1047R)

Epithelial Ovarian
Adenocarcinoma

NIH:OVCAR-3

MEK1
Androgen/Estrogen/Progesterone receptor positive;

Cisplatin, Adriamycin not sensitive; Melphalan
resistant; MSS **

(p.G159R;
p.R160K;

p.A158) TP53
(p.R248Q)

* MSI-high: High Microsatellite Instability, ** MSS: Microsatellite stable.

Both UWB1.289 and UWB1.289 + BRCA1 carry mutations in the tumor suppressor gene
TP53 similar to the BRCA1-null breast cancer cell line HCC1937. UWB1.289 and UWB1.289
+ BRCA1 have a negative expression of progesterone, estrogen and androgen receptors.
UWB1.289 carries a germline BRCA1 mutation within exon 11 and has a deletion of the
wild-type allele. In the UWB1.289 + BRCA1 cell line, wild-type BRCA1 is restored [25,26].
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2.3. MTT Assay

The cells were plated in 96-well plates at a density of 1 × 104 cells/mL per well. They
were grown as monolayers for 24 h before treatment with 0.1–100 μM of the compounds
ASA-A, ASA-B, ASA-C, POPA, 3-AB and Olaparib for 48 h. The whole duration of the
procedure was 72 h, during which the cells were maintained in an incubator. The viability
of the cultured cells was estimated by (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) metabolic assay as described previously [27–30]. MTT (Sigma, St Louis,
MO, USA) was dissolved in PBS at a concentration of 5 mg/mL, filter sterilized, and stored
at 4oC. MTT (0.2 mL of stock solution) was added to each culture (per mL) and incubated for
3 h at 37 ◦C to allow metabolism. Formazan crystals were solubilized by acidic isopropanol
(0.04 N HCl in absolute isopropanol in a ratio 1:3 v/v). The absorbance of the converted
dye was measured at a 540 nm wavelength on an ELISA reader (Versamax, Orleans, MA,
USA). The mean concentrations of each drug that generated 50% or total (100%) growth
inhibition (GI50 and TGI, respectively) and the drug concentrations that produced cytotox-
icity against 50% of the cultured cells [(half maximal inhibitory concentration (IC50)] were
calculated using the linear regression method [27]. Using seven absorbance measurements
[time 24 h(Ct24), control growth 72 h(Ct72) and test growth in the presence of the drug at
5 concentration levels (Tt72x)], the percentage of growth was calculated at each level of the
drug concentrations. The percentage growth inhibition was calculated according to the
National Cancer Institute (NCI) as: [(Tt72x) − (Ct24)/(Ct72) − (Ct24)] × 100 for concentra-
tions for which Tt72x > Ct24 and [(Tt72x)-(Ct24)/Ct24] × 100 for concentrations for which
Tt72x < Ct24. GI50 was calculated from [(Tt72x) − (Ct24)/(Ct72)-(Ct24)] × 100 = 50, TGI
from [(Tt72x) − (Ct24)/(Ct72) − (Ct24)] × 100 = 0, and IC50 from [(Tt72x) − (Ct24)/Ct24]
× 100 = 50. All the experiments were carried out in triplicate.

2.4. PARP-1/2 Activity Assay

The Universal PARP Colorimetric Assay Kit (Trevigen® Inc., Gaithersburg, MD, USA)
was used in order to evaluate the inhibition effect of the tested chemical compounds on
PARP1/2 activity. PARP enzymatic activity was assayed according to the manufacturer’s
instructions and as previously described [31,32]. The method is based on the incorporation
of biotinylated poly (ADP-ribose) (PAR) onto histone proteins in a 96-stripwell microplate
format. Colorimetric readouts at 450 nm absorbance of the PARP activity in a serial
of PARP dilutions (units/well) were performed, and a standard curve was prepared
(Figure 2). 3-Aminobenzamide (3-AB), a well-known inhibitor of PARP enzymes, was
used comparatively as a positive control for testing the inhibitory activity on PARP. The
compounds ASA-A, ASA-B, ASA-C and POPA were tested in comparison to the standard
well-established PARP inhibitor 3-AB at concentrations of 1–300 μM, for the inhibition of
PARP activity (0.6 Unit/well PARP-HSA Enzyme). The tested compounds were loaded in
quadruplicate into a 96-well plate coated with histones and biotinylated poly ADP-ribose
and allowed to incubate for 1 h. Then, they were treated with horseradish peroxidase (HRP)
conjugated streptavidin (strep-HRP) and read in a spectrophotometer at 450 nm [25,33].
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Figure 2. (A) Graphical representation of the colorimetric readout of the PARP dose response standard curve (Adj. R-
square 0.994, p < 0.001); (B) PARP (0.6 units/well) inhibition curve and respective kinetics data analysis according to
Michaelis Menten’s model for 3-aminobenzamide (3-AB); (C) PARP (0.6 units/well) inhibition curve and respective kinetics
data analysis according to Michaelis Menten’s model induced by the B,D-bilactam, dehydroepiandrosterone-derived,
steroid alkylator ASA-B; (D) PARP (0.6 units/well) inhibition curve and respective kinetics data analysis according to
Michaelis Menten’s model induced by the B-lactam, dehydroepiandrosterone-derived, steroid alkylator ASA-A; (E) PARP
(0.6 units/well) inhibition curve and respective kinetics data analysis according to Michaelis Menten’s model induced by
the B-lactam, cholesten-derived, steroid alkylator ASA-C; (F) PARP (0.6 units/well) inhibition curve and respective kinetics’
data analysis according to Michaelis Menten’s model induced by the conjugant alkylator POPA.

110



Biomedicines 2021, 9, 1028

2.5. PARP1 and PARP2 mRNA Expression Analysis

RNA isolation: Cells growing exponentially in culture were treated with 25 μM and
50 μM of each of the tested compounds for 24 h and then washed in phosphate buffered
saline (PBS). The total RNA was extracted using the RNA extraction kit, according to the
standard protocols. RNA integrity was assessed by denaturing formaldehyde 1.5% agarose
gel electrophoresis and quantified by a spectrophotometer at A260/280 nm.

For each sample in duplicate, 1 μg of checked quality RNA was used to synthetize
cDNA with M-MLV reverse transcriptase (RT) (Invitrogen, Thermo Fisher Scientific Inc.,
Waltham, MA, USA) and 100 pmol/μL hexamer random primers (Invitrogen). An RT
reaction mix was incubated for 50 min at 37 ◦C. The cDNA yield was assessed after 1:10
dilution, by a regular PCR using β-actin (β-ACT) primers. No genomic contamination
was detected.

Primers for the genes of interest, PARP1 and PARP2, were designed using Primer3
software (http://biotools.umassmed.edu/bioapps/primer3_www.cgi, accessed on 10 May
2021), based on the complete cDNA sequences deposited in GenBank. Both primers to
each set were into different exons to avoid the amplification of contaminating genomic
DNA and to eliminate mis-priming events generating a detectable signal. The speci-
ficity of the primers and the singularity of the amplified region were verified using
http://www.ncbi.nlm.nih.gov/BLAST/, accessed on 10 May 2021 and http://genome.
ucsc.edu/cgi-bin/hgBlat?command = start respectively, accessed on 10 May 2021. The
amplified fragments were planned to correspond to common regions among different
isoforms for each gene [34]. The sequences of primers as designed for real-time PCR
were: β-actin (ACTB)/224 bp (BC014861): F 5′AGG ATG CAG AAG GAG ATC ACT
G 3′/R 5′GGG TGT AAC GCA ACT AAG TCA TAG 3′; PARP1/94 bp (NM 001618.3):
PARP1_F 5′CCTGATCCCCCACGACTTT 3′/PARP1_R 5′GCAGGTTGTC AAGCATTTC 3′;
PARP2/229 bp (NM 005484.3): PARP2_10F-CTCCTCC ACTAATCCGGACA/PARP2_12
R-GTGTGGGAGCATGGGTAGAT.

The qRT-PCR was carried out in triplicate for each individual gene of each sample, and
all reactions were performed twice by means of the SYBR-Green fluorescent dye detection
system (Molecular Probes, Eugene, OR, USA) on a thermocycler- BIORAD CFX96. The
reaction volume was 20 μL: 1 μL CDNA, 0.4 μL Forward primer (5 pmol/μL), 0.4 μL
Reverse primer (5 pmol/μL), 10 μL buffer 2x (QIAGEN). Forty cycles of PCR amplification
were run with 95 ◦C for 15 min of enzyme activation, 95 ◦C for 5 s for denaturation, at
59, and 15 s for annealing. The PCR products were directly monitored by measuring the
increase of fluorescence due to the binding of the SYBR Green to double-stranded DNA.
Melting curve experiments had previously established that the fluorescence signal for each
amplicon was derived from the products only, and no primer dimers were found.

The relative gene expression between the treated and untreated samples was calculated
using the 2-ΔCT method. The fractional cycle number (CT) expresses the fluorescent signal
reached above the detection threshold (minimum detection level). The ΔCT was computed
by calculating the difference of the average CT between target genes and the reference
β-ACT (ACTB). Due to the exponential nature of PCR, the ΔCT is converted to a linear form
by a 2-ΔCT or fourfold difference. RNA samples from treated cell lines versus untreated
samples were analyzed. The values of the untreated cells’ mRNA expression were set as 1
for all studied genes [17,34,35].

The absolute gene expression among untreated cell lines was carried out by calculating
the ratio of the number of transcripts of the target gene to that of the reference gene, ACTB.
This comparison provides the exact number of the PARP1 and PARP2 transcripts in each
cell line. The real-time PCR efficiencies were calculated from the slope. The amplification
efficiency was similar (1.984–1.986) between the targets and the reference. Finally, all cDNA
samples were made from the same amount of RNA (1 μg) and diluted to the same volume.

The PARP1, PARP2 and ACTB absolute mRNA cellular content as well as the relative
PARP1/ACTB and PARP2/ACTB mRNA cellular content (± Standard Error, SE) were
assessed, as they were induced by the treatment of UWB1.289, UWB1.289 + BRCA1, SKOV-
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3 and OVCAR-3 human ovarian cancer cells with ASA-A, ASA-B, ASA-C and POPA at
20 and 40 μM concentrations, respectively, for 72 h and compared to the corresponding
control values (untreated cells).

The data are presented as mean value (MV) ± SE. A statistical analysis was conducted
with a one-paired t-student test (p < 0.01). Group differences were analyzed using the
standard Student t-test. p < 0.01 was considered statistically significant. All experiments
were performed in triplicate.

2.6. Genotoxicity Assessment–Sister Chromatid Exchanges (SCEs) Assay

Heparinized peripheral blood samples from 5 healthy donors were obtained. Periph-
eral blood mononuclear cells (PBMCs) were isolated using density gradient centrifugation
through Ficoll-Hypaque. The PBMCs were cultured at a density of 1.5 × 105 cells/mL in
McCoy’s 5A medium, containing L-glutamine 1% and antibiotics (penicillin 100 U/mL–
streptomycin 100 μg/mL), supplemented with 10% heat-inactivated fetal calf serum (FCS)
at 37 ◦C in a humidified 5% CO2 cell culture incubator. T-lymphocytes were stimulated
to proliferate with 20 μg/mL phytohaemagglutinin (PHA-L). Moreover, UWB1.289 and
UWB1.289 + BRCA1 cells were cultured and maintained as described above. The cultures
were set up by adding 1.5 × 105 of cancer cells per mL of the cell culture medium. The
PBMC cultures were maintained for 72 h, while UWB1.289 and UWB1.289 were maintained
for 144 h. The normal PBMCs and ovarian cancer cells were treated with ASA-A, ASA-B,
ASA-C, POPA, 3-AB and olaparib at a 2.5 μM drug concentration. The SCEs method
was performed as previously described [17,20,21,36]. Briefly, 10 μM of 5- bromodeoxyuri-
dine (5-BrdU) was added to PBMCs cultures at 24 h and to ovarian cancer cell cultures
at 48 h for two cell cycles. The cell growth in the presence of 5-BrdU for two rounds
of DNA replication was followed by collecting metaphase spreads on glass slides. To
prepare the metaphase spreads, exponentially growing cells were treated with 0.2 μg/mL
of colcemid for 3–5 h. The cells were collected and incubated in a hypotonic solution
(0.56% KCl), fixed in methanol:acetic acid (3:1), spotted to slides and air-dried. To measure
chromosomal aberrations, the slides were stained with a 2% Giemsa/Sorensen’s buffer.
Differential chromosome staining was achieved by treatment with the UV-sensitive dye
Hoechst 33,258 (10 μg/mL), long-wave UV light exposure (for about 1 h and 30 min to
long-wave ultra-violet light emitted from a lamp located at a distance of 10 cm from the
slides) and Giemsa staining, which gives a permanent record of the exchanges. More than
30 suitably spread second-division cells from each culture were measured on coded slides
to establish mean SCE values. The preparations were scored for cells in their first, second
and subsequent divisions, with criteria that were previously described, and the cells that
were suitably spread were scored blindly for SCEs and cancer cell proliferation kinetics.
For the assessment of the Proliferation Rate Index (PRI), at least 100 metaphases were
evaluated. The PRI was calculated according to the formula PRI = (M1 + 2M2 + 3M3)/N
× 100, where M1, M2 and M3+ indicate the number of metaphases corresponding to the
first, second and third or subsequent divisions, respectively, and N is the total number of
metaphases scored (M1 + M2 + M3).

3. Results

3.1. In Vitro Anticancer Activity Testing

The results were expressed as GI50 (μM) (drug concentration that induces a 50%
inhibition of cell growth) TGI (μM) (drug concentration that induces a 100% cell growth
inhibition) indicating the cytostatic effects, and IC50 (μM) (drug concentration that in-
duces 50% cytocidal effects) indicating the cytotoxic effects of the tested compounds on
UWB1.289, UWB1.289 + BRCA1, OVCAR-3 and SKOV-3 human ovarian cancer cells. The
tested compounds inhibited the cell growth in a dose-dependent manner. The results are
summarized in Table 2. The B- lactam steroid alkylator, ASA-A, and the B,D-bilactam
steroid alkylator, ASA-B, were shown to be effective with significantly elevated cytostatic
and cytocidal activity, considerably higher (t-test, p < 0.001) than the aza-steroid alkylator
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ASA-C and the alkylating component POPA. ASA-C and the alkylating component 3-{4-[bis
(2-chloroethyl) amino] phenoxy} propanoic acid (POPA) appeared almost inactive as far
as their in vitro cytostatic and cytotoxic effects are concerned, at varying doses (with a
maximum of 100 μM) on human ovarian cancer cell lines. At the tested drug concentra-
tions, 3-AB showed no significant cytostatic or cytotoxic effects, while olaparib generated
cytostatic and no cytocidal effects against the BRCA1 mutated UWB1.289 and a lower cyto-
static potential against the OVCAR-3 ovarian cancer cells. In total, the B-lactam steroidal
alkylator ASA-A appeared to be more potent than the B,D-bilactam steroid alkylator ASA-B
against the human ovarian cancer cells, with the exception of UWB1.289 cells, where ASA-B
had a better cytostatic and cytotoxic activity, presenting a synergistic lethality effect. The
tested aza-steroidal alkylators ASA-A and ASA-B, in terms of their cytostatic and cytotoxic
activity, presented a significant selectivity against the ovarian human cancer cells, since
they generated significantly lower cytostatic (IG50 and TGI) and cytotoxic (IC50) effects on
normal human lung fibroblasts MRC-5.

Table 2. In vitro cytostatic (IG50 and TGI ±SEM) (μM) and cytotoxic (IC50 ±SEM) (μM) effects of
compounds ASA-A, ASA-B, ASA-C, POPA, 3-AB and Olaparib on all four studied human ovar-
ian cancer cell lines in vitro. All values are representative of experiments performed in triplicate
(Significance level, p < 0.01).

Human Cell Line
ASA-A ASA-B

GI50 TGI IC50 GI50 TGI IC50

UWB1.289 19 ± 1.83 52 ± 4.61 71 ± 7.01 10 ± 0.81 35 ± 3.63 54 ± 5.11
UWB1.289 + BRCA1 22 ± 2.01 54 ± 4.33 76 ± 6.66 20 ± 1.86 72 ± 6.71 95 ± 9.03

SKOV-3 15 ± 1.26 33 ± 2.79 67 ± 7.11 24 ± 2.42 51 ± 4.46 98 ± 8.97
OVCAR-3 29 ± 3.04 38 ± 2.95 47 ± 4.82 44 ± 5.04 81 ± 7.82 >100

MRC-5 69 ± 7.13 >100 >100 86 ± 9.95 >100 >100
ASA-C POPA

GI50 TGI IC50 GI50 TGI IC50

UWB1.289 73 ± 7.58 >100 >100 64 ± 6.72 >100 >100
UWB1.289 + BRCA1 >100 >100 >100 >100 >100 >100

SKOV-3 >100 >100 >100 77 ± 7.54 >100 >100
OVCAR-3 >100 >100 >100 >100 >100 >100

MRC-5 >100 >100 >100 >100 >100 >100
3-AB Olaparib

GI50 TGI IC50 GI50 TGI IC50

UWB1.289 92 ±
12.98 >100 >100 14 ± 1.78 85 ± 9.34 >100

UWB1.289 + BRCA1 >100 >100 >100 >100 >100 >100
SKOV-3 >100 >100 >100 >100 >100 >100

OVCAR-3 >100 >100 >100 32 ± 4.64 >100 >100
MRC-5 >100 >100 >100 >100 >100 >100

The data showed that the compounds under investigation influenced tumor cell
growth differentially, demonstrating the BRCA1-null ovarian cancer cell line UWB1.289 to
be significantly more sensitive to the antiproliferative effects of the investigated compounds
than the respective BRCA1-wild type UWB1.289 + BRCA1 ovarian cancer cell line (t-test,
p < 0.001). The BRCA1 mutated ovarian cell line UWB1.289 appeared to be particularly
more sensitive to the cytostatic and cytocidal effects of the tested alkylating agents than
the other ovarian cancer cell lines tested in consistence to its BRCAness phenotype (t-test,
p < 0.001). ASA-B showed the greatest anticancer activity against UWB1.289 cells, in vitro
(t-test, p < 0.001), as already mentioned. The second most significant activity against
UWB1.289 cancer cells was generated by the B-lactam steroidal alkylator, ASA-A (t-test,
p < 0.001).

The SKOV-3 and OVCAR-3 ovarian cancer cells were shown to be irresponsive to
the anticancer activity of alkylators such as Cisplatin and Melphalan, as well as to the
chemotherapeutic cytotoxic agent Adriamycin. Accordingly, our experimental data show
SKOV-3 and OVCAR-3 cells to be relatively resistant to the anticancer activity of the
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tested nitrogen mustard alkylating agent POPA. However, this apparent phenotype of
the insensitivity of SKOV-3 and OVCAR-3 human ovarian cancer cells is overcome by
the lactam steroid alkylators, ASA-A and ASA-B, that produced excellent cytostatic and
cytotoxic anticancer effects on these cells (t-test, p < 0.001).

All four tested cancer cell lines bear different active mutations of the onco-suppressor
gene TP53. Both ASA-A and ASA-B appear to procure a remarkable anticancer activity
independently of the presence of these mutations on the TP53 gene (t-test, p < 0.001).

Moreover, SKOV-3 ovarian cancer cells that bear an active mutation on the PIK3CA
gene and present a high microsatellite instability (MSI-high), in contrast to the OVCAR-3
and UWB1.289 + BRCA1 ovarian cancer cells that are microsatellite-stable (MSS), demon-
strate a clearly higher susceptibility to the anticancer activity of ASA-A and ASA-B as far
as their cytostatic effects and the 100% cell growth inhibition (TGI) are concerned (t-test,
p < 0.01).

Finally, the cytostatic or cytotoxic antitumor effects of the homo-aza-steroidal alkylating
esters, ASA-A and ASA-B, were observed in both steroid receptors (Estrogen/Progesterone/
Androgen receptors), expressing and non-expressing ovarian cancer cell lines (t-test,
p < 0.001).

3.2. PARP Enzymatic Activity Inhibition

The B-lactam steroid alkylators ASA-A, ASA-B and ASA-C, as well as the alkylat-
ing moiety POPA (nitrogen mustard) were tested for their direct inhibitory effect against
the activity of PARP enzymes in a cell-free experimental biochemical assay in compar-
ison to the well-known PARP inhibitor 3-AB. The inhibition curves and the respective
kinetics data analysis according to Michaelis Menten’s model for the 3-aminobenzamide
(3-AB), B-lactam (dehydroepiandrosterone-derived) steroid alkylator ASA-A, B,D-bilactam
(dehydroepiandrosterone-derived) steroid alkylator ASA-B, B-lactam (cholesten-derived)
steroid alkylator ASA-C and alkylating component POPA are presented in Figure 2 and
Table 3. The B,D-bilactam steroid alkylator ASA-B and the B-lactam steroidal alkylator
ASA-A showed significant inhibitory effects on PARP activity (t-test, p < 0.0001), ASA-B
being the most potent inhibitor producing better inhibitory effects on PARP activity than
3-AB (t-test, p < 0.01). Thus, 3-AB, ASA-A, ASA-B, ASA-C and POPA induce a 50% inhibi-
tion of the PARP enzymatic activity (IC50) at concentrations of 63.06, 59.6, 35.16, 165.6 and
132.68 μM, respectively (Table 3). ASA-B and ASA-A exert their inhibitory effects on PARP
activity, generating much higher kinetic parameters of Km and Vmax than 3-AB (t-test,
p < 0.01). Contrarily, ASA-C appeared as a noticeably weak inhibitor of PARP activity, with
high IC50 and very low Km and Vmax. Moreover, POPA acts like an inhibitor of PARP
activity at significantly higher concentrations, with a relatively high IC50 and the highest
Km and Vmax inhibition kinetic parameters. On the other hand, Olaparib generated by far
the most potent inhibitory effect on PARP activity, demonstrating an IC50 at 0.95 μM and
an IC100 at 13.17 μM, respectively (Table 3).

Table 3. Michaelis Menten’s model kinetics data (± SEM) (of PARP (0.6 units/well) inhibition-induced by the 3-aminobenzamide
(3-AB), B-lactam (dehydroepiandrosterone-derived) steroid alkylator ASA-A, B,D-bilactam (dehydroepiandrosterone-derived)
steroid alkylator ASA-B, B-lactam (cholesten-derived) steroid alkylator ASA-C, alkylating component POPA and Olaparib.

Compounds 3-AB ASA-A ASA-B ASA-C POPA Olaparib

Adj. R-Square 0.99449 0.93059 0.98691 0.98234 0.94566 0.97982
Vmax 74.130 ± 4.16 124.644 ± 60.83 147.817 ± 14.93 2.162 × 1015± 4.18 × 1015 310.114 ± 447.49 109.079 ± 10.23

Km 30.436 ± 4.43 111.851 ± 88.70 71.5031 ± 15.99 8.915 × 1015± 13.01 × 1015 676.425 ± 1227.41 1.117 ± 0.214
IC50 (μM) 63.06 ± 4.28 59.6 ± 6.42 35.16 ± 3.78 165.6 ± 19.77 132.68 ± 22.15 0.95 ± 0.12

IC100 (μM) >150 >150 145.8 ± 14.29 >300 >300 13.17 ± 1.57

In conclusion, the potency of inhibition of the PARP activity induced by ASA-A and
ASA-B is notably correlated to their cytostatic effects on UWB1.289, UWB1.289 + BRCA1,
OVCAR-3 and SKOV-3 human ovarian cancer cells (Figure 3, Table 4). The respective
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Pearson’s correlation indexes (r) between cytostatic activity and PARP inhibitory effects
for ASA-A and ASA-B are 0.95 and 0.93, respectively, at a significance level p < 0.01. On
the other hand, the corresponding correlations for ASA-C and POPA are low and not
significant (NS) (Figure 3, Table 4), while the 3-AB induced cytostatic effects were signifi-
cantly correlated with PARP inhibition only on BRCA1 mutated (presenting “BRCAness”)
UWB1.289 human ovarian cancer cells (Table 4).

Figure 3. Correlation curves and 95% prediction bands between %PARP inhibition and %cytostatic effects in dose-response
to the B,D-bilactam steroid alkylator ASA-B on UWB1.289 (A), UWB1.289+ BRCA1 (B), OVCAR-3 (C) and SKOV-3 (D)
human ovarian cancer cells.

Table 4. Pearson’s correlation indexes and respective statistical significance levels (p) of cytostatic effects and PARP
inhibition induced by the homo-aza lactamic steroid alkylators ASA-B, ASA-A, ASA-C and the alkylating acid POPA, as
well as 3-AB on UWB1.289, UWB1.289 + BRCA1, OVCAR-3 and SKOV-3 human ovarian cancer cells.

UWB1.289 UWB1.289 + BRCA1 OVCAR-3 SKOV-3

ASA-B Pearson’s r 0.93 0.96 0.93 0.91
Significance level (p) <0.01 <0.01 <0.01 <0.01

ASA-A Pearson’s r 0.95 0.97 0.91 0.90
Significance level (p) <0.01 <0.01 <0.01 <0.01

ASA-C Pearson’s r <0.25 <0.25 <0.25 <0.25
Significance level (p) NS * NS NS NS

POPA Pearson’s r <0.50 <0.50 <0.50 <0.50
Significance level (p) NS NS NS NS

3-AB Pearson’s r 0.91 <0.50 <0.50 <0.50
Significance level (p) <0.01 NS NS NS

* NS: not significant (p > 0.05).
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3.3. PARP1 and PARP2 Expression

Quantitative PCR analysis of PARP1 and PARP2 absolute mRNA content in UWB1.289
+ BRCA1, UWB1.289, OVCAR-3 and SKOV-3 untreated human ovarian cancer cell lines is
presented in Figure 4.

Figure 4. Absolute mRNA cellular content and transcription of PARP1 and PARP2 (± SD) in
untreated UWB1.289 + BRCA1, UWB1.289, SKOV-3 and OVCAR-3 human ovarian cancer cell
cultures at the exponential phase of cell growth. Significance levels in between PARP1 or PARP2
mRNA transcription in the tested ovarian cancer cell lines were denoted, (**) for p < 0.0001 and (*)
for p < 0.001.

BRCA1-null UWB1.289 cancer cells transcribe a significantly higher PARP2 (t-test,
p < 0.001) and a strikingly lower PARP1 mRNA content (t-test, p < 0.001) due to the BRCA1
loss of activity. Contrariwise, the wild-type UWB1.289 + BRCA1 cells presented normally a
high PARP1 and a lower PARP2 expression (t-test, p < 0.001). In general, the UWB1.289
+ BRCA1, OVCAR-3 and SKOV-3 cells showed a natural and significantly higher PARP1
and a lower PARP2 expression. Comparatively, the BRCA1 mutated UWB1.289 cancer cells
demonstrated a much lower PARP1 and a reduced PARP2 mRNA transcription than the
other ovarian cancer cell lines tested (t-test, p < 0.001).

The changes (%) in the relative PARP1/ACTB and PARP2/ACTB mRNA cellular
content (± Standard Error, SE) as compared to the corresponding control values (untreated
cells) induced by the treatment of UWB1.289, UWB1.289 + BRCA1, SKOV-3 and OVCAR-3
human ovarian cancer cells with ASA-A, ASA-B, ASA-C and POPA at 20 and 40 μM
concentrations for 72 h, as demonstrated by the quantitative PCR analysis, are presented
in Figure 5, Figure 7, respectively. Moreover, a similar expression analysis is described
in Figure 6, regarding the treatment of the same tested human ovarian cancer lines with
a 3-AB agent in combination with ASA-A, ASA-B or ASA-C, enclosing the respective
alterations on the relative PARP1/ACTB mRNA cellular content.
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Figure 5. % Increase of the relative PARP1/ACTB mRNA cellular content (± Standard Error, SE) as compared to the
corresponding control values (untreated cells) induced by the treatment of UWB1.289, UWB1.289 + BRCA1, SKOV-3 and
OVCAR-3 human ovarian cancer cells with ASA-A (A), ASA-B (B), ASA-C (C) and POPA (D) at 20 and 40 μM concentrations,
respectively, for 72 h. (*) Statistical significance for p < 0.001 (two-tail paired t-test).

In general, the results indicated that the PARP1/ACTB and PARP2/ACTB mRNA
cellular content ratios are notably increased (t-test, p < 0.001) in most cases and for all
tested cancer cell lines after treatment with the alkylators ASA-A, ASA-B, ASA-C and
POPA. However, these rises were obviously differentiated depending on the variant cell
types and biology, as well as due to the differential cell sensitivity in the tested compounds.
Consequently, as was revealed, the more sensitive a cancer cell line to the cytostatic and
cytotoxic effects of a tested compound, the higher the increase of the relative PARP1/ACTB
and PARP2/ACTB mRNA ratios observed.

The highest increases of PARP1/ACTB mRNA ratios were induced by the most potent
PARP inhibitor, the bilactamic steroid alkylator ASA-B, reaching at 120-fold increase in
SKOV-3 and a 42–50-fold increase in UWB1.289, UWB1.289 + BRCA1 and OVCAR-3
human ovarian cancer cells. ASA-A appeared as the second most potent compound to
produce a PARP1/ACTB mRNA ratio increment, while the POPA and ASE-C were the least
potent, respectively. The aza-steroidal alkylators, ASA-A, ASA-B and ASA-C induced a
conspicuously higher increase of the PARP1/ACTB mRNA ratio in the UWB1.289 + BRCA1
than in the BRCA1 mutated UWB1.289 cancer cells. On the other hand, POPA was the
best augmenter of the PARP1/ACTB mRNA ratio in BRCA1-null UWB1.289 cancer cells
(Figure 5).
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Figure 6. % Increase of the relative PARP1/ACTB mRNA cellular content (± Standard Error, SE) as
compared to the corresponding control values (untreated cells) induced by the treatment of UWB1.289,
UWB1.289 + BRCA1, SKOV-3 and OVCAR-3 human ovarian cancer cells with the combination of
ASA-A, ASA-B or ASA-C at 25 μM concentration along with 3-AB at 50 μM concentration for 72 h.
(*) Statistical significance for p < 0.001 (two-tail paired t-test).

The simultaneous treatment of the UWB1.289, UWB1.289 + BRCA1, SKOV-3 and
OVCAR-3 human ovarian cancer cells with 3-AB in combination with ASA-A, ASA-B or
ASA-C induced a significant (p < 0.001) synergistic effect on the % increase of PARP1/ACTB
mRNA cellular content, mostly in ASA-B and less in ASA-A combinations with 3-AB. The
treatment with combinations of 3-AB with ASA-C produced obviously lower increases,
as well as synergistic effects (Figure 6). The treatment of the tested cancer cell lines with
the 3-AB agent alone generated non-significant alterations in the PARP1/ACTB mRNA
cellular content (data not shown).

As far as the inducible increases of PARP2/ACTB mRNA ratios are concerned, ASA-
A, ASA-B and POPA were comparably more effective, whereas ASA-C was less effective
against all tested cancer cell lines (Figure 7). ASA-A, ASA-B and POPA brought about a con-
siderably higher increase of the PARP2/ACTB mRNA ratio in the BRCA1-null UWB1.289
than in the BRCA1 wild-type UWB1.289 + BRCA1 cancer cells, with the ASA-B begetting a
140- to150-fold increase of the PARP2/ACTB mRNA ratio in UWB1.289 cells.

ASA-A, ASA-B, ASA-C and POPA generated a statistically significant enhancement
and increase of the PARP1 and PARP2 mRNA expression in all tested cancer cell lines.
These material results on the regulation of PARP1/2 transcription were differential and
depended on the drug’s PARP inhibitory activity, the drug concentration, the cell type and
the cancer cells’ sensitivity for each tested compound.

All tested chemical derivatives produced a similar outcome onto UWB1.289 + BRCA1,
UWB1.289, SKOV-3 and OVCAR-3 human ovarian cancer cells, with the activity of the
lactam steroid alkylators ASA-A and ASA-B being more profound than the alkylating agent
POPA. Furthermore, it is notable that the tested compounds induced a higher increase of
the expression of PARP1 in the BRCA1 wild-type UWB1.289 + BRCA1 than in BRCA1-null
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UWB1.289 cells, whilst the higher increase of the expression of PARP2 was observed in
UWB1.289 cells.

Figure 7. % Increase of the relative PARP2/ACTB mRNA cellular content (± Standard Error, SE) as compared to the
corresponding control values (untreated cells) induced by the treatment of UWB1.289, UWB1.289 + BRCA1, SKOV-3 and
OVCAR-3 human ovarian cancer cells with ASA-A (A), ASA-B (B), ASA-C (C) and POPA (D) at 20 and 40 μM concentrations,
respectively, for 72 h. (*) Statistical significance for p < 0.001 (two-tail paired t-test).

3.4. Genotoxicity Assessment–Sister Chromatid Exchanges (SCEs)

The B-lactam- steroid alkylators ASA-A, ASA-B and ASA-C, as well as the alkylating
moiety POPA and the PARP inhibitors 3-AB and Olaparib were tested for their genotoxic
effects on PHA-stimulated T-lymphocytes obtained from five healthy donors, as well as on
UWB1.289 and UWB1.289 +BRCA1 human ovarian cancer cells at a concentration of 3 μM.

ASA-A and ASA-B induced a significant (p < 0.01) increase of SCEs and a significant
decrease of PRIs in all the cases tested. ASA-B was the most potent genotoxic agent. On
the other hand, ASA-C and POPA showed no significant genotoxic or cytostatic effects at
the tested drug concentration. The PARP inhibitor 3-AB induced a significant increase of
SCEs in all cases but no cytostatic effects were observed. The well-established potent PARP
inhibitor, Olaparib, exhibited a significantly high genotoxic activity in all cases, and in
particular against the BRCA1 mutated UWB1.289 ovarian cancer cells. Moreover, Olaparib
induced the attenuation of PRI and cytostatic effects only against UWB1.289 cells.

BRCA1-defective UWB1.289 cells showed a certain sensitivity to the active tested com-
pounds, and in particular to B-lactam steroid alkylators ASA-B and ASA-A, and a significant
but lower sensitivity to Olaparib at the tested drug concentration. ASA-B performed with the
highest activity against the UWB1.289 cells. The results are shown in Table 5.
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4. Discussion

PARP-1, a multifunctional nucleus protein with a multidomain structure, has well doc-
umented roles in DNA damage repair, necrosis, apoptosis and DNA damage-dependent
cancer progression. Recent studies also associate it with epithelial to mesenchymal transi-
tion (EMT), a biological phenomenon involved in the early progression of cancer metastasis,
and the modulation of EMT regulators like Vimentin, Claudin-1 and other transcription
factors, playing a dual role in EMT. In this sense, PARP-1 became a special target for cancer
treatment, and several inhibitors of PARP-1 like Olaparib, Rucaparib and Veliparib are
already in use [8].

Ovarian cancer is a disease with an extreme genetic complexity and a defective DNA
repair via a homologous recombination (HR) pathway. Apart from BRCA1/2 mutations,
additional mechanisms can also result in HR pathway alterations and, consequently, lead
to a clinical benefit from PARP inhibitors. Thus, inhibitors of PARP have a significant
therapeutic impact on the treatment of women with epithelial ovarian cancers, and in
particular those with the most common histological subtype, high-grade serous cancer,
because of the high rate of homologous recombination (HR) deficiency. The inhibition
of PARP generates anticancer effects by disrupting DNA repair, thus causing genomic
decay. PARP inhibitors are approved as a frontline maintenance treatment for patients with
and without BRCA-associated cancers, and clinical data demonstrate the effectiveness of
PARP inhibition in women with recurrent epithelial ovarian cancer harboring BRCA1/2
mutations and those with platinum-sensitive disease as a maintenance therapy or as a
second-line treatment in recurrence [37,38].

It has currently been shown that the hybrid aza- (lactam) steroidal alkylating esters,
which are chimeric steroid compounds, generate a dual inhibition on the RAS/PI3K/AKT
and RAS/RAF/MEK/ERK signaling pathways [23]. In our case, the studied lactam
steroidal alkylators ASA-A and ASA-B produced a significantly high anticancer activity
in vitro, over against ASA-C, that was almost inactive. As previously reported [28,30,39,40]
and demonstrated by our data, the existence of the hydrocarbon side chain on the C-
17 position constrains the anticancer pharmacological effects and nearly inactivates the
steroidal alkylating esters, probably due to the occurrence of some biochemical obstruc-
tion. In addition, the PARP-inhibitor-induced activation of the cytoprotective PI3K-Akt
pathway likely contributes to the development of PARP inhibitor resistance. Recently, the
molecular mechanism that explains how PARP inhibition induces Akt activation and may
account for apoptosis resistance and mitochondrial protection in oxidative stress and in
cancer has been discovered [41]. However, as previously reported [23], A- and D-lactam
steroid alkylators (similar to the B-lactam-steroid alkylating agents tested in the present
report) generate, apart from the suspension of PARP activation, a dual inhibition on the
RAS/PI3K/AKT and RAS/RAF/MEK/ERK signal pathways, abrogating the undesirable
PARP-inhibition-induced activation of the PI3K-Akt pathway, deploying a unique pharma-
cological molecular action. Furthermore, the inhibitory effects of the homo-aza-steroidal
alkylating esters on the RAS/RAF/MEK/ERK signaling pathway induce a further indirect
interruption of PARP-1 activation. As previously reported [42], PARP-1 is activated via
a direct interaction with phosphorylated ERK2, and ERK2-induced PARP-1 activation
dramatically amplifies ERK-signals, enhancing ERK-induced phosphorylation. Hence,
PARP-1 activation mediates epigenetic mechanisms promoting growth, proliferation and
differentiation regulated by the Raf-MEK-ERK phosphorylation cascade.

The B-lactam ASA-A and B,D-bilactam ASA-B steroid alkylators, unlike the nitrogen
mustard alkylator POPA, presented excellent cytostatic and cytocidal activity against SKOV-
3 and OVCAR-3 human ovarian cancer cells, which are insensitive to the anticancer activity
of alkylators such as cisplatin and melphalan, as well as to the chemotherapeutic cytotoxic
agent Adriamycin. Moreover, these active compounds show a selectivity of their cytostatic
and cytotoxic effects against the ovarian cancer cells. These results further confirm that the
hybrid aza-steroid alkylators are overcoming relevant cell drug resistance pharmacological
mechanisms. Moreover, these chimeric compounds, that bear a modified steroid containing
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a lactamic group (-NH-C=O−) and carry an alkylating moiety, produce a higher antitumor
activity than other alkylators conventionally used in cancer therapy [16,22,24,39,40,43,44].

Evidently, comparing the cell lines tested with the respective compounds, the anti-
cancer outcome of ASA-A and ASA-B proved independent of the TP53 mutations borne
by cancer cells. Moreover, cancer cells that have an active mutation on the PIK3CA gene
and/or present a high microsatellite instability (MSI-high) seem to demonstrate a higher
sensitivity to active lactam steroidal alkylators [39,40]. These are noteworthy observations
because TP53 mutations are instrumental in the development of cancer cell resistance to
chemotherapeutic drugs, such as classical cytotoxic agents including cisplatin, doxorubicin,
5-fluorouracil, temozolomide and paclitaxel, since the p53-based chemoresistance is highly
associated with the chemical properties of the anticancer drug, the cellular drug target, the
biological function being blocked by the chemotherapeutic agent, the genomic instability
and alterations of the tumor, as well as its differentiation state [45]. It has been reported that
the inactivation of TP53 mutations in the presence of BRCA mutations may be associated
with cancer cell resistance in the treatment with PARP inhibitors. The synthetic lethality of
PARP inhibition in these cases is reported as p53-dependent [45–47]. On the other hand,
B-lactam-steroidal alkylating agents attain anticancer activity in both p53-mutated and
non-mutated cancer cell lines, and this effect may be independent of their PARP inhibitory
activity. The broad screening of A-, B- and D-lactam steroid alkylators for anticancer activ-
ity against several panels of human cancer cell lines (breast cancer, colon cancer, pancreatic
cancer, small-cell-lung cancer cells) showed that these compounds produce their cytostatic
and cytotoxic effects independently of the presence of different inactivating mutations of
TP53 (data not shown).

It is also interesting to note that mutations of PIK3CA in ovarian and breast cancer
have been associated with chemoresistance [48,49] and endocrine resistance to hormonal
therapy [50,51]. The sensitivity of PIK3CA mutated cancer cells to the lactam steroidal
alkylators is in accordance with previous findings that showed that these hybrid steroid
compounds inhibit the PI3K/AKT signaling pathway [23].

As previously described [17,23,37,43] and indicated by our data, the expression of
steroid receptors in ovarian cancer cells, contrary to breast cancer, is independent of, and
does not affect, the cytostatic or cytotoxic antitumor effect of the homo-aza-steroidal alky-
lating esters. Earlier findings about the antitumor effects of homo-aza-steroidal alkylators
against human breast cancer cells detected a weak to moderate dose-dependent correlation
of their anticancer activity with the estrogen receptor expression [37,43].

As previously reported, A- and D-lactam steroidal alkylators are potent inhibitors
of PARP activity by binding in PARP’s catalytic site and blocking its activity [17]. Our
data showed that the B,D-bilactam ASA-B and the B-lactam ASA-A steroid alkylators also
exhibited inhibitory effects on PARP activity in a cell-free assay, with ASA-B prompting
even stronger inhibitory effects than the well-established PARP inhibitor 3-AB. These
inhibitory effects on PARP activity were significantly correlated to their cytostatic effects
on UWB1.289, UWB1.289 + BRCA1, OVCAR-3 and SKOV-3 human ovarian cancer cells.
Nevertheless, the well-established PARP inhibitor Olaparib demonstrated much higher
inhibitory effects than the tested B-lactam steroid alkylators on PARP activity. However,
Olaparib induced cytostatic effects only against the BRCA1-null UWB1.289 and less against
OVCAR-3 cancer cells at the tested drug concentrations.

In order to repair the generated genotoxicity and DNA damage induced by the lactam
steroidal alkylators ASA-A and ASA-B, the cells of all the examined human ovarian cancer
cell lines responded with significantly elevated transcription levels of PARP1 and PARP2
mRNA. These increases of PARP1,2 mRNA were contingent on the diverse cell biology and
sensitivity of the tested compounds and were correlated in proportion and respectively with
the cytostatic and cytotoxic effects of the investigated agents. Hence, the lactam steroid
alkylators ASA-B and ASA-A have equivocal anticancer properties by simultaneously
inhibiting PARP activity and increasing the PARP 1 and 2 mRNA expression. On this
aspect, it is verified by our experiments that POPA finally obtains a reduced anticancer
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“state” among the compounds studied; while it provokes alkylating DNA damage and
thus an increase in PARP mRNA transcription, it cannot obstruct the specific cell repair
mechanism, not being a PARP 1,2 inhibitor. This fact, in combination with its highly toxic
nature, leads to its anti-tumor inferiority.

It has been shown as well [21] that the homo-aza-steroidal alkylating esters of nitrogen
mustards exerted cytogenetic damage, which was enhanced synergistically in combina-
tional treatment with the PARP inhibitor 3-amino-benzamide (3-AB). It has also been shown
that treatment with the homo-aza-steroidal alkylators led to the depletion of cellular NAD,
while the addition of 3-AB prevented the drop of NAD levels.

While it is argued that for minor DNA damage, cancer cells activate PARP-1 to help in
the cell survival by repairing the mild DNA lesions, for high-level DNA damage PARP-1 is
overactivated and uses NAD+ as a donor of ADP ribose for ADP-ribosylation, driving the
cell into an imbalance of NAD+/ATP ratio, NAD depletion and eventually resulting in an
energy-deprived necrosis [8,52,53]. Remarkably, each cell line seems to be “specialized” on
PARP1 and/or PARP2 for the aforementioned repair mechanisms, and a ratio between them
proportional to the degree of the DNA damage and the mutagenic effect of each alkylating
compound is formed (Figures 5 and 7). This overactivation phenomenon, “emerging”
both from PARP1 and PARP2 in all tested cell lines is also emphasized in our results in
the wild-type cancer cells (without BRCAness), promoting the NAD depletion/energy
cell “starvation” as an alternative procedure leading to cellular death, even for more
enduring carcinomas, with a mechanism for these compounds similar to the one reported
for lactam-steroidal alkylators [21].

The loss of DNA damage repair pathways is an early and frequent event in tumorige-
nesis, occurring in 40–50% of many cancer types. The basis of synthetic lethality in cancer
therapy are the DNA damage-repair-deficient cancers dependent on backup DNA repair
pathways. In cancer, the synthetic lethality mostly relates to pairs of genes, where the
inactivation of one and the pharmacological inhibition of the other lead to the death of the
cancer cells. The combination of PARP inhibitors and other DNA damage repair inhibitors,
or the combination of multiple components of the same pathway, may have great potential
for synthetic lethality efficiency. Both genetic and epigenetic alterations may serve as syn-
thetic lethal therapeutic markers. PARP is a critical factor in the repair of single-stranded
DNA damage via the base excision repair pathway, and PARP inhibitors have a substan-
tial single-agent antitumor activity by inducing synthetic lethality, especially in tumors
harboring deleterious germline or somatic BRCA mutations. PARP inhibition produces
single-stranded DNA breaks, which may be repaired by homologous recombination, a
process partially dependent on BRCA1 and BRCA2 [54–56].

Tumors harboring genetic defects in homologous recombination (HR), a DNA double-
strand break repair pathway, are hypersensitive to PARP inhibitors. Unlike HR-defective
cells, HR-proficient cells manifest very low cytotoxicity when exposed to PARP inhibitors,
although they mount a DNA damage response. PARP1 deficiency is markedly increased
when combined with other DNA damage response genetic deficiencies. Sister chromatid
exchange (SCE) is a recombination event between identical sister chromatids following
DNA replication, typically but not uniformly, and resulting in an equal exchange of genetic
information. However, SCEs that occur at offset repeats can lead to the loss or gain of
genetic information. Thus, increased SCEs are a measure of hyper-recombination leading
to chromatid exchange, whether due to deficiencies in genes involved in the suppression
of exchange or to unrepaired DNA damage encountered during DNA replication and
the subsequent HR-mediated repair at stalled replication forks. An increase in SCEs
correlates with the mutagenic potential and the induced loss of heterozygosity. Olaparib
causes marked hypersensitivity in HR-deficient cells and increases SCE frequency in
repair-proficient human cells. Less potent PARP inhibitors, which did not demonstrate
synthetic lethality in BRCA-deficient tumor cells, have been shown to increase SCEs [57].
The B-lactam steroid alkylators ASA-A and ASA-B, although less potent PARP inhibitors
compared to Olaparib, induced a significant increase of SCEs in either repair-proficient
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or repair-deficient normal and cancerous human cells. ASA-B was presented as the more
potent genotoxic agent, including the BRCA1-null ovarian cancer UWB1.289 cells.

In HR-deficient tumors, the “synthetic lethality” strategy for PARP inhibition is de-
pendent on unrepaired endogenous strand breaks that arise during DNA replication and
normal cell metabolism. A current therapeutic strategy, investigated in ongoing clinical
trials, is the combination of chemotherapeutics that directly induce DNA damage whilst
also inhibiting single-strand breaks repair with PARP inhibition [58].

Our data revealed that the active lactam steroid alkylator ASA-B exhibited a signif-
icantly higher anticancer activity in the BRCA1-null ovarian cancer cell line UWB1.289
than in the respective BRCA1 wild-type UWB1.289 + BRCA1 ovarian cancer cell line. The
BRCA1 mutated ovarian cell line UWB1.289 appeared to be considerably more prone to the
cytostatic and cytocidal effects of the tested alkylating agents than the other ovarian cancer
cell lines tested due to its BRCAness phenotype. The B,D-dilactam steroidal alkylator
ASA-B presented a more clear synthetic lethality attribute in BRCA-1 mutated UWB1.289
ovarian cancer cells due to its corresponding cytostatic and cytotoxic effects in relation
to its inhibitory activity on PARP enzymes. On the other hand, the B-lactam steroidal
alkylator ASA-A induced the strongest cytostatic and cytotoxic antitumor results in all
tested ovarian cancer cell lines, and while it proved a potent PARP inhibitor in a cell free
assay, the synthetic lethality in BRCA-1 “null” UWB1.289 cells could not be as evident.
Moreover, the B,D-bilactam ASA-B and the B-lactam ASA-A steroid alkylators instigated
higher increases of PARP1 mRNA cellular content in the UWB1.289 + BRCA1 than in
BRCA1 mutated UWB1.289 cancer cells. In addition, these compounds promoted a more
appreciable elevation of the PARP2 mRNA transcription in the BRCA1-null UWB1.289
than BRCA1 wild-type, UWB1.289 + BRCA1 cancer cells.

The silencing of DNA damage repair genes by aberrant epigenetic changes provides
new opportunities for synthetic lethal therapy in cancer [59]. These chimeric modified
homo-aza-steroidal alkylators produce significant and characteristic anticancer features
generated in the cancer cells: on the one hand, DNA damage, and on the other hand,
disrupting DNA repair by inhibiting PARP activity and causing important cellular en-
ergy pool depletion through a high increase of PARP 1 and 2 mRNA transcription and
expression. These hybrid lactam steroid alkylators act with multi-targeted pharmacological
mechanisms of PARP “trapping”, combined in one molecule, and can cause enhanced
synthetic lethality in cancer cells.

Conclusively, the tested B-lactam steroid alkylators are non-typical inhibitors of PARP
and are potentially relevant for clinical use due to their multiple targeting. However, the
PARP inhibition by these compounds has only been demonstrated in a cell free assay,
and it is currently unclear whether this is relevant or contributes to the effects observed
in the cells. Nevertheless, despite their low (and unknown in cell conditions) potency
in PARP inhibition compared to Olaparib, additional pharmacological mechanisms of
action may contribute to B-aza-steroid alkylators’ activity and potential to overcome the
pharmacological resistance to current inhibitors.
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Abstract: Despite significant advances in treatment strategies over the past decade, selective treat-
ment of breast cancer with limited side-effects still remains a great challenge. The cytochrome P450
(CYP) family of enzymes contribute to cancer cell proliferation, cell signaling and drug metabolism
with implications for treatment outcomes. A clearer understanding of CYP expression is important
in the pathogenesis of breast cancer as several isoforms play critical roles in metabolising steroid
hormones and xenobiotics that contribute to the genesis of breast cancer. The purpose of this review
is to provide an update on how the presence of CYPs impacts on standard of care (SoC) drugs used
to treat breast cancer as well as discuss opportunities to exploit CYP expression for therapeutic
intervention. Finally, we provide our thoughts on future work in CYP research with the aim of
supporting ongoing efforts to develop drugs with improved therapeutic index for patient benefit.

Keywords: Cytochrome P450; CYP1A1; CYP1B1; CYP2W1; breast cancer; prodrug; bioprecursor;
duocarmycin; phortress; AQ4N

1. Introduction

As our understanding of cancer improves, it has become increasingly evident that
targeted and patient-specific treatment strategies are essential for effective treatment. A one-
size-fits-all approach has multiple flaws in the face of a wide range of cancer subtypes,
with each patient harbouring specific genetic alterations and metabolic profiles. Immuno-
histochemical studies have classified breast cancer into four broad subtypes: oestrogen
receptor-positive (ER+), progesterone receptor-positive (PR+), human epidermal growth
factor receptor 2-positive (HER2+) and triple negative [1]. Patients harbouring tumours
that do not express any ER, PR or HER2 receptors are classified as triple negative breast
cancers (TNBC) [2]. Around 80% of the breast tumours are positive for the hormone recep-
tors wherein binding of the requisite chemical messenger to their receptor causes changes
in the cancer cell resulting in proliferation [3]. Although these receptors can be targeted
by drugs that disrupt the signalling process, hormonal therapies are still associated with
undesirable side effects including bone weakness and temporary or permanent menopausal
symptoms [4].

TNBC is the least common of all subtypes, disproportionately affecting pre-menopausal
African American women [5] and has been associated with poor clinical outcome. Treat-
ment relies heavily on chemotherapy as endocrine and targeted (e.g., trastuzumab-based)
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therapies are of no benefit in this disease [6]. As a consequence, the number of drug
combinations that can be used are limited thereby increasing the risk of developing drug
resistance [7]. Furthermore, there is far less understanding of how to treat TNBC compared
to receptor-positive cases as there are currently no known biomarkers to classify TNBCs ac-
cording to response. Further research is required to unravel the underlying causes of TNBC,
with deficiencies in underlying DNA repair mechanisms often being implicated [8–10].

2. Cytochrome P450 Function

The cytochrome P450 (CYP) superfamily of enzymes consist of a group of 57 human
isoforms that have the capacity to oxidise a vast variety of endogenous and xenobiotic
compounds [11]. In mammals, these enzymes are primarily involved in the metabolism of
drugs and fat-soluble vitamins, conversion of polyunsaturated fatty acids to biologically
active compounds and in the synthesis of steroid hormones. Apart from the capacity to
detoxify and inactivate many clinically used drugs, CYPs are also involved in conversion
of prodrugs into cytotoxic metabolites [12]. The ability of these enzymes to metabolise
both procarcinogens and anticancer drugs makes their study interesting in terms of cancer
aetiology and therapy. Differential endogenous expression of certain CYP genes in tumour
vs. normal tissue provides an opportunity for selective targeting with small molecules
designed to capitalise on CYP catalysis [13,14].

3. CYPs in Breast Cancer

A clearer understanding of CYP expression is important in the pathogenesis of breast
cancer as several isoforms play critical roles in metabolising steroid hormones. CYPs are
also essential for the conversion of environmental chemicals such as polycyclic aromatic
hydrocarbons (PAHs) to carcinogenic metabolites that contribute to the genesis of breast
cancer [15]. Critically, certain drugs used to treat advanced stages of breast cancer such as
paclitaxel display little or no cytotoxic activity after metabolism by CYP2C8 and CYP3A4
(Figure 1) [16,17]. Figure 2 outlines drugs used clinically to treat various stages of breast
cancer and which either benefit or suffer from intratumoural CYP expression [6,18].

Figure 1. CYP metabolism contributes to paclitaxel treatment failure.

130



Biomedicines 2021, 9, 290

 

Figure 2. Non-selective bioactivation of prodrugs tamoxifen (A), tegafur (B), CPA (C) and tumour-selective hypoxia-
activated prodrug AQ4N (D).

In breast cancer research, there has been a variability between laboratories in iden-
tifying a particular CYP expression profile at both mRNA and protein levels. In a study
conducted by Murray et al., the expression of a panel of 21 CYPs was studied in a cohort of
170 breast tumours by immunostaining of tissue microarray [19]. CYP2S1, CYP2U1 and
CYP4X1 exhibited the highest percentage of strong immunoreactivity in contrast to other
isoforms such as CYP2J and CYP3A4, which displayed no reactivity in majority of the
tumours. A positive correlation with increasing tumour grade has been observed with the
expression of CYP4V2, CYP4X1 and CYP4Z1; while CYP1B1, CYP3A5 and CYP51 were
significantly associated with the ER status of the tumour. Among the 21 CYPs examined,
absence of expression of CYP2S1, CYP3A4, CYP4V2 and CYP26A1 correlated with better
survival even though none of them turned out to be an independent prognostic factor [19].
On a genetic level, a comparable study in a set of 20 paired samples of tumour and adja-
cent normal breast tissues from patients with infiltrating ductal carcinoma identified the
expression of CYP1B1, CYP2B6, CYP2C, CYP2D6, CYP2E1, CYP4B1 and CYP11A1 in both
tumour and control tissues [15]. A very low level expression of CYP2C9 and CYP3A4 was
observed by RT-PCR in a similar study conducted in a set of 40 breast cancer and adjacent
normal tissues [20]. Nevertheless, CYP1B1 was overexpressed in one third of the tumours
with a mean value exceeding a 50-fold increase compared to CYP2E1. Significantly higher
expression of CYP2E1 was found to be correlated with an invasive lobular tumour type
and advanced disease compared to the invasive ductal ones, suggesting its potential role
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as a prognosis marker [20]. Some of these CYPs have been extensively studied on account
of their multifactorial roles in breast cancer aetiology and treatment. The purpose of this
review is to provide an update on how the presence of CYPs impacts on standard of care
(SoC) drugs used to treat breast cancer as well as discuss opportunities to exploit CYP
regulation and/or function for therapeutic intervention.

3.1. CYP1A1/A2

Expression of CYP1A1 is induced through the binding of substrates to the cytosolic
aryl hydrocarbon receptor (AhR) [21]. Elevated CYP1A1 mRNA expression has been de-
tected to varying degrees in many breast cancer subtypes which supports its potential as a
drug target in breast cancer treatment [22]. Expression of CYP1A1 has been found to be
high in breast tumour cells with a positive correlation to tumour grade and menopausal
status in newly diagnosed patients with adenocarcinoma of the breast [23]. Additionally, it
has been found to be overexpressed in breast cancers that are resistant to anti-oestrogen
treatment [24]. Knockdown of CYP1A1 has been shown to impair proliferation and sur-
vival in the breast cancer cell lines MCF-7 and MDA-MB-231 through activation of AMPK
signaling and inhibition of the phosphorylation of AKT, ERK and P70S6K [22]. There is
also some evidence that CYP1A1 is important for maintaining the integrity of breast cancer
stem cells (BCSCs), possibly by acting through β-catenin and PTEN/AKT signaling [25].
Increased basal level expression of CYP1A1 has also been observed in spheroids cultured
from MCF-7 breast cancer cells, compared to the monolayer, which was suppressed upon
co-culture with CD14+ cells in a macrophage-shaped environment [26]. This observation
reinforces the suppressive effect of inflammatory conditions on the expression of CYP1A1
in mammary epithelial cells which is an important factor that has to be considered while de-
signing immunomodulatory compounds and other chemotherapeutics that are bioactivated
by CYP1A1.

Several studies have shown that polymorphisms in drug-metabolising genes not
only pose as a risk factor for malignancy but also can serve as a predictive marker for
drug efficacy and targeted therapies [27,28]. In metastatic breast cancer, patients with the
CYP1A1*2C gene variant responded better to a treatment regimen involving docetaxel and
capecitabine compared to those with the homozygous wildtype (CYP1A1*1) genotype (AA)
who experienced a better efficacy with a combination of docetaxel with thiotepa [29]. In
early breast cancer, CYP1A2 rs762551 has been shown to be a potential predictive marker
for patients treated with aromatase inhibitors paving the way towards individualised
tailored assessment of therapy [30].

Prodrugs that are bioactivated by CYP1 enzymes can broadly be classified into
four groups of agents and include flavonoids, benzothiazoles, stilbenes and alkylating
agents [29]. Aminoflavone (NSC686288, Figure 3), a ligand of AhR, has been shown to
selectively induce apoptosis in MCF-7 breast cancer cells by activating the transcription
of CYP1A1 and CYP1B1 with functional activity confirmed using the ethoxyresorufin-
O-deethylase (EROD) activity assay both in vitro and in xenograft models [31]. Specific
activation of the lysine prodrug of aminoflavone (AFP464, NSC710464) and subsequent
CYP1 metabolic activation has been observed to be particularly effective in ER-positive
breast cancer cells compared with ER-negative counterparts. Epigenetic reactivation of ERα
expression treatment with the histone deacetylase (HDAC) inhibitor vorinostat has been
shown to sensitise resistant cells towards AFP464, through the transcriptional induction of
CYP1A1 [32]. Furthermore, AFP464 also inhibits the growth of tamoxifen-resistant breast
cancer cells exhibiting increased expression of α6-integrin linked to suppression of the
α6-integrin-Src-Akt signaling pathway [32]. Tamoxifen is a selective oestrogen receptor
modulator (SERM) used in the treatment of hormone-receptor-positive breast cancers.
AF464 entered a phase 1 clinical trial for advanced solid tumours where a maximally
tolerated dose (MTD) of 54 mg/m2 on day 1, 8 and 15 of a 28-day cycle and dose-limiting
pulmonary toxicity was observed [33]. Another prodrug, phortress, with selectivity to
ER-positive cells, has also been shown to be an AhR ligand, effectively inducing CYP1A1
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via the induction of the metabolite 5F203 to generate a number of metabolites including
a presumed nitrenium ion intermediate capable of causing DNA damage (Figure 3) [34].
More recently, CYP2W1 has also been shown to contribute to the bioactivation of 5F203 [35].
In a phase 1 study, no MTD was determined for phortress while pulmonary and liver
toxicities were observed [36]. The 50 patients that received phortress had advanced disease
including bowel, lung, oesophageal and stomach cancer, and the study concluded that
a “lack of efficacy” was observed, with no further clinical studies conducted. However,
in preclinical studies, phortress was first and foremost being progressed as a prodrug
with potential in ovarian and breast cancer but none of the 50 patients in the phase I trial
harboured these cancers, meaning the true efficacy remains unknown [34,37]. Despite the
discontinued clinical studies of AFP464 and phortress, AhR remains an interesting target
for 5F 203 [38] and several promising preclinical strategies have been discussed in a recent
review by McCluskey and co-workers and hence we refer to this for acquiring further
knowledge [32].

Figure 3. Prodrugs and bioprecursors targeting CYP1A1 or CYP1A1/2W1 for tumour-selective bioactivation.

Bioprecursor and prodrug approaches that rely on tumour-expressed CYP1A1 and
not AhR induction for bioactivation includes our own work focused on reengineered
duocarmycin molecules [39]. Duocarmycins are a class of exquisitely potent naturally
occurring anti-tumour antibiotics that covalently bind the N3-position of adenine in the
minor groove of DNA, subsequently resulting in cell death [40]. The clinical use of these
compounds as anticancer agents is limited due to lack of tumour selectivity [41], however
deactivation of the pharmacophore offers an opportunity to selectively target the oxidative
capacity of CYP enzymes overexpressed in tumour tissue to restore the cell-killing ability
of these compounds [42,43]. The xenograft proof-of-concept studies have been successful
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in bladder [44] and colorectal cancer [45] while preliminary data suggest the approach can
be translated to breast cancer as well [39]. Patterson and co-workers have also shown that
CYP1A1, as one of several CYPs, contributes in the conversion of the hypoxia-activated
prodrug AQ4N to the topoisomerase II inhibitor AQ4 (Figure 2D), which has shown
promise in a phase I trial that included six breast cancer patients [46,47]. Finally, CYP1A2
has been shown to contribute to bioactivation of the prodrug Tegafur to 5-FU [48], which
is frequently used as a part of postoperative combination treatment that include tegafur–
uracil (UFT) and tegafur–gimeracil–oteracil potassium (TS-1).

Another class of agent, the phenyl 4-(2-oxo-3-alkylimidazolidin-1-yl) benzenesulfonates
(PAIB-SOs), has recently been reported as CYP1A1-targeting prodrugs of anti-microtubule-
binding cytotoxins. The PAIB-SOs have been shown to display potent cytotoxic activity in
both CYP1A1-expressing hormone-dependent and chemo-resistant breast cancers cells both
in vitro and in vivo via N-dealkylation and prodrug activation (Figure 3) [49].

3.2. CYP1B1

Extrahepatic enzyme CYP1B1 has approximately 40% homology with CYP1A1 or
CYP1A2 and plays a vital role in the treatment of receptor-positive breast cancers due to its
ability to metabolise steroid hormones [12,50]. Expression of CYP1B1 is induced through
the AhR receptor by ligands such as polycyclic hydrocarbons and dioxins akin to CYP1As
and is mainly observed in tissues dependent on hormones such as mammary gland, ovary
and uterus. CYP1B1 is the most frequently expressed gene in breast cancer among the
CYP1 family members [51]. However, there have been conflicting reports regarding the
expression of CYP1B1 in tumours vs. the adjacent non tumour mammary gland tissues [20].
Although one reason for this disparity could be the increased sensitivity of transcript
detection compared to protein, the lower expression of CYP1B1 in cancerous tissue relative
to adjacent could also be attributed to the possible downregulation of the gene by the AhR
repressor in the tumour or by methylation of the promoter region, resulting in epigenetic
silencing [52]. Nonetheless, expression of CYP1B1 in hormone-mediated malignancies is
acknowledged to be important in the regulation of progression, metabolism, treatment
and resistance of breast tumours [53]. Along with inactivating clinically relevant anticancer
agents such as docetaxel and tamoxifen, CYP1B1 has also been shown to metabolise ta-
moxifen, 17 β-estradiol and bioactivate the natural product resveratrol to piceatannol, a
metabolite with antiproliferative activity [54]. Single nucleotide polymorphisms (SNPs)
have been found in the CYP1B1 gene, which accounts for the variation of drug efficacy
and toxicity between individual patients. A recent study reported that the expression
of CYP1B1 and SNPs 142 C > G, 4326 C > G were observed in TNBC patients with a
higher rate of metastasis and recurrence following administration with taxane, adriamycin
and cyclophosphamide (TAC) chemotherapeutic regimen [52]. Moreover, a higher expres-
sion of CYP1B1 was observed to be associated with increased drug resistance in breast
cancer cells corroborating its role as a predictor of drug resistance and a prognostic indi-
cator of treatment [55]. An overexpression of CYP1B1 and AhR has also been observed
in inflammatory breast cancer (IBC) which correlated significantly with tumour grade,
lymphovascular invasion, metastatic lymph nodes and the expression of Ki67 indicating
cell proliferation [56]. Inhibiting the expression of AhR using CRISPR-Cas9 resulted in the
decreased expression of CYP1B1, Wnt5a/b, and β-catenin in the IBC cell line SUM 149 [56].
Flow cytometry analysis also revealed that the subset of cells expressing a CSC pheno-
type (CD44+ CD24-/low) was positively correlated with the expression of AhR/CYP1B1,
Wnt5a/b and β-catenin in the carcinoma tissues of IBC patients. This reinstated the role of
AhR signaling in maintaining BCSCs subpopulations [25,56,57]. Whilst this study did not
provide a clear understanding of the potential role of other AhR-induced CYP1 isoforms
in breast CSCs, it partially substantiates the involvement of the receptor in regulating the
stem cell compartment within the tumour microenvironment.
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3.3. CYP2A6/ CYP2A7

CYP2A6 is primarily involved in the metabolism of nicotine and hence is associated
with tobacco-related disorders including lung cancer. It is also one of the multiple CYPs in-
volved in the metabolism of tamoxifen (Figure 2A). In a study by Bieche et al., CYP2A6 was
identified as one among seven genes coding for major xenobiotic-metabolising enzymes in-
volved in breast tumourigenesis and which displayed a higher expression in ER-α-positive
breast tumours compared with ER-α-negative tumours and normal mammary tissues [58].
A 25% upregulation in CYP2A6 expression has been observed among ER-α-positive post-
menopausal breast cancer patients, which is contradictory to a study conducted by Iscan
and colleagues that failed to detect any mRNA expression of CYP2A6 in healthy or cancer-
ous breast tissues [15]. A possible explanation for these contradictory results may be due to
the fact that the latter study was conducted only in infiltrating ductal carcinoma subtype
of breast cancer without considering the hormone receptor status of the patients and also
had a limited sample size. Clearly, a more exact understanding of CYP2A6 expression
is significant for those patients who are being administered the prodrugs Tegafur and
cyclophosphamide (CPA) [14,59] that in part rely on CYP2A6 bioactivation (Figure 2B,C).

3.4. CYP2A13/2B6

In addition to CYP2A6, CYP2A13 also plays a significant role in smoking-induced
lung cancer due to its involvement in metabolising tobacco-specific nitrosamines [60].
In breast cancer, mRNA expression of CYP2B6 has been detected in both healthy and
cancerous breast tissues [15]. In pre-menopausal women with ER- and/or PR-positive
breast cancer, SNPs in CYP2B6 such as CYP2B6 rs4802101 (T/T) and CYP2B6 rs3211371
(T/C) have been associated with adverse prognosis [61]. The variability in the expression
and function of this isoform between individuals stem from its inducibility and frequent
polymorphism, respectively. CYP2B6 also plays major role in activating CPA in the liver by
oxidising the prodrug to a 4-hydroxycyclophosphamide (4-OH-CPA) which subsequently
produces a cytotoxic alkylating agent that damages DNA and eradicates tumour cells [14]
(Figure 2C). SNPs in CYB2B6 can have considerable impact on the expression, function
and pharmacokinetics of CPA. Variation in the alleles of CYP2B6 such as CYP2B6 *2, *4, *8
and *9 have been correlated with poor outcome while CYP2B6 *5 has been associated with
longer progression-free survival and higher dose delay incidence [62]. In metastatic breast
cancer patients receiving a combination of the chemotherapeutic drugs docetaxel and
thiotepa, it was observed that altered CYP2B6 genotypes such as AG genotype of rs2279343
and a CT/TT genotype of rs8192719 were beneficial and that the former was associated
with a decreased death risk (47%) and an overall survival increase of 6 months among
patients with liver metastasis [63]. Moreover, an in vitro study has shown 17 β-estradiol to
upregulate the expression of CYP2B6 exclusively in T-47D but not in MCF-7 breast cancer
cells by increasing the recruitment of ER-α and nuclear receptor coactivator 3 (NCoA3)
to the 5’ flanking region of the enzyme [64]. ER binding sites were also observed in an
upstream 5’ regulatory region of the CYP2B6 gene in several breast cancer cell lines.

3.5. CYP2C 8/9/18/19

Among all enzymes belonging to the CYP2C family, which contribute around 20% of
the total CYP transcript expression in human liver, CYP2C9 is the most abundant. CYP2C
enzymes are known to contribute to the activation of prodrugs such as the oxazaphospho-
rines [65], including CPA shown in Figure 2C. Both RNA and protein-level expression of
CYP2C9 and gene-level expression of CYP2C8 have been reported in a small cohort of
10 breast tumour samples [66]. No expression of CYP2C18 and CYP2C19 was observed
in these samples, which could be attributed to the downregulation of these CYPs by IL-6
cytokines in an autocrine manner, similar to observations in liver tissues [66]. Among
genetic variants of these genes, CYP2C9*2 polymorphism was found to be significantly
correlated with inferior therapeutic benefit from neoadjuvant chemotherapy [67]. Simi-
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larly, the efficacy of tamoxifen treatment in ER-positive breast cancer patients might be
influenced by an rs4917623 SNP in the CYP2C19 gene [68].

3.6. CYP2D6

Bioactivation of tamoxifen to a more potent, pharmacologically active and abundant
anti-oestrogenic metabolite “endoxifen” (4-hydroxy-N-desmethyltamoxifen) is a two-stage
process that involves N-desmethylation and 4-hydroxylation steps, which depends mainly
on the enzymatic activity of the rate-limiting enzyme CYP2D6 (Figure 2A). As a result, the
clinical efficacy of tamoxifen in each patient is dependent on the concentration of endoxifen
which further relies on the activity of the highly polymorphic enzyme CYP2D6 [69,70]. This
makes polymorphisms a key predictor of tamoxifen outcome in breast cancer patients [71].
Genetic variants of CYP2D6 can be classified based on the activity of the enzyme as exten-
sive, intermediate and poor metabolisers and these genotypes have a gene-dose effect on
the endoxifen concentrations in patients treated with tamoxifen [72]. In a study conducted
by Blancas et al. in 2018, a significantly lower disease-free survival was observed in a set of
87 patients taking adjuvant tamoxifen treatment with slow metabolisers compared to the
rapid counterparts [73]; we refer the reader to in-depth reviews [74,75] of how the variant
alleles of CYP2D6 can be used to predict the outcome in tamoxifen-treated breast cancer
patients. A recent study conducted with data from Swedish breast cancer cohorts demon-
strated a worse prognosis for both rapid and slow metabolisers (compared to normal),
which could be due to the occurrence of adverse effects of the treatment [76].

3.7. CYP2E1

Apart from being a phase 1 drug-metabolising enzyme, CYP2E1 is also associated
with several diseases like obesity, type-2 diabetes and liver diseases related to alcohol
consumption and cancer [77]. Increased expression of CYP2E1 in breast tumours correlated
with more serious and invasive lobular types of tumours [20]. Ectopic expression of the
enzyme in breast cancer cells has been shown to induce oxidative and ER stress, autophagy
while an inhibitory effect on metastasis was modulated by p53 as a possible upstream
regulator [77]. Furthermore, evidence also suggests that CYP2E1 regulates cellular energy
metabolism in a manner dependent on cell type and potentially on the clinical staging of
the disease and suggest a possible biomarker role [78]. The genetic polymorphic variant
CYP2E1 *6 Dra1 (D/C) has also been shown to correlate with higher risk of developing
breast cancer and warrants further investigation [79].

3.8. CYP2S1 and CYP2W1

Known as orphan CYPs, the biological functions of dioxin-inducible CYP2S1 and
CYP2W1 have not been elucidated [80]. Both isoforms appear to be differentially expressed
in cancerous tissues and their orphan status makes it interesting to explore their potential
as therapeutic targets. In a similar manner to CYP1 family members, AhR and ARNT
regulate the induction of CYP2S1 and the enzyme has been linked to metabolism of toxic
carcinogenic compounds via the peroxidase shunt [80,81]. The expression of CYP2S1 is
distributed among a variety of extrahepatic epithelial tissues that are susceptible to the
exposure of carcinogens and xenobiotics and also in several epithelial-derived cancers
including breast [19,80]. Contrarily, CYP2W1 transcripts are mainly restricted to foetal
and tumour tissues with minimal extrahepatic expression [82,83]. Apart from metabolis-
ing procarcinogens such as PAHs, CYP2W1 is also involved in the oxidation of indoline
substrates, lysophospholipids, free fatty acids and 17 β-estradiol [83]. Hlavac et al. in
2014 assessed transcript levels of 10 CYP enzymes in 68 post treatment tumours of breast
carcinoma patients and reported significantly higher intratumoural CYP2W1 in responders
of neoadjuvant chemotherapy compared to non- responders [84]. In breast cancer cell
lines MCF-7 and MDA-MB-231, constitutive expression of both CYP2S1 and CYP2W1were
detected, with greater abundance in MDA-MB-231 cells [82]. Moreover, treating the cells
with methoxy stilbenes or resveratrol increased the expression of CYP2S1 and CYP2W1 in
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MCF-7 but not in MDA-MB-231 cells at the genetic level. The benzothiazole 5F203 (and
analogue GW-610) was found to selectively induce the expression of CYP2S1 and CYP2W1
in isogenic breast cancer cells depleted for the isoforms [85]. Gene knockdown studies in
breast cancer cells identified the role of CYP2S1 in metabolically inactivating benzothiazoles
while induction of CYP1A1 remained crucial for their activation and anti-tumour proper-
ties [85]. In the molecular taxonomy of breast cancer international consortium (METABRIC)
cohort, high CYP2S1 mRNA was significantly associated with basal like breast cancers
compared to CYP2W1 which was predominantly expressed in luminal A tumours (SM and
RA unpublished data).

3.9. CYP3A4/A5

CYP3A4 is abundantly expressed and plays major role in metabolising 60% of the
marketed drugs including chemotherapy used to treat breast cancer patients such as CPA,
docetaxel, paclitaxel, etoposide, irinotecan, imatinib, lapatinib, trastuzumab emtansine and
tamoxifen [18,86]. CYP3A5 is commonly expressed in HER-2-positive breast cancers [84]
and is reported to be involved in the bioactivation of lapatinib [87]. Lapatinib, used in
the treatment of HER-2-positive metastatic breast cancer is metabolised by CYP3A4/5
in the liver. The metabolites have been known to cause idiosyncratic hepatocellular tox-
icity [88]. In addition, the nitroso metabolites of lapatinib can bind CYP3A4 forming a
metabolite–inhibitor complex that can inactivate CYP3A4 [89], however the clinical conse-
quences of the latter is unknown. Tumours negative for the expression of CYP3A4 have
been shown to have a better response rate to the antineoplastic drug docetaxel than those
expressing the enzyme [12]. Furthermore, higher expression of CYP3A4 has been shown
to be related to tumour progression in ER+ breast cancer cells, in part via the synthesis of
epoxyeicosatrienoic acids [90]. In 2001, Schmidt and colleagues identified the presence of
CYP3A4 in breast cancer microsomes which aided the metabolism and activation of the
CPA prodrug analogue ifosfamide [91]. DMI—a component of the trastuzumab–DMI con-
jugate used in the treatment of high-risk early stage and metastatic HER-2-positive breast
cancer [92], is metabolised by CYP3A4 and to a lesser extent by CYP3A5. Administering
trastuzumab–DMI with other agents that can act as CYP3A4 inhibitors (e.g., atazanavir,
clarithromycin, ketoconazole and indinavir) should be avoided to minimise potential
drug-related toxicity.

In postmenopausal tamoxifen-treated breast cancer patients, a genetic polymorphism in
CYP3A5 (CYP3A5*3) was found to be correlated with a positive response [93]. This finding is
contrary to that of Spitman et al. who suggested that there is no added benefit of CYP3A
genotype additionally to CYP2D6 variants on tamoxifen metabolism [94]. As the authors
claim, this discrepancy could possibly be due to the use of CYP3A4/5 inhibitors during
the latter study, which were not properly evaluated owing to the minimal data availability.
However, the mechanisms leading to tamoxifen resistance are less likely to be caused by a
single gene polymorphism since the metabolism of the drug is complex involving several
CYP enzymes.

3.10. CYP4Z1/Z2P

Orphan cytochrome CYP4Z1 is also known as a breast cancer-associated cytochrome
due to its putative role in breast cancer through the formation of a signaling molecule
20-hydroxyeicosatetraenoic acid (20-HETE) [95]. CYP4Z1 and its transcribed pseudogene
CYP4Z2P (96% identity) were initially cloned from SKBr3 breast cancer cells. Both these
enzymes are overexpressed in breast cancer, with CYP4Z2P having a similar expression
pattern to CYP4Z1 but at a generally lower level which is likely due to the degraded non-
functional protein product [96]. Expression of these enzymes is restricted to the mammary
glands while they have been shown to be overexpressed in breast carcinoma tissues, which
correlated with increasing tumour grade and poor prognosis [97]. Stable expression of
CYP4Z1 in breast cancer cells has been shown to enhance angiogenesis and tumour growth
in vivo by activating PI3K/Akt and ERK1/2 signaling pathways [97]. Intriguingly, in the
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breast cancer line MCF-7, CYP4Z1 was detected on the outside of the plasma membrane;
however, no isotype-matched antibodies were included as negative controls and so the
results must be treated with caution [98]. The study also detected autoantibodies against
the enzyme in the sera of patients with breast cancer in comparison to the control samples
suggesting a prospective role as a tumour-associated antigen [98]. The miRNA-mediated
competing endogenous RNA network (ceRNET) between CYP4Z1 and CYP4Z2P has been
suggested to inhibit apoptosis in breast tumours by serving as a sub-ceRNET to TERT and
also promotes angiogenesis and CDK3 expression [99].

3.11. CYP17A1 and CYP19A1

Endocrine therapy includes the use of SERMs such as tamoxifen and raloxifene and
the aromatase inhibitors: anastrozole, letrozole and examestane. The latter target CYP
aromatase (CYP19A1, oestrogen synthase) by intervening in the synthesis of aromatic C18
oestrogens (oestrone and oestradiol) from C19 androgens (androstenedione and testos-
terone). Mechanistic insights into CYP19A1 function, polymorphism and implication have
recently been reported and we refer to a recent review for further reading [100].

Although the steroidogenic biosynthetic pathway is complex and multifactorial, it
does offer targets for therapeutic intervention [101]. In men, CYP17A1 is a successful target
for abiraterone treatment of patients diagnosed with castration-resistant prostate cancer.
Abiraterone has also been explored in the treatment of patients with ER+ metastatic breast
cancer, as a single agent or in combination with exemestane but with no improvement in
progression-free survival [102]. Nonetheless, it is possible that a CYP17A1-targeting agent
such as abiraterone could be used with benefit in a subset of TNBC patients harbouring
tumours no longer responsive to standard treatment [103].

3.12. CYP24

The mitochondrial enzyme CYP24A1 (24-hydroxylase) manifests its key role in inac-
tivating 1 α, 25-dihydroxyvitamin D3 (1,25-(OH)2D3), the biologically active form of the
secosteroid hormone vitamin D and is a candidate oncogene [104]. 1,25-(OH)2D3 binds
to the vitamin D receptor (VDR) which is a ligand-activated nuclear receptor, which acti-
vates a network of genes that regulate calcium homeostasis, cell growth, differentiation
and functional activities of different cell types [105]. Elevated expression of CYP24A1, an
immediate target gene of VDR, has been observed in breast cancer cells with aberrant
amplification of the chromosomal loci encoding the gene [106,107]. In the absence of ligand,
the basal mRNA expression of CYP24A1 correlated inversely with VDR protein levels
in several breast cancer cell lines and the unliganded VDR exerts a repressive action on
CYP24A1 [108]. Knockdown of CYP24A1 using shRNA in mammary tumour lines resulted
in the suppression of the metabolism of vitamin D and abrogated tumour growth in vivo,
supporting the hypothesis that deficiency of vitamin D could be related to breast cancer
incidence [109]. There are several inhibitors for CYP24A1 including the naturally occurring
soy-derived isoflavane genestein which inhibits both CYP24A1 and CYP27B1 in a time-
and dose-dependent manner; the latter is an enzyme that also catalyses the conversion of
25-hydroxyvitamin D3 to 1,25-D3 [106,110].

3.13. CYP26A1/B1

CYP26 family generally functions by metabolising and clearing all-trans-retinoic
acid (ATRA) which is an active metabolite of vitamin A or retinol, involved in regulat-
ing cellular differentiation, proliferation, migration and apoptosis [111]. The major role
of the highly conserved members of this family CYP26A1, CYP26B1 and CYP26C1 ap-
pears to be in the conversion of retinoic acid (RA) to its metabolites, primarily 4-OH-RA.
Upregulation or overexpression of CYP26A1 triggers the signals for cell survival and anti-
apoptosis by inducing oncogenes and downregulating tumour suppressor genes along
with deregulating the cell cycle and DNA repair genes, perhaps indicating properties akin
to an oncogene [112,113]. CYP26A1 has been shown to be expressed at a constitutively
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higher level in breast adenocarcinomas which can be selectively inhibited, e.g., by use of
a RA metabolism blocking agent R116010, demonstrating an anti-tumour effect in ER+
mouse tumours [106]. Osanai et al. have demonstrated a strong cytoplasmic expression
of CYP26A1 in 42% of the primary breast carcinomas samples by immunohistochemistry
with significantly more intense staining observed in metastatic tumours. Breast cancer
cells overexpressing CYP26A1 displayed oncogenic properties, improved cell survival,
higher resistance to anoikis and enhanced tumorigenicity and metastatic potential [113]. RA
metabolism blocking agents (RAMBAs) together with ATRA have been shown to exhibit a
synergistic effect in regressing ER+ MCF-7 and MCF-7Ca xenografts in nude mice [114].
CYP26A1 also regulates the expression of the actin-bundling protein fascin by modulating
the levels of RA thereby affecting the malignant behaviour of CYP26A1 expressing breast
cancer cells [115].

3.14. CYP27A1

As a part of regulating intracellular cholesterol homeostasis, CYP27A1 (27-hydroxylase)
catalyses the hydroxylation of cholesterol to an oxysterol known as 27-hydroxycholesterol
(27HC), which is a SERM that can act as a partial agonist of the ER in breast cancers sub-
sequently stimulating growth and metastasis [116]. Differential expression of CYP27A1
has been observed in breast tumours correlating with the phenotype and prognosis of the
disease [117]. The role of CYP27A1 in metastasis is mediated by the action of circulating
metabolite 27HC on the function of myeloid cells located at distant metastatic niche in-
ducing a suppressed immune microenvironment [118,119]. Treatment with statins, drugs
used to manage hypercholesterolemia, have been shown to reduce the concentration of
27HC in the serum together with deregulation of the expression of this enzyme in breast
tumours [117]. Inhibition of CYP27A1 with aromatase inhibitors, such anastrozole and
fradrozole, has also proved to be beneficial in treating breast tumours dependent on ER
signaling [120].

4. CYP Isoform Expression in the Distinct Breast Cancer Subtypes and Implication in
Patient Survival

The impact of pharmacogenomics on cancer treatment together with our increasing
understanding of the role and presence of drug-metabolising enzymes supports the choice
of SoC drugs as well as in the discovery of new therapies. In breast cancer, a more routine
molecular profiling will allow the assessment of CYP expression patterns in support
of patient treatment selection, e.g., tamoxifen is mostly effective in patients expressing
CYP2D6 while in contrast paclitaxel is largely ineffective in patients expressing high levels
of CYP2C8 and CYP3A4. Design of targeted approaches exploiting the presence of selective
CYPs is key for tumour-selective therapy with minimised side effects. This is relevant in
neoadjuvant or adjuvant settings where conventional chemotherapeutic regimens are used
to reduce tumour bulk and/or growth and metastasis. However, certain factors should
be taken into consideration while utilising pharmacogenetics in personalising treatment.
Data from several studies suggests that multiple drug-metabolising genes are involved in
the metabolism of anticancer agents and signaling of oestrogen receptors. In this regard,
profiling of CYPs prior to treatment will support clinicians in predicting drug efficacy and
treatment outcomes. Moreover, there are possibilities of other accompanying medications
which can inhibit CYP enzymes thereby altering the drug metabolism and outcome [121].
Discontinuation of a therapy is another variable which is pivotal as a poor metaboliser may
benefit more from a continuous treatment than an extensive metaboliser who discontinues
the medication due to its side effects. Despite these shortcomings, tailoring patient-specific
CYP-directed therapeutic regimens in combination with routine chemotherapeutic agents
is a promising way to manage breast cancer. Interestingly, despite the vast number of
papers involving CYP expression in breast cancer, sparse information is available on CYP
isoform expression in the distinct breast cancer subtypes. Principal component analysis
using The Cancer Genome Atlas Breast Invasive Carcinoma (TCGA)-BRCA mRNAseq
transcriptomic counts data (n = 935) with PAM50 subtype classifications (“Basal-like”,
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“Her2-enriched”, “Luminal A”, “Luminal B”, “Normal-like”) [122] revealed the CYP4
members CYP4X1 and CYP4Z1 to be highly expressed but not variable in a way that is
not associated with the PAM50 classifications (Figure 4 and Figure S1). CYP2A6, CYP2B6,
CYP2D6, CYP3A4 and CYP3A5 involved in drug metabolism of the breast cancer prodrugs
CPA, tegafur and tamoxifen (Figure 3) were expressed at various levels, but no significant
differences between the PAM50 groups were observed (data not shown). The divergence
of CYPs expression variance from the PAM50 classifications is concerning because it means
they will require separate analysis to form a distinct CYP profile. Currently we have only
a limited basis for the interpretation of a molecular CYP profile; however, we hope the
collection of these data will lead to enhanced therapeutic efficacy. Care must be taken
with interpretation of any molecular CYP profile in light of the transient nature of CYP
expression, their rapid response to any ongoing treatment will make rigorous collection of
metadata critical to objective assessment.

 

Figure 4. Variance in cytochrome P450 (CYP) gene expression (and their essential reductases) was analysed by principal
component analysis (PCA). In the PCA biplot, each point represents an individual tumour from The Cancer Genome Atlas
(TCGA) breast cancer cohort (n = 935) coloured according to the PAM50 classification [122]. The size and direction of arrows
assigned to the top 20 most variant genes in the cohort represent the PCA loadings and reflect how strongly each gene
influences principal components 1 and 2.
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CYP1 analysis of TCGA-BRCA RNAseq data revealed CYP1A2 expression to be very
low (max TPM = 1.3 with a median TPM = 0), while expression of CYP1A1 was high in a
subset of tumours (max TPM = 78.3 but median TPM = 0.04) and CYP1B1 was generally
more abundant (max TPM = 1611.7 and median TPM = 31.9). Both CYP1A1 and CYP1B1
showed significant (p < 0.0001) correlation with AhR expression (Spearman Rho = 0.14
and 0.41, respectively). Interestingly, the analysis indicates that CYP1B1 is likely regulated
by two different mechanisms because basal CYP1B1 expression is retained even in AhR-
low tumours, a feature that is not evident for CYP1A1 (Figure 5). CYP1B1 is implicated
in drug sensitivity so this observation is important for treatment-naïve patients. Future
studies are needed to evaluate transcript data from patients who have received AI or
chemotherapy treatment and it is possible much higher expression of CYPs induced by
AhR, CAR and PXR would be noticeable and an important factor to consider in patients
with relapsed tumours.

 

Figure 5. Scatter plots showing the relationship between aryl hydrocarbon receptor (AHR) and CYP1A1 (A) or CYP1B1 (B)
gene expression, found both CYPs were significantly correlated with AHR in TCGA breast tumours (n = 1222).

The METABRIC analysis of CYP genes involved in the metabolism of anti-tumour
agents in breast cancer unravelled the association of some of these isoforms with patient
survival. In total, mRNA expression of 24 CYP genes was analysed using the METABRIC
cohort, of which expression of 9 genes were significant and expression of 15 were not
significant with respect to patient survival.

Kaplan Meier survival analysis shows that low CYP2A6 (p = 0.001), CYP2D6 (p = 0.024),
CYP2C8 (p = 0.013), CYP2E1 (p = 0.011), CYP26A1 (p < 0.0001) and high CYP2C9 (p = 0.034),
CYP2C18 (p = 0.003), CYP26B1 (p = 0.026) and CYP17A1 (p = 0.049) mRNA expression, in
the total patient cohort, was significantly associated with adverse breast cancer-specific
survival (Figure 6). Overall, 434/1603 (27%) patients with low CYP2A6 expression died
compared to 70/353 (19%) patients with high expression. A similar trend was observed
for CYP2D6 expression, wherein 68/220 (30%) patients with low expression had worse
survival compared to 437/1738 (25%) patients with high expression. A proportion of
305/1125 (27%) patients with low CYP2C8 expression had adverse survival compared to
200/834 (24%) with high expression. Similarly, low CYP2E1 (85/281, 30%) and CYP26A1
(87/251, 35%) expressing patients had adverse survival compared to those with high
expression (420/1678, 25% and 418/1708, 24%, respectively).

An opposite trend was observed for CYP2C9 with higher expression resulting in
adverse survival, with 355/1297 (27%) events compared to 150/662 (22%) in patients
with low CYP2C9. Similarly, patients with high CYP2C18 (459/1698, 27%), CYP26B1
(134/475, 28%) and CYP17A1 (190/670, 28%) had worse survival compared to those with
low expression (i.e., 46/261, 18%, 371/1484, 25% and 315/1289, 24%, respectively).
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mRNA expression of CYP1A1 (p = 0.123), CYP1B1 (p = 0.109), CYP2A13 (p = 0.195),
CYP2C19 (p = 0.130), CYP2S1 (p = 0.279), CYP2W1 (p = 0.121), CYP3A4 (p= 0.194), CYP3A5
(p = 0.082), CYP4Z1 (p = 0.113), CYP4Z2P (p = 0.092), CYP19A1 (p = 0.054), CYP24A1
(p = 0.285), CYP26C1 (p = 0.055), CYP27A1 (p = 0.074) and CYP27B1 (p = 0.126), did not
show any significant association with survival (data not shown). Survival analysis could
not be conducted for CYP1A2 or CYP2B6 due to lack of gene expression information in the
METABRIC dataset.
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Figure 6. Kaplan–Meier survival analysis of CYP mRNA on breast cancer-specific survival. Survival curves showing
the impact of low (blue line) and high (red line) mRNA expression: (A) CYP2A6 (B) CYP2D6 (C) CYP2E1 (D) CYP2C8
(E) CYP2C9 (F) CYP2C18 (G) CYP17A1 (H) CYP26A1 (I) CYP26B1. Significance was determined using the log-rank test.
Significant p-values (<0.05) are indicated in bold.

Lower expression of CYP2A6 and CYP2D6, involved in the metabolism of tamoxifen,
tegafur and CPA [123,124] may result in inefficient metabolism/activation of these agents
which may affect survival of breast cancer patients as demonstrated in the current study.
Higher expression of CYP2C9 has been associated with cancer progression and aggres-
siveness with certain polymorphisms (CYP2C9*2 and CYP2C9*3) encoding enzymes with
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reduced activity [37]. Such polymorphic alleles may reduce responsiveness of patients to
agents such as tamoxifen and CPA [125].

5. Discussion and Future Directions

In spite of the significant advances in treatment strategies over the past decade, selec-
tive treatment of breast cancer with limited off-target effects still remains a great challenge.
CYP17A1 and CYP19A1 have been successfully pursued as targets for therapeutic interven-
tion and small molecule-based drugs such as abiraterone and the AIs anastrozole, letrozole
and exemastane are now established treatment options for prostate and breast cancer,
respectively. Although not discovered through rationalised drug discovery, tamoxifen,
tegafur and CPA are examples of CYP-activated prodrugs used to treat breast cancer. As
these prodrugs are not bioactivated in a tumour-selective manner, administration of these
agents is associated with side effects. Several prodrug strategies focused on targeting the
AhR and CYP1A1 and CYP1B1 expression have not yet translated into drug approval for
clinical use, but promising research in this area has been reported.

Considering the heterogeneity of breast tumours, it is well established that hypoxia
plays a key part in both chemo- and radio-resistance. Hypoxia occurs in approximately
40% of breast cancers and is more commonly seen in locally advanced primary breast
cancer [126]. Hypoxic regions have been found to occur in all breast cancer stages, from in
situ carcinomas to both lobular and ductal invasive cancers [127]. Studies have reported
that the mean pO2 in breast cancer ranges between 2.5 and 28mmHg (0.3–3.5% O2), with
a median value of 10 mmHg (1.3% O2), in comparison to 65 mmHg (8% O2) in normal
breast [128]. The presence of hypoxia in breast cancer decreases the effectiveness of hor-
monal therapy due to loss of ERα [129]. In patients with ductal carcinoma in situ (DCIS),
the presence of hypoxia or necrosis is associated with a shorter time to recurrence [130].
Furthermore, the presence of hypoxia in primary breast cancers has been associated with
hypoxia markers in their lymph node metastases, indicating that the hypoxia phenotype is
maintained even in metastatic lesions [131]. Accordingly, the presence of hypoxia can be
exploited for patient benefit via use of hypoxia-activated prodrug (HAP) therapy [132]. A
rationalised drug design and understanding of the bioreductive capacity of CYPs [133] in
solid tumours affected by hypoxic stress led to the development of AQ4N (Banoxantrone),
which has reached clinical evaluation [47] but not yet market approval. AQ4N has been
shown to be bioactivated under low oxygen tension by at least five CYPs (see Figure 2D)
to generate AQ4, a potent topoisomerase II poison. Given that patients harbouring breast
tumours with reduced oxygen tension have been linked to increased risk of mortality and
metastasis [134], there is a real opportunity for use of HAPs as an adjuvant in combination
with SoC treatment. Sadly, despite much promise, no HAP has yet been approved for clini-
cal use [135] but this field warrants further investigation in defining predictive biomarkers
for HAPs and overcoming the technical challenges of assaying them in clinical settings, as
argued elegantly in a recent review by Wilson and co-workers [136].

Regardless, of inhibitor or prodrug approach relying on intratumoural CYP expres-
sion for therapeutic intervention, it is important to advance the understanding of CYP
expression, function and regulation in the tumour microenvironment. This would include
careful investigations of 2D and 3D breast cancer models including co-culture systems,
spheroids, organoids, patient-derived xenograft models and clinical specimens. Analy-
sis of data from TGCA database did not reveal clear expression differences associated
with the PAM50 classification system as we have reported here, however more work is
required to fully understand regulation and expression in treatment-naïve and differently
treated patient cohorts. Furthermore, as alluded to in this review, it is also essential to take
into consideration the presence of CYP polymorphic variants and their function to better
understand how these impact on treatment outcomes.

In conclusion, acquiring in-depth knowledge on CYP expression and function is
important for improving current SoC treatment as well as guiding new and ongoing efforts
to develop drugs with improved therapeutic index for patient benefit.
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6. Methods

6.1. TCGA Analysis

TCGA-BRCA mRNAseq transcriptomic counts data were downloaded from the Na-
tional Cancer Institute (NCI) Genomic Data Commons dbGaP accession phs000178. The
results published here are based upon data generated by The Cancer Genome Atlas (TCGA)
managed by the NCI and National Human Genome Research Institute. Information
about TCGA can be found at http://cancergenome.nih.gov (accessed 18 January 2019).
PAM50 subtype classifications (“Basal-like”, “Her2-enriched”, “Luminal A”, “Luminal
B”, “Normal-like”) were taken from Ciriello et al. [122]. TCGA-BRCA mRNAseq data
were converted to transcripts per million (TPM) and log2 (TPM+1) values were used in
principal component analysis (PCA). Values for protein-coding CYP genes were extracted
and combined with those for the two essential reductases (P450 oxidoreductase: POR and
cytochrome b5: CYB5A). Gene expression was analysed in an unscaled PCA using prcomp
in R (version 3.6.1). Graphs were drawn by fviz_pca (version 1.0.3) in R. Plots display
contributions of the top 20 genes for clarity. All other graphs and statistical analyses were
generated in Prism (v.8.3.0; Graphpad).

6.2. METABRIC Analysis

Patient cohort
The molecular taxonomy of breast cancer international consortium (METABRIC)

dataset, containing sequencing data of 1980 primary breast cancer patients [137], was used
to assess the significance of CYP mRNA associations with patient survival. Information
about the METABRIC data set is published in Curtis et al., 2012. Patient tumours were
collected from 5 centres in the UK and Canada between 1977 and 2005. Median follow-up
was 141 months. Patients who were ER-positive and/or lymph node-negative did not
receive adjuvant chemotherapy, whereas all ER-negative and/or lymph node-positive
patients were administered adjuvant therapy. mRNA was isolated from primary patient
tumours in the METABRIC cohort and assayed using an Illumina HT-12 v3 platform [137].

6.3. Statistical Analysis

METABRIC cohort CYP data were stratified based on breast cancer-specific survival
(BCSS) using X-Tile software version 3.6.1 [138]. To assess the relationship between mRNA
expression and survival outcomes, survival curves were plotted using the Kaplan–Meier
method with significance determined using the Log-rank test. A p-value of <0.05 was
considered as statistically significant.

Supplementary Materials: The following are available online at https://www.mdpi.com/2227-9059/
9/3/290/s1, Figure S1: (A) CYP4Z1 and (B) CYP4X1 expression analysis using PAM50 classification.
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Abstract: Overexpression of the c-myc proto-oncogene features prominently in most human cancers.
Early studies established that inhibiting the expression of oncogenic c-myc, produced potent anti-cancer
effects. This gave rise to the notion that an appropriate c-myc silencing agent might provide a broadly
applicable and more effective form of cancer treatment than is currently available. The endogenous
mechanism of RNA interference (RNAi), through which small RNA molecules induce gene silencing
by binding to complementary mRNA transcripts, represents an attractive avenue for c-myc inhibition.
However, the development of a clinically viable, anti-c-myc RNAi-based platform is largely dependent
upon the design of an appropriate carrier of the effector nucleic acids. To date, organic and
inorganic nanoparticles were assessed both in vitro and in vivo, as carriers of small interfering RNA
(siRNA), DICER-substrate siRNA (DsiRNA), and short hairpin RNA (shRNA) expression plasmids,
directed against the c-myc oncogene. We review here the various anti-c-myc RNAi-based nanosystems
that have come to the fore, especially between 2005 and 2020.

Keywords: c-myc; RNA interference; siRNA; oncogene; gene silencing; expression; nanosystems

1. Introduction

The c-myc gene encodes a nuclear phosphoprotein that is widely recognized for its role as a
transcription factor. The c-Myc protein is believed to participate in the regulation of 10–15% of all
genes [1]. These include genes involved in cell cycle progression [2,3], metabolism [4], cell growth [5–7],
differentiation [8], adhesion [9], and apoptosis [10].

Due to its function in regulating essential cellular functions, expression of the c-myc gene and
activity of the c-Myc protein is, under normal circumstances, tightly controlled. Control points include
the transcriptional regulation of the c-myc gene itself [11,12], the activity of translation initiation factor
eIF4E, which ensures that only faithful c-myc mRNA transcripts are exported to the cytoplasm [13];
the short half-life of c-myc mRNA [14], post-translational modifications such as phosphorylation,
acetylation, and ubiquitinylation [15]; and proteins which either directly interact with c-Myc [16] or
influence dimerization with its obligate partner protein, Max [17]. As shown in Figure 1, c-myc functions
in response to signals from several ligand membrane receptor complexes, which cause either positive
or negative regulation. When associated with Max, c-Myc binds to DNA E-boxes and this, in turn,
regulates the transcription of its target genes [18].

Abnormal c-myc expression can occur due to genetic events that include translocations [19],
rearrangements [20], and amplification [21], as well as flaws in the pathways implicated in the
regulation of this gene or the protein that it encodes [22]. Research carried out in the 1980s showed
an association between the deregulated expression of c-myc and tumorigenesis [23,24]. Further work
showed that abnormal c-myc expression causes neoplastic changes, by eliminating check-points
in the cell cycle [25,26], prompting genomic instability [27], and through association with other
oncogenes [28,29]. In fact, tumor cells often rely on c-myc expression for the maintenance of the
cancerous state. This phenomenon, known as the oncogene addiction, was emphasized by studies

Biomedicines 2020, 8, 612; doi:10.3390/biomedicines8120612 www.mdpi.com/journal/biomedicines

151



Biomedicines 2020, 8, 612

that showed that c-myc inactivation caused tumor regression in transgenic mice [30], by inhibiting
the cellular proliferation and inducing senescence or apoptosis and differentiation [31]. Moreover,
the effects of systemic c-myc inhibition were found to be mild in normal tissues, and were well tolerated
over time [32]. These findings, together with an estimation that c-myc is deregulated in up to 70%
of human cancers [18], making it the most frequently altered oncogene, motivate strongly for the
therapeutic value of inhibiting oncogenic c-myc.

Figure 1. Transcription of the c-myc gene in normal cells occurs in response to signals from
membrane-anchored receptors. White arrows show the direction of transcription (adapted from [18]).

In theory, the oncogenic activity of c-myc can be eliminated by inhibiting the expression of the
activated gene, inhibiting inter-protein associations that are critical for c-Myc function, or by disrupting
pathways that support c-myc deregulation in cancer cells. This provided a basis for the design and
evaluation of several potential anti-cancer strategies. The antisense oligonucleotides were featured
in some of the earliest reports of c-myc inhibition [33–35]. The application of antisense technology
to c-Myc inhibition expanded with nucleotide modifications designed to confer greater stability and
specificity [36,37]. However, Nobel Prize-winning work that described an endogenous gene silencing
mechanism, known as RNA interference (RNAi) [38], presented further possibilities.

Short RNA duplexes of 19–21 base pairs with 2 nucleotide 3′ overhangs, known as small interfering
RNA (siRNA), are the key mediators of this pathway. siRNA associates with a network of cytoplasmic
proteins to form the RNA-induced silencing complex (RISC), through which it guides the degradation
of mRNA, bearing a complementary sequence [39]. Short dsRNA molecules, lacking the dinucleotide
overhangs that typify siRNA, termed DICER-substrate siRNA (DsiRNA), can also induce RNAi,
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with a reportedly higher efficiency. These are processed by the enzyme DICER into siRNA molecules
that associate with the RNAi machinery [40]. DNA-directed RNAi, a strategy that generates specific
siRNA molecules in vivo, is a useful gene-silencing tool [41]. This involves the construction of a RNA
pol-driven plasmid expression vector, into which an antigene sequence of at least 19 nucleotides is
inserted, together with appropriate termination signals. When introduced into cells, the antigene
sequence is transcribed in the nucleus as a stem-loop structure, which is essentially 2 complementary
sequences, 19–22 ribonucleotides in length, linked by a short loop of 4–11 ribonucleotides. This is
known as short hairpin RNA (shRNA). The shRNA is exported to the cytoplasm where it is processed
into siRNA by DICER [42]. In theory, effective silencing of c-myc, or any oncogene, might be achieved
using endogenous cellular machinery, provided that the appropriately designed effector nucleic acid is
successfully introduced. However, several factors militate against the success of naked nucleic acids
in vivo. Naked nucleic acids are highly susceptible to serum nucleases [43] and are rapidly cleared by
the kidneys [44]. However, studies have reported that chemical modifications such 2′-O-methylation
of the guide strand [45], and the use of a passenger 3′ 19ntDNA/siRNA construct (previously referred
to as “crook siRNA”), endowed the nucleic acid with nuclease resistance [46].

Furthermore, the size and net negative charge prevent passage across biological membranes [47].
Much effort was focused on the design of delivery agents that would mask its negative charge,
protect its integrity, prevent its early removal from the body and facilitate cellular entry. In this regard,
nano delivery systems received considerable attention, many of which are based on the principle that
nucleic acids can electrostatically associate with positively charged agents [48]. This review discusses
the potential application of anti-c-myc RNAi nanosystems in cancer treatment.

2. Anti-c-myc-siRNA

2.1. Lipid-Based Nanosystems

The liposome is arguably the least complicated lipid-based delivery agent—the simplest of
which is a self-assembled phospholipid bilayer that encircles an aqueous core in which a variety of
molecules might be entrapped [49]. It is this carrying capability that was exploited for the delivery
of several therapeutically important molecules, including siRNA. A neutral liposome composed of
dioleoylphosphatidylcholine (DOPC), cholesterol (Chol), and distearoylphosphatidylethanolamine-
poly(ethylene glycol) (DSPE-PEG) was used to encapsulate and deliver anti-c-myc siRNA in vivo [50].
Pegylation, the introduction of the PEG polymer, served to create a hydration shell around the liposome
that sterically inhibits adverse interparticle associations that reduce nanoparticle longevity in the
body [51]. Systemic administration of the DOPC/Chol/DSPE-PEG/siRNA complex reduced the growth
of ovarian cancer xenograft tumors and did not inhibit the growth of cells with low c-myc expression [41].
Anti-c-myc siRNA delivered via pegylated DOPC liposomes also showed promise in the treatment of
cisplatin-resistant ovarian tumors [52]. Figure 2 provides a representation of some lipid-based delivery
systems for anti-c-myc-siRNA.

Felgner et al. [53] first reported that the hydration of a mixture containing a synthetic cationic
lipid and zwitterionic phospholipid create vesicles that bear a net positive charge, and paved the way
for the use of cationic liposomes in nucleic acid delivery. Unlike neutral liposomes in which the siRNA
must be encapsulated, cationic liposomes electrostatically associate with siRNA to form nanostructures,
known as lipoplexes [54]. Early experiments involved the use of a commercially available cationic
liposomal reagent, LipofectamineTM 2000, to demonstrate the therapeutic value of siRNA-mediated
c-myc inhibition in human colon cancer [55]. Later, liposomes prepared from equimolar quantities
of the cationic lipid N,N-dimethylaminopropylamidosuccinyl- cholesterylformylhydrazide (MS09),
and Chol proved to be simple, but effective anti-c-myc agents, which elicited apoptotic cancer cell death
and loss of migratory potential in colorectal and breast carcinoma cell lines [56].
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Figure 2. Lipid-based delivery agents for anti-c-myc siRNA (a) pegylated, neutral liposome, (b) cationic
liposome, (c) liposome-polycation-DNA (LPD) nanoparticle, and (d) lipid calcium phosphate (LCP)
nanoparticle. Images were created using DesignSpark Mechanical 2.0 software.

Besides being limited to use in cationic liposome formulations, cationic lipids contributed to the
development of more elaborate lipid nanoparticles. For example, Chen et al. [57] used a traditional
cationic liposome made up of 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) and Chol,
to envelope a core of protamine-bound anti-c-myc siRNA and calf thymus DNA (Figure 2). This is known
as a liposome-polycation-DNA (LPD) nanoparticle. Surface modifications included post-inserted PEG
chains for steric stabilization and a peptide directed to aminopeptidase N, that is overexpressed by
cancer cells. Effective siRNA delivery, c-myc inhibition, and tumor cell apoptosis were noted after
these nanoparticles were intravenously administered in a xenograft model. Co-formulation of the
anti-cancer drug doxorubicin with siRNA in targeted LPD nanoparticles further improved treatment
efficacy [57]. Following the concept of stabilized core/shell lipid nano-assemblies, Zhang et al. [58] used
a DOTAP/Chol/PEG formulation as the outer coating of a calcium phosphate core containing anti-c-myc
siRNA (Figure 2). The resulting lipid calcium phosphate (LCP) nanoparticle was directed to sigma
receptor-positive tumor cells by attachment of anisamide to the distal ends of PEG chains. Similar to
the findings of Chen et al. [57], co-encapsulation of anti-c-myc siRNA and a chemotherapeutic agent,
in this case, gemcitabine, gave a more pronounced anti-cancer effect.

Physical agents might prove useful in promoting the deposition of systemically introduced
liposomal anti-c-myc siRNA nanoparticles in tumors. A tumor-targeted formulation of 3β[N-(N′,
N′-dimethylaminoethane)-carbamoyl] cholesterol (DC-Chol), Chol, and DSPE-PEG with a photolabile-caged
cell-penetrating peptide was used to deliver anti-c-myc siRNA. The application of near-infrared light at the
tumor site, activated the cell-penetrating ability of the peptide [59]. Liposomes were also used as ultrasound
cavitation agents for site-specific release of anti-c-myc siRNA conjugated to a cell-penetrating peptide [60].
In both instances, treatment delayed tumor progression in fibrosarcoma xenograft models.

Anti-c-myc siRNA was included in multi-targeted anti-cancer strategies, which involve the
combined delivery of siRNAs against several genes implicated in cancer. A mixture of siRNAs against
c-myc, MDM2, and VEGF was shown to inhibit tumor growth more effectively than the individual
siRNAs [61]. Li et al. [62] co-encapsulated siRNA molecules against the same targets in a pegylated LPD
nanocarrier, for systemic administration in a murine model of metastatic lung cancer. This treatment
simultaneously silenced all three genes in cancerous tissue, reduced metastasis by approximately 80%,
and extended survival time, with minimal toxicity. Similar results were obtained when siRNAs against
the aforementioned oncogenes were pooled in pegylated LCP nanoparticles [63]. Later, a mechanistic
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study showed that this system impaired the growth of tumors in mice, by simultaneously inhibiting
cell proliferation and angiogenesis [64].

Besides delivery via synthetic lipid vesicles, it is worth mentioning that siRNA can also be loaded
in exosomes. Exosomes are vesicles that are naturally released by cells for the purposes of intercellular
communication and represent an emerging nanocarrier system for a variety of medically relevant
molecules [65]. The potential for exosome-mediated anti-c-myc siRNA delivery was demonstrated by
Lunavat et al. [66] in vitro.

2.2. Miscellaneous Organic Nanosystems

Other organic anti-c-myc nano delivery systems reported are often complex polymer- and
peptide-based nanocomposites. Folate-targeted, pegylated chitosan nanoparticles were used to
encapsulate anti-c-myc siRNA associated with packaging RNA, to give a dual-targeting anti-tumor
system that improved cellular uptake, gene silencing, and cancer cell death [67]. As a further
example, Raichur et al. [68] used a layer-by-layer approach to associate anti-c-myc siRNA with
poly(lactic-co-glycolic acid) hollow nanoparticles. In vitro experiments showed that the nanoparticles
were taken up by aggressive cancer cells and reduced c-myc expression with loss of cell
viability. More recently, Misra et al. [69] achieved approximately 90% growth inhibition in human
melanoma with a nano assembly of palmitoyl-bioconjugated acetyl coenzyme-A termed “siNozyme”,
which co-delivered anti-c-myc siRNA and the chemotherapeutic agent, amonafide.

Anti-c-myc siRNA is associated with cell-penetrating peptides (CPP), the simplest of which is an
epidermal growth factor receptor-targeted fusion peptide, SPACE–EGF, for topical application to skin
cancers [70]. A more complex peptide assembly that contained cationic peptides for siRNA-binding,
pH-sensitive peptides for endosomal escape, and a tumor-targeting motif was used for the simultaneous
delivery of siRNA against c-myc and Stat3. This system markedly reduced anchorage-independent
growth in recalcitrant breast cancer cells [71]. An elaborate system consisting of a disulfide linked
anti-c-myc siRNA-CPP encapsulated by a thermosensitive liposome, decorated with a tumor-targeting
peptide motif showed effective c-myc silencing and antitumor activity in a fibrosarcoma xenograft
model [72]. In a related study, an anti-c-myc siRNA-CPP conjugate contained within thermal and
magnetic dual-responsive liposomes gave encouraging results in a murine breast cancer model [73].

2.3. Inorganic Nanosystems

The use of inorganic nanoparticles in siRNA delivery was explored in recent years. These are
often modified with organic components to improve surface properties and reduce toxicity [74–78].
Attachment of siRNA involves either covalent conjugation or electrostatic association with positively
charged groups introduced on the surface of the nanoparticle [79,80]. Anti-c-myc siRNA carried by
PEG- [81], poly(ethylene imine)- [82], and chitosan- [83] functionalized gold nanoparticles was shown
to reduce c-myc expression in human cervical, liver, and breast cancer cell lines, respectively. In separate
in vivo experiments, gold nanoparticles modified with cationic [84] and anionic polymer shells [85],
glucose residues [86], and an RGD tumor-targeting peptide [87], delivered anti-c-myc siRNA and
suppressed the growth of lung tumors.

Nanoparticles based on selenium [77,88] and graphene oxide [82] was also introduced as potential
carriers of anti-c-myc siRNA. Huang et al. [88] modified a doxorubicin selenium core with RGD-linked
polyamidoamine for cancer cell-specific combination therapy, using anti-c-myc siRNA. The resultant
nanostructure was serum-stable, successfully penetrated the blood–brain barrier and inhibited the
growth of glioblastoma spheroids in vitro. In the same year, Imani et al. [89] showed that nano-graphene
oxide with PEG and octaarginine conjugation effectively delivered anti-c-myc siRNA to human breast
cancer cell lines, due to its superior stability and cell-penetrating ability. Some proof of principle studies
using nanoparticles such as gold [78], selenium [77], and hydrotalcites [90], showed the potential for
the delivery of anti-Luc-siRNA, paving the way for the delivery of other therapeutic siRNA molecules,
including anti-c-myc siRNA.
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3. DsiRNA

Like conventional siRNA, DsiRNA requires a vehicle for successful entry. Of significance to this
discussion is the fact that pharmaceutical company, Dicerna, reported on a DsiRNA specific for the
c-myc oncogene, DCR-MYC, delivered using a proprietary EnCore™ lipid nanoparticle. DCR-MYC in
this delivery platform is the first, and only anti-c-myc RNAi system, to date, to have reached clinical
trials [91]. Although the outcome of the initial trial was encouraging, a subsequent trial showed an
unsatisfactory knockdown efficiency and its development was discontinued [92].

4. Anti-c-myc-shRNA

Most experiments with anti-c-myc shRNA plasmids involved their introduction into cells in culture,
with the aid of commercial cationic lipid transfection reagents. In one such study, plasmid-driven
anti-c-myc shRNA silenced c-myc expression by as much as 80%, reduced the colony-forming
ability, and promoted apoptosis in MCF-7 breast cancer cells [93]. A similar plasmid system
impaired proliferation, invasion, and motility in the hepatocellular carcinoma cell line, HepG2 [94].
The transfection of colon cancer cells with anti-c-myc shRNA plasmids not only reduced c-myc
expression, but also that of the human telomerase reverse transcriptase gene (hTERT), which is under
the transcriptional regulation of c-myc, and also contributes towards carcinogenesis, when abnormally
expressed [95].

As with siRNA, the effect of multigene silencing using shRNA expression plasmids was also
explored. A single plasmid was engineered to direct the transcription of shRNAs against c-myc, VEGF,
hTERT, and BIRC5, which encodes Survivin. This produced a more effective anti-cancer effect than
shRNA plasmids targeting individual oncogenes [96]. Similarly, Tai et al. [97] observed a synergistic
anti-cancer effect, in colon cancer cells, when the cells were co-transfected with two shRNA plasmids,
each separately targeting c-myc and VEGF. The field of anti-c-myc RNAi also benefitted from advances
in the design of shRNA-encoding vectors. Recently Cheng et al. [98] used branched PCR technology to
introduce a multisite-targeting c-Myc shRNA array into DNA nanovectors that reduced cellular c-myc
mRNA levels by approximately 98%.

Thus far, only one in vivo experiment with anti-c-myc shRNA was reported. In this study,
a poly(ethylene imine)-grafted polyglycidal methacrylate nanoparticle was used as a carrier of the
shRNA expression vector. Anti-c-myc shRNA delivered in this manner suppressed tumor growth in
murine models of breast and colon cancer [99].

Table 1 provides a summary of the anti-c-myc RNAi-based systems developed to date. The systems
discussed were selectively used for the delivery of anti-c-myc RNAi molecules. Nano-delivery systems
such as mesoporous silica nanoparticles [100,101] and magnetic nanoparticles [102,103] are not
discussed in this review, but showed potential in drug delivery, which can be considered for as future
carriers of siRNA, shRNA, or DsiRNA.
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5. Conclusions

Anti-c-myc RNAi-based nanosystems have, in many instances, induced potent anti-cancer effects
in vitro and in vivo. To date, only DsiRNA was evaluated as an alternative cancer treatment in clinical
trials but did not progress further. Several groups and companies are pursuing the idea of inhibiting
c-myc at the level of translation as a means of designing a clinically viable anti-c-myc agent. Hence,
RNAi-based strategies are currently significant [93]. Although longer lasting oncogene inhibition can
be achieved with DNA-directed RNAi [104], mature siRNA molecules are easily synthesized and
pose fewer delivery concerns, as they are of lower molecular weight and do not require genome
integration [48,105]. Hence, siRNA is considered more suitable for therapeutic use.

While gene expression might be interrupted by other means such as the restriction enzyme-based
system, CRISPR/Cas9, RNAi is most likely the better strategy for c-myc inhibition. Given that the RNAi
apparatus is present in all mammalian somatic cells, no prior genetic manipulation of the diseased
cell line is needed [106]. This is a massive advantage because simple, transient transfection with
anti-c-myc siRNA is sufficient to achieve anticancer activity [106–108]. Moreover, since RNAi occurs
in the cytoplasm, there are no issues with chromatin accessibility, which can perturb gene-editing
attempts with CRISPR/Cas9 technology. It is worth mentioning at this point that RNAi is not without its
drawbacks, notably the occurrence of off-target effects. However, these are relatively easily attenuated
by careful optimization of the design and dose of anti-c-myc siRNA molecules [106].

Research to date has emphasized that the development of a suitable anti-c-myc agent is largely
dependent upon the design of an appropriate nano delivery system. Great strides were made since the
first anti-c-myc oligomers were introduced in nanoparticle form [109–111]. siRNA, which functions
catalytically and non-stoichiometrically, has surpassed the potency of the antisense oligomers. In recent
years, nanosystems were used to deliver small molecule inhibitors of c-Myc-Max dimerization in
prodrug form. Initially plagued by issues such as poor bioavailability, low solubility, rapid metabolism,
and low potency; their incorporation into nanoparticles showed promise [112–114]. However,
anti-c-myc RNAi nanotechnology is, at present, a more developed field, and presents a large body of
knowledge upon which to improve.

Of all nucleic acid carriers explored thus far, the most significant development were made in the
field of lipid-based delivery. Inorganic nanoplatforms, an emerging field, served to solidify the notion
that anti-c-myc RNAi is a potent anti-cancer instrument. However, with systemic administration,
RNAi nanoparticles still have significant challenges to overcome. Their entry into clinical trials might
highlight difficulties that include poor retention time in the body and target-site penetration [115].
To this end, polymer and ligand-targeting modifications are common features of several anti-c-myc
RNAi nanosystems. Such advances in nanoparticle design and expanding test systems for the newly
developed nanoparticles represent additional avenues of research in this field. Hence, the advent of a
clinically viable anti-c-myc RNAi-based anti-neoplastic agent is eagerly awaited.
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Abstract: Triplet-triplet annihilation upconversion (TTA-UC) nanoparticles (NPs) have emerged as
imaging probes and therapeutic probes in recent years due to their excellent optical properties. In
contrast to lanthanide ion-doped inorganic materials, highly efficient TTA-UC can be generated by
low excitation power density, which makes it suitable for clinical applications. In the present study, we
used biodegradable poly(lactic-co-glycolic acid) (PLGA)-NPs as a delivery vehicle for TTA-UC based
on the heavy metal porphyrin Platinum(II) octaethylporphyrin (PtOEP) and the polycyclic aromatic
hydrocarbon 9,10-diphenylanthracene (DPA) as a photosensitizer/emitter pair. TTA-UC-PLGA-NPs
were successfully synthesized according to an oil-in-water emulsion and solvent evaporation method.
After physicochemical characterization, UC-efficacy of TTA-UC-PLGA-NPs was assessed in vitro
and ex vivo. TTA-UC could be detected in the tumour area 96 h after in vivo administration of TTA-
UC-PLGA-NPs, confirming the integrity and suitability of PLGA-NPs as a TTA-UC in vivo delivery
system. Thus, this study provides proof-of-concept that the advantageous properties of PLGA
can be combined with the unique optical properties of TTA-UC for the development of advanced
nanocarriers for simultaneous in vivo molecular imaging and drug delivery.

Keywords: photon upconversion; triplet-triplet annihilation; in vivo imaging; PLGA; nanoparticles

1. Introduction

Since the introduction of imaging techniques for the diagnosis and treatment of
different pathologies, great progress has been achieved in the field of medical imaging, and
the variety of imaging agents has become more sophisticated in terms of efficacy, safety
and target specificity [1].

Fluorescence imaging represents a non-invasive imaging technique that can be used
to visualize molecular processes and structures in a living organism. Due to advances
in biology, organic chemistry and materials science, several types of imaging probes for
fluorescent imaging can be distinguished, including small organic dyes, fluorescent pro-
teins and nanoparticles (NPs). NPs are widely used for fluorescent imaging purposes,
because of the feasibility of incorporating both hydrophilic and hydrophobic substances,
stability, rich contrast and versatility due to surface modification chemistry. For fluorescent
materials, there are two kinds of photoluminescence mechanisms, i.e., photon down- and
up-conversion (UC) [2]. The conventional down-conversion process normally absorbs one
high energy photon and emits a low energy photon, e.g., a Stokes-shift emission. How-
ever, down-conversion fluorescence imaging with short-wavelength excitation suffers from

https://www.mdpi.com/journal/biomedicinesBiomedicines 2022, 10, 1070. https://doi.org/10.3390/biomedicines10051070 167



Biomedicines 2022, 10, 1070

autofluorescence and low signal-to-noise ratio and can cause photo damage to living organ-
isms [3–5]. In the last decade, photon UC has become state of the art in the field of in vitro
and in vivo biomedical imaging. Since photon UC is a process that converts low-energy
NIR light into high-energy light in the near-infrared (NIR) or visible range [6,7], this pro-
cess overcomes some of the disadvantages faced by conventional down-conversion probes,
with the advantages of (i) large hypsochromic shift, (ii) sharp emission peak, (iii) long
luminescence shelf-life, (iv) high photostability, (v) absence of photo damage to living
organisms and (vi) high penetration power in biological tissues [8–10]. Photon UC is a
combination of photophysical processes, and it can be achieved via different energy transfer
mechanisms using different materials, such as rare-earth metals, metalloporphyrins and
organic polyaromatic hydrocarbons [6,7].

Triplet-triplet annihilation (TTA) is a special form of UC, resulting in superior optical
properties, such as intense absorption of excitation light and high UC quantum yield, while
using low excitation power density [7,11,12]; the latter makes TTA-UC particularly interest-
ing for biomedical applications. In TTA-UC, the energy transfer between a sensitizer and an
emitter molecule takes place through a series of subsequent nonradiative mechanisms, such
as intersystem crossing (ISC) and triplet-triplet energy transfer (TTET, Figure 1) [7,11,12].

Figure 1. Jablonski diagram describing the energy levels of the electrons involved in energy transfer
between PtOEP and DPA molecules. The energy values are calculated based on theoretical data.

When electromagnetic radiation “hits” a sensitizer molecule, its electrons will be
promoted from the ground to a singlet excited state and then transferred to a triplet excited
state nonradiatively. The released energy that accompanies the transition of the triplet
excited electron to the ground singlet state will be transferred to an emitter/acceptor
molecule to pump the latter to an excited triplet state. If two of these triplet excited state
molecules are close enough, the interaction between the two will cause the transition of
one of them to the ground singlet state and the other to a singlet excited state, i.e., the
collision results in an annihilation of the triplet excited state of one acceptor molecule and
promotion of another one to the singlet excited state (Figure 1).
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The UC process is a highly improbable event, according to the quantum mechanical
principle, since it consists of a series of spin-forbidden transitions [13]. This means that the
UC process should be boosted under favourable conditions that promote those transitions.
For instance, to promote ISC, which is the transition of a molecule from a singlet electronic
excited state to a triplet electron state, it is advantageous to choose molecules with strong
spin-orbit coupling and an expanded π conjugated system. Metalloporphyrins, such as the
green absorbing platinum octaethylporphyrin (PtOEP), possess both requirements due to
the presence of a transition metal that promotes a spin-forbidden transition and a cyclic π

conjugated system that enhances ISC yield [14–16]. More recently, lanthanide complexes
of porphyrinoids inside of nanomicelles and mesoporous silica NPs were employed for
in vivo imaging in HeLA cells, demonstrating the potential of porphyrinoids as sensitizers
in TTA-UC [17].

In the present study, we describe an approach whereby TTA-UC is combined with
biocompatible poly(lactic-co-glycolic acid) (PLGA) to create a UC-PLGA-NP system as
a potential tool for cancer visualization. NPs, such as those made of biodegradable and
FDA-approved PLGA, protect their payload from premature degradation [18–24], are well
described and chemically adaptable and can guide their payload inside target cells in vitro
and in vivo [23–26].

To generate TTA-UC, we selected PtOEP as the photosensitizer and 9,10-diphenylanthr-
acene (DPA) as the annihilator; a combination that has been reported to result in highly
efficient UC yield [27,28]. PtOEP and DPA were successfully encapsulated into the hy-
drophobic core of PLGA-NPs. Phosphorescence and UC fluorescence signals resulting
from TTA-UC-PLGA-NPs could be detected in vitro, in vivo and ex vivo up to 96 h after
injection. We conclude that PLGA provides a suitable environment for TTA-UC, which
could be utilized for simultaneous optical imaging and drug delivery in vivo.

2. Materials and Methods

2.1. Materials

PtOEP, DPA, DCM and DMF were purchased from Sigma-Aldrich®®, Zwijndrecht,
The Netherlands. PLGA 50:50 (PLA/PGA) and water-soluble surfactant, polyvinyl alcohol
(PVA), were purchased from Evonik industries AG, Essen, Germany. MTS (3-(4,5-dime-
thylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt)
reagent was purchased from Promega, Leiden, The Netherlands. Histomount™ was
purchased from Agar Scientific, Stansted, UK. All aqueous solutions were prepared with
Milli-Q water.

2.2. Synthesis of TTA-UC PLGA-NPs Loaded with Metalloporphyrins and Polycyclic
Aromatic Hydrocarbons

The TTA-UC-PLGA-NPs were synthesized according to an oil-in-water emulsion and
a solvent evaporation method. Briefly, 100 mg of PLGA and 1 mg of each chromophore
were dissolved in 3 mL of DCM. The mixture of chromophores and PLGA polymer was
emulsified under sonication (ultrasound tip Branson, Sonifier 250), with 25 mL of water
containing 500 mg of PVA for 120 s. The newly formed emulsion was left overnight in
stirring at 4 ◦C in order to remove the organic solvent. The PLGA-NPs were collected by
centrifugation at 14,800 rpm for 20 min, washed three times and freeze-dried. The NPs
were stored at 4 ◦C and rehydrated prior to use.

2.3. Evaluation of Physicochemical Properties of the TTA-UC-PLGA-NPs

Z-average size, PDI and zeta potential of TTA-UC-PLGA-NPs were measured using
a Malvern ZetaSizer 2000, software version number: ZetaSizer 7.03 (Malvern Panalytical
Ltd., Malvern, UK). Fixed scattering angle of 90◦ at 633 nm was set up for the analysis. The
measurements were performed after reconstitution of freeze-dried NPs in Milli-Q water.
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2.4. Quantification PtOEP and DPA Encapsulation Efficiency

The encapsulation efficiency of chromophores was determined by UV/VIS spectropho-
tometry using an Ultrospec 2100 pro by Amersham Bioscience. Biodegradable PLGA-NPs
were hydrolysed overnight with 0,8 M NaOH at 37 ◦C. Concentration of dyes was calculated
using a calibration curve built with known amounts of PtOEP and DPA.

2.5. Cell Culture

The human ovarian carcinoma cell line OVCAR-3 and the breast cancer cell line MCF-7
(both cell lines, from ATCC, Manassas, VA, USA) were cultured in RPMI (Roswell Park
Memorial Institute 1640 Medium) medium supplemented with 10% foetal calf serum. The
cells were left to attach to the bottom of the plate for 4 h before treatment with NPs. After
4 h, the NPs were added to the cells at various concentrations of 25, 50, 100, and 200 μg/mL.
DMSO at 25% was used as a positive control. The cells treated with NPs were incubated
at 37 ◦C under 5% CO2 for 72 h. After 72 h, the medium was changed, and 20 μL of MTS
reagent was added to each well. The ELISA reader (Molecular Devices VERSAmax Tunable
Microplate Reader, Software: SoftMax Pro v5.4.1) was used to measure the absorbance
value of MTS product at 490 nm when the colour of the medium changed from yellow to
light brown. The following formula was applied to calculate the viability of cell growth:
cell viability (%) = (mean of absorbance value of treated sample/mean of absorbance of
negative (live) control) × 100.

2.6. In Vitro Uptake of TTA-UC-PLGA-NPs by OVCAR-3 Cells

Fluorescence imaging of fixed OVCAR-3 cells incubated with TTA-UC-PLGA-NPs
was performed with a Leica DMRA microscope using a PL APO 63x/1.32-0.6 oil objective.
DAPI and Cy5 filters were used for nucleus and membrane detection, respectively, using
the following protocol: Adherent cells were detached with 0.2% trypsin in PBS (Gibco
by Life Technologies, Bleiswijk, The Netherlands) and seeded in 8-well chamber slides
(BD Biosciences, Franklin Lakes, NJ, USA) at a concentration of 2 × 104 cells/well. After
4 h, the TTA-UC-PLGA-NPs were added at a concentration of 200 μg/mL for 2 h at 37 ◦C
under 5% of CO2. At the end of the incubation time, the cells were washed with PBS,
fixed in 4% of paraformaldehyde (PFA) and stained with DiD labelling solution according
to manufacturer’s protocol (Invitrogen, The Netherlands). The staining was completed
adding Vectashield mounting medium containing DAPI.

2.7. Measurement of UC Process

Confocal microscopy imaging of TTA-UC-PLGA-NPs was performed by a Leica SP8
X WLL (White Light Laser) laser scanning microscope. To this end, TTA-UC-PLGA-NPs
were dissolved at 5 μg/μL in distilled water and dropped onto a glass slide and imaged.
Emissions were collected between 650–670 nm and 430–475 nm; the excitation was provided
at 535 nm.

2.8. Stability Measurement of TTA-UC-PLGA-NPs in Solution

In order to evaluate the stability of the TTA-UC system inside the PLGA core, the
TTA-UC-PLGA-NPs were dissolved in PBS and left for 0, 24 and 72 h shaking (300 rpm) at
37 ◦C. At each time point, phosphorescence and UC-luminescence were measured using
a spectrofluorometer (Fluorolog). The suspension of TTA-UC-PLGA-NPs was excited at
535 nm, and the emission signals were captured at 433 and 641 nm.

2.9. Animals

All the animal studies were in conformity with the animal management protocols and
were approved by the Leiden University Animal Experimental Committee; studies were
performed in accordance with the national legislation of the Netherlands and in compliance
with the ‘Code of Practice Use of Laboratory Animals in Cancer Research’ (Inspectie
W&V, July 1999). Female FVB mice were purchased from Charles River Laboratories
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(L’Arbresle Cedex, France). Animals were housed at 22 ◦C and 50% humidity, with free
access to food and water, and maintained under standard 12 h light/12 h dark cycles.
All animal experiments were assessed according to the ethics of animal research and
approved by the Animal Welfare Committee of Leiden University Medical Center, the
Netherlands. All mice received humane care and were kept in compliance with the Code
of Practice Use of Laboratory Animals in Cancer Research (Inspectie W&V, July 1999). All
analytical procedures were performed under isoflurane gas anaesthesia (3% induction,
1.5–2% maintenance) in 70% pressurized air and 30% O2, unless stated differently.

2.10. In Vivo Monitoring of TTA-UC-PLGA-NPs

In vivo imaging was performed using the IVIS spectrum Preclinical Imaging Sys-
tem (Caliper LS, Hopkinton, MA, USA). The images were analysed with Living Image
4.3.0 software. First, the tumour was induced by injecting 1 × 106 MCF cells in 100 μL
PBS subcutaneously into the back of the mice. When the tumours reached the volume of
approximately 125 mm3, 0.5 mg TTA-UC-PLGA-NPs in 100 μL PBS were injected into the
tail vein of each mouse. At 3, 24, 72 and 96 h post injection, optical imaging of treated mice
was performed. Biodistribution kinetics at each time point were measured by quantifying
the fluorescence intensity in pre-set regions of interest (ROIs) at the tumour site, expressed
as the average radiant efficiency in (p/sec/cm2/sr/)/(μW/cm2).

2.11. Measurement of TTA-UC Ex Vivo

After 96 h, the mice were sacrificed and subcutaneous tumours were surgically re-
moved. Freshly isolated tumours were placed in tissue moulds and covered with Tissue-
Tek®® O.C.T.™ (Sakura). For snap freezing, the tumours were left on dry ice for some
minutes and then stored at −80 ◦C. Cryosectioning of tumours was performed using
CryoStar™ NX70 at a working temperature between −25 and −30 ◦C; the thickness of the
sections was fixed between 5 and 14 μm. Before microscopic analysis of the tumours, the
sections were washed in Milli-Q water, dried under the hood and mounted in medium
containing Mowiol (Sigma) and 2.5% DABCO (Sigma).

2.12. Statistical Data Analysis

Graph Pad Prism software version 7 was used to perform statistical analysis. The
Mann–Whitney test was applied in all experiments.

3. Results and Discussion

3.1. Preparation, Physicochemical Characterization and Cytotoxicity of TTA-UC-PLGA-NPs

In the present study, TTA-UC-PLGA-NPs were successfully synthesized by applying an
oil-in-water emulsion and solvent evaporation method, as previously described [23,24,26,29].
Briefly, 100 mg of PLGA and 1 mg of each chromophore were dissolved in 3 mL of
dichloromethane (DCM). The mixture of chromophores and PLGA polymer was emulsified
under sonication in the presence of PVA. After removal of the organic solvent, the TTA-UC-
PLGA-NPs were collected by centrifugation, washed and freeze-dried. The oil-in-water
emulsion and solvent evaporation method led to an encapsulation efficiency (EE) of PtOEP
and DPA molecules of 24% and 40%, respectively, as determined by nanodrop measurement
of dissolved NPs (Table 1).

Table 1. Physicochemical properties of NPs. Data are presented as average ± SD (N = 3).

NPs Size (nm) ζ (mV) PDI Loading (μg/mg)
Encapsulation
Efficiency (%)

Blank PLGA 180 ± 80 −24 ± 6 0.2 - -

TTA-UC PLGA 200 ± 50 −31 ± 5 0.4 PtOEP: 244.0 DPA: 396.0 PtOEP: 24.4 DPA: 39.6
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Due to the high sensitivity of the porphyrin triplet states to oxygen quenching, the ac-
tual lifetime of the triplet state depends on the solvent, its purity and its oxygen content [30].
To protect the optical properties of chromophores, PtOEP and DPA were dissolved in DCM.
To ensure that encapsulation into PLGA-NPs did not affect the optical properties of PtOEP
and DPA, TTA-UC-PLGA-NPs were dissolved in dimethylformamide (DMF), analysed by
absorption curve analysis and compared to pure compounds (Figure 2).

The absorption spectrum of PtOEP depicts the characteristic shape of porphyrin
absorption: a strong absorption peak at 380 nm (Soret band) was accompanied by a weaker
absorption peak located at 501 and 533 nm (Q-band) (Figure 2A) [31]. DPA, the emitter
for the TTA-UC system, showed several absorption peaks between 350 nm and 400 nm
(Figure 2B).

When the TTA-UC-PLGA-NPs were dissolved in DMF, the absorption spectrum
showed the combined characteristic optical profiles of PtOEP and DPA (Figure 2C). In
conclusion, absorption spectrum analysis of TTA-UC-PLGA-NPs confirmed the successful
encapsulation of both chromophores into the PLGA polymer, while the optical properties
of PtOEP and DPA were maintained.

The size of the NPs was determined by dynamic light scattering (DLS) analysis
as ~200 nm in diameter (Table 1, Figure 3A), and the polydispersity index (PDI) value
of 0.4 obtained from the DLS measurement indicated a homogeneous size distribution
(Table 1). Compared to blank control PLGA-NPs, the diameter of the NPs slightly increased
upon encapsulation of PtOEP and DPA.

NPs smaller than 10 nm are known to be eliminated by renal excretion [32], while
NPs with sizes ranging from 50 to 300 nm show extended circulation times in the blood
stream compared to NPs of larger size [33]. Hence, TTA-UC-PLGA-NPs of 200 nm have
the ideal size for prolonged systemic circulation times; an important prerequisite to reach
the tumour site. In addition, ZetaSizer measurement showed that the surface charge of the
NPs was on average −30 mV (Table 1, Figure 3B).

The surface charge is a crucial factor to determine the stability of the NPs in solution,
but also affects cellular uptake, biodistribution and cytotoxicity. A high surface charge
guarantees an electrostatic stabilization of the NPs due to a strong surface repulsion between
NPs of the same charge. According to the measured value, it is possible to assume that the
NPs are stable in suspension for a prolonged period of time [34].

Next, we investigated the optical properties of the TTA-UC system after encapsulation
into PLGA-NPs. To this purpose, TTA-UC-PLGA-NPs were dissolved in water and excited
at 535 nm (Figure 3C). The detected TTA-UC signal at 433 nm was similar to that previously
reported for PtOEP/DPA systems [35], thus confirming the integrity of the TTA-UC system
after encapsulation into PLGA.

The charge of UC-NPs has been shown to affect the intracellular localization and
cellular cytotoxicity [31]. Positively charged UC-NPs localize to mitochondria, while
negatively charged UC-NPs preferentially localize to lysosomes and the cytoplasm, which
is associated with lower cellular cytotoxicity [36]. To assess the potential toxicity of our
NPs, TTA-UC-PLGA-NPs were incubated at different concentrations (25–200 μg/mL) for
72 h with OVCAR-3 ovarian cancer cells, and the cellular toxicity was determined by MTS
assay (Figure 4). TTA-UC-PLGA-NPs were compared to empty control PLGA-NPs. No
toxicity of TTA-UC-PLGA-NPs or empty PLGA-NPs on OVCAR-3 cells was observed after
72 h (Figure 4).
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Figure 2. Individual absorption spectra of (A) platinum octaethylporphyrin (PtOEP) and (B) 9,8-dip-
henylanthracene (DPA), each dissolved in dimethylformamide (DMF). (C) TTA-UC-PLGA-NPs were
hydrolysed overnight in 0.8 M NaOH at 37 ◦C, and the absorption spectrum of co-encapsulated
PtOEP and DPA was measured.
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Figure 3. Physicochemical characterization of TTA-UC-PLGA-NPs. Representative (A) dynamic light
scattering and (B) zeta-potential measurement of TTA-UC-PLGA-NPs reconstituted in water after
freeze-drying. The average size of the nanoparticles was 198 nm in diameter, and the average zeta
potential value was −31 mV. (C) TTA-UC-PLGA-NPs were dissolved in water and directly analysed.
The NPs in solution were excited at 535 nm, and the emission was collected using a photofluorometer.
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Figure 4. Assessment of cellular cytotoxicity of TTA-UC-PLGA-NPs. OVCAR-3 cells were incubated
with 25, 50, 100 and 200 μg/mL TTA-UC-PLGA-NPs or control PLGA-NPs for 72 h. Untreated cells
were used as negative control. The cell viability was assessed after 72 h by MTS assay.

3.2. Cellular Uptake of TTA-UC-PLGA-NPs Characterized by Fluorescence Microscopy

To assess the cellular uptake of TTA-UC-PLGA-NPs, OVCAR-3 cells were incubated
for 2 h with 200 μg/mL TTA-UC-PLGA-NPs and analysed by fluorescent microscopy. In
order to confirm the intracellular localization of the NPs, the cells were counterstained
with DAPI (λexcitation = 340–380 nm, λemission = 425 nm) and DiD (λexcitation = 676–688 nm,
λemission = 700–742 nm) for nucleus and membrane detection, respectively.

To detect the TTA-UC-PLGA-NPs, the samples were excited at 542–582 nm, and the
phosphorescence signal was collected at 604–644 nm (Figure 5). TTA-UC-PLGA-NPs were
successfully taken up by OVCAR-3 cells. The overlay of the membrane staining with the
phosphorescence signal of the TTA-UC-PLGA-NPs confirmed the intracellular localization
of the NPs (Figure 5).

Figure 5. Cellular uptake of TTA-UC-PLGA-NPs. OVCAR-3 cells were incubated with 200 μg/mL
TTA-UC-PLGA-NPs for 2 h at 37 ◦C and analysed by fluorescence microscopy. The cells were fixed,
and the nucleus was stained with DAPI (blue) and the cell membrane was stained with DiD (red). The
phosphorescence signal (green) of the TTA-UC-PLGA-NPs was collected. The following filter cubes
were used to discriminate DAPI, DiD and TTA-UC-PLGA-NP-signals: DAPI, λexc = 340–380 nm and
λemi = 425 nm; DiD, λexc = 676–688 nm, λemi = 700–742 nm; TTA-UC-PLGA-NPs, λexc = 542–582 nm,
λemi 604–644 nm. Scale bar = 20 μm.
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3.3. Characterization of TTA-UC-PLGA-NPs UC Properties

The ability of TTA-UC-PLGA-NPs to generate the UC process was assessed by confocal
microscopy (Figure 6). The NPs were excited at a wavelength of 535 nm, and the emission
signals were collected between 430–475 nm and 650–670 nm. In our study, the emission
shift towards shorter wavelengths (hypsochromic shift) went from green (535 nm) to
blue (430–475 nm) (Figure 6). This means that the energy associated with the emission
wavelength was higher than the energy associated with the excitation wavelength, as a
consequence of the anti-Stokes shift in the TTA-UC process [37]. On the contrary, the
change in emission spectrum towards longer wavelengths (bathochromic shift), in our
case 650–670 nm, is a characteristic of all conventional luminescence processes (Figure 6).
Using confocal microscopy, we could image the single TTA-UC-PLGA-NPs that created
dual emission wavelengths: the red emission from the phosphorescence of PtOEP and the
blue emission as a result of the TTA-UC process. Thus, we confirmed the preparation of
functional TTA-UC-PLGA-NPs.

Figure 6. TTA-UC imaged by confocal microscopy. UC-TTA-PLGA-NPs were dissolved in water
and imaged on a glass cover slip. The NPs were excited at 535 nm, and the following emission
wavelengths were collected: 430–475 nm (blue) = upconversion, 650–670 nm (red) = phosphorescence.
Scale white bar = 10 μm.
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The dual colour feature of TTA-UC-PLGA-NPs was useful to improve signal-to-noise
ratio and to estimate the ratio of the UC/phosphorescence signal. The overall efficiency
of the TTA-UC process depends on each elementary step (ISC, TTET, TTA), on the con-
centration of emitter molecules and on the presence of other competing molecules, such
as elementary oxygen [11,30]. Additional challenges are encountered with when TTA-UC
is integrated in an NP system. Aggregation of photosensitizers and emitters can have
detrimental effects on the optical properties of TTA-UC-NPs, and as a consequence, the
loss of mobility of photosensitizers/emitters can limit the UC process [11,38]. Thus, creat-
ing a highly efficient UC-NP system without any secondary decay remains an enormous
challenge for practical application [39].

3.4. Assessment of TTA-UC-PLGA-NP Optical Properties in Solution

Next, we investigated the optical properties of TTA-UC-PLGA-NPs over time. To this
purpose, TTA-UC-PLGA-NPs were dissolved in PBS and incubated at 37 ◦C in shaking
mode. At time point 0, 24 and 72 h, the dispersion of TTA-UC-PLGA-NPs was excited at
535 nm, and the TTA-UC and phosphorescence processes were measured at 433 and at
642 nm, respectively (Figure 7).

Figure 7. Assessment of optical properties of TTA-UC-PLGA-NPs in solution. TTA-UC-PLGA-NPs
were dissolved in water and incubated at 37 ◦C for 72 h. At time point 0, 24 and 72 h, samples
were analysed. The NPs in solution were excited at 535 nm, and the emission was collected using a
photofluorometer. (A) Phosphorescence and (B) TTA-UC emission graphs of TTA-UC-PLGA-NPs at
various time points.

The strongest phosphorescence and TTA-UC signals were detected at time point
0 (0 h post dissolution) (Figure 7A). After 24 h, the phosphorescence and TTA-UC signals
decreased but could still be detected after 72 h incubation at 37 ◦C. Thus, the data demon-
strates that TTA-UC-PLGA-NPs are suitable for imaging processes lasting for at least 72 h.
As PLGA-NPs have been reported to be stable under physiological conditions for extended
periods of time [40], the initial decrease in TTA-UC/phosphorescence intensity within
the first 24 h observed here is likely the result of diffusion of the chromophores out of
the PLGA-core.

3.5. In Vivo Monitoring of TTA-UC-PLGA-NPs

Real-time imaging of FVB mice was carried out with the goal to trace TTA-UC-PLGA-
NPs in cancer cells in vivo. To this end, the IVIS imaging system was employed, which
allowed measurement of the bathochromic emission captured at 640 nm (but not the
UC process).

FVB mice were inoculated in the back with 1 × 106 human breast adenocarcinoma cells
(MCF). When the tumours reached a volume of approximately 125 mm3, TTA-UC-PLGA-
NPs were injected intravenously in the tail vein. At different time points post injection
(3, 24, 48, 72 and 96 h), the mice were imaged using a whole-body fluorescent imaging
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system. In vivo imaging data showed that already at 3 h post injection, TTA-UC-PLGA-NPs
accumulated in the tumour area (Figure 8A).

Figure 8. In vivo imaging of TTA-UC-PLGA-NPs. (A) FVB mice were inoculated in the back with
1 × 106 MCF-7 cells. When the tumours reached a size of 125 mm3, mice were injected intravenously
in the tail vein with 0.5 mg of TTA-UC-PLGA-NPs and imaged 3, 24, 48, 72 and 98 h post injection
using the IVIS imaging system. (A) TTA-UC-PLGA-NPs were excited at a wavelength of 535 nm,
and the emission (phosphorescence) was collected at 640 nm. (B) The total radiance efficiencies were
calculated in the tumour areas, and the values were compared. Statistical analysis was performed
using the Mann–Whitney test, * p = 0.026, ** p = 0.0022 (6 mice per group were used). (C) MCF-
tumours were excised 96 h post injection of TTA-UC-PLGA-NPs and tumour cryosections were
imaged by fluorescent microscopy. The following filter cubes were used to discriminate DAPI (blue)
and TTA-UC-PLGA-NPs (red) signals: DAPI, λexc = 340–380 nm and λemi = 425 nm; TTA-UC-PLGA-
NPs, λexc = 542–582 nm, λemi 604–644 nm. Scale bar = 20 μm.

The mice were monitored up to 96 h post injection. As the IVIS imaging system is
not equipped to detect the emission between 430–450 nm, we instead measured the phos-
phorescence signal, which could be detected during all imaged time points (Figure 8A,B).
Quantification of the signal showed a significant increase in phosphorescence signal in the
tumour area in the first 48 h (p = 0.026) and after 96 h (p = 0.0022), indicating that more
TTA-UC-PLGA-NPs accumulated at the tumour site over time.

The presence of TTA-UC-PLGA-NPs in the tumour at endpoint was confirmed by
fluorescent imaging of tumour cryosections (Figure 8C). Moreover, the data showed that
once accumulated in the tumour, the NPs remained at the tumour site. Since the NPs
did not present any specific targeting moiety for breast adenocarcinoma cancer cells, TTA-
UC-PLGA-NPs most likely accumulated at the tumour site via the EPR effect. Tumour
blood vessels are naturally leaky, with large openings up to 1.5 mm, thereby promoting the
passive accumulation of NPs in tumours [41,42].

3.6. Measurement of TTA-UC Process Ex Vivo

At 96 h post TTA-UC-PLGA-NP injection, breast adenocarcinoma tumours were
excised, and the presence of TTA-UC phenomenon was analysed ex vivo. To this end,
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isolated tumours were further processed for cryosectioning and imaged using a confocal
microscope. The sections were excited at 514 nm, and emissions were collected between
430–475 nm (to observe TTA-UC) and 650–670 nm (to observe phosphorescence) (Figure 9).

Figure 9. Ex vivo imaging of TTA-UC-PLGA-NPs. MCF-tumours were excised 96 h post injection of
TTA-UC-PLGA-NPs and tumour cryosections were imaged by confocal microscopy. All cryosections
were excited at 514 nm, and the upconversion signal (blue channel) was collected between 430–475 nm
and the phosphorescence signal (red channel) between 650–670 nm. Scale bar = 40 μm.

Strikingly, TTA-UC and phosphorescence signals could be detected in the tumour
margins and vessel-like structures 96 h post injection of TTA-UC-PLGA-NPs. The staining
pattern suggests that TTA-UC-PLGA-NPs diffused into the tumour via the margins and
entered into deeper tumour areas via leakages in the tumour vasculature. The data further
confirmed that, despite initial diffusion of chromophores out of the PLGA copolymers
(Figure 7), the integrity of TTA-UC-PLGA-NPs was maintained for at least 96 h in vivo.

4. Conclusions

In the present study, we developed a TTA-UC-PLGA-NP system by incorporating
the polycyclic aromatic hydrocarbon DPA and the metalporphyrin PtOEP into a core of
hydrophobic PLGA-copolymers. In vitro and ex vivo studies confirmed the presence of
TTA-UC phenomenon resulting from TTA-UC-PLGA-NPs. TTA-UC could be detected 96 h
post injection of TTA-UC-PLGA-NPs in the tumour area in vivo, confirming the integrity
and suitability of PLGA-NPs as in vivo delivery system for TTA-UC, while maintaining
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the optical integrity of the TTA-UC process. This study provides proof-of-concept evidence
on the feasibility of combining the advantageous properties of PLGA for drug delivery
with state-of-the-art TTA-UC for simultaneous optical in vivo imaging. The presented
methodology could form the basis for novel TTA-UC systems encapsulated into PLGA,
which can be excited in the NIR-I or NIR-II range for clinical translation.
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Abstract: 5-Fluorouracil (5-FU) is one of several chemotherapeutic agents in clinical use as a stan-
dard of care to treat colorectal cancers (CRCs). As an antimetabolite, 5-FU inhibits thymidylate
synthase to disrupt the synthesis and repair of DNA and RNA. However, only a small proportion of
patients benefit from 5-FU treatment due to the development of drug resistance. This study applied
pharmacogenomic analysis using two public resources, the Genomics of Drug Sensitivity in Cancer
(GDSC) and the Connectivity Map, to predict agents overcoming 5-FU resistance in CRC cells based
on their genetic background or gene expression profile. Based on the genetic status of adenomatous
polyposis coli (APC), the most frequent mutated gene found in CRC, we found that combining a
MEK inhibitor with 5-FU exhibited synergism effects on CRC cells with APC truncations. While
considering the gene expression in 5-FU resistant cells, we demonstrated that targeting ROCK is a
potential avenue to restore 5-FU response to resistant cells with wild-type APC background. Our
results reveal MEK signaling plays a pivotal role in loss-of-function, APC-mediated 5-FU resistance,
and ROCK activation serves as a signature in APC-independent 5-FU resistance. Through the use of
these available database resources, we highlight possible approaches to predict potential drugs for
combinatorial therapy for patients developing resistance to 5-FU treatment.

Keywords: 5-FU resistance; colorectal cancer; drug repurposing; Genomics of Drug Sensitivity in
Cancer; Connectivity Map

1. Introduction

Colorectal cancer (CRC) is the second leading cause of cancer death, with an estimated
147,950 new CRC cases and 53,200 deaths in the United States in 2020 [1]. Administration
of 5-fluorouracil (5-FU) has been one of the standard chemotherapy regimens both alone
and in combination with other agents for colon cancers for almost five decades. 5-FU is
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an antimetabolite that inhibits thymidylate synthase to disrupt synthesis and repair of
DNA and RNA, resulting in cell death. However, 5-FU has been found to be only 20%
effective, and the response rate of advanced CRC patients treated with 5-FU/leucovorin is
about 10–15% [2,3]. A notable proportion of the patients show tumor recurrence after 5-FU
treatment that is mainly caused by drug-resistant cancer cells.

The most common mutations in colon cancer are found in adenomatous polyposis
coli (APC) and resulted in inactivated truncation forms. APC controls the activity of
β-catenin, particularly in the Wingless/WNT signaling pathway. APC protein typically
builds a complex with glycogen synthase kinase 3β (GSK-3β) and AXIN through physical
interactions with the 20 AA and SAMP repeats. This complex is then able to bind β-
catenin in the cytoplasm, where β-catenin dissociates from adherent contacts between
cells. β-catenin is subsequently phosphorylated by GSK-3β followed by casein kinase
(CK1)-triggered initial phosphorylation. Phosphorylated β-catenin is then targeted for
ubiquitination and degraded by the cellular proteasome. This prevents it from translocating
into the nucleus, where it acts as a transcription factor and forms a complex with TCF4,
promoting transcription of the proto-oncogene and cell cycle regulator c-MYC, the G1/S-
regulating Cyclin D, the gene encoding the matrix-degrading metalloproteinase, matrilysin,
the AP-1 transcription factors c-JUN and FRA1, and the urokinase-type plasminogen
activator receptor genes [4–7]. In addition to regulating β-catenin, APC is responsible for
various cellular processes, including cytoskeletal integrity, cellular adhesion, and DNA
repair [8–11]. The versatile role of APC suggests its mutations would contribute to a wide
range of controlling or modulating cellular physiology, including 5-FU resistance in CRC.
Recent studies revealed that APC mutations play a critical role in colorectal cancer patients
acquiring resistance to clinical 5-fluorouracil treatment, indicating a limited CRC treatment
outcome remains to be improved [12].

Several studies have applied transcriptome profiling techniques such as RNA-seq and
microarray on mRNA and miRNA expression levels in CRC cells established with 5-FU
resistance [13–15]. Furthermore, valuable resources of systematic assessments on drug
responses and multiplexed genomic manipulation data across model cancer cell lines are
now distributed to the cancer research community, facilitating our understanding of drug
resistance in CRC. To predict potential drugs to overcome 5-FU resistance, we performed
the analysis in a genetic background-dependent manner.

We utilized the APC status-related drug responses from the Genomics of Drug Sensi-
tivity in Cancer (GDSC) [16]. We validated the proposed drug, MEK inhibitors, to overcome
the APC dysfunction-dependent 5-FU resistance in six CRC cell lines. To correlate our
finding to the clinical evidence, we compared the phosphoprotein levels obtained from
The Cancer Genome Atlas (TCGA) database [17] with the APC truncation status in cBio-
Portal [18,19]. We confirmed that CRC patients carrying truncated APC exhibited higher
phosphorylations in MAPK1 and MAPK2 than patients bearing full-length APC.

For the APC-independent 5-FU resistance, we applied a cellular context-based pre-
diction on HCT116 cells, which express wild-type APC. We analyzed the gene expression
profiles acquired from 5-FU resistant HCT116 cells and their parental line to identify the dif-
ferential gene expression. By reversely matching the 5-FU gene signatures to drug-induced
patterns in the Connectivity Map database [20], we found that the RHO kinase inhibitor
can sensitize resistant HCT116 cells to 5-FU treatment.

2. Materials and Methods

2.1. Retrieval of the Effect of APC Mutation on Drug IC50s from Genomics of Drug Sensitivity in
Cancer (GDSC)

The effect of APC mutation on IC50 values in response to drugs in Pan-Cancer analysis
from GDSC1 and GDSC2 and the drug annotation were downloaded from two screenings,
GDSC web portal (https://www.cancerrxgene.org/ (accessed on 21 July 2019). The positive
values of the effect of APC mutation on drug sensitivity (represented as IC50 effect) indicate
drug resistance, and the negative values show drug sensitivity. We selected the drug
responses that were commonly tested in both screenings and ranked the drug by the
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average calculated effect size of each category. The distribution of effects was categorized
by the mechanism of action of drugs based on the target pathway.

2.2. Cell Culture and Cell Viability Measurement

Human colorectal carcinoma cells HCT116, HT29, DLD1, and SW620 were obtained
from the American Type Culture Collection (ATCC, Manassas, VA, USA). All cells were
maintained in RPMI 1640 (Gibco Laboratories, Grand Island, NY, USA) supplemented with
10% fetal bovine serum (Gibco Laboratories) at 37 ◦C in a humidified incubator with 5%
CO2. To establish a 5-FU-resistant HCT116 subline, we repeatedly exposed expose HCT116
cells to stepwise increasing concentrations of 5-FU over a period of ~12 months to obtain
5-FU-resistant HCT116 (HCT116-5FUR) with IC50 over 50 μM. All cells were verified as
mycoplasma-free by a PCR-based detection.

2.3. Constructs and Transfection

pCMV-Neo-Bam APC (Addgene plasmid #16507), pCMV-Neo-Bam APC 1-1309 (Ad-
dgene plasmid #16509), pCMV-Neo-Bam APC 1-1941 (Addgene plasmid #16510), pCMV-
Neo-Bam APC 1-2644 (Addgene plasmid #16511) were gifts from Bert Vogelstein. HCT116
cells were seeded into 6-well plates and transfected with 2 μg of vector pCMV harbor-
ing various truncated APCs, from 1-1309, 1-1941, 1-2644, full-length APC, or an empty
one using lipofectamine 3000 (Invitrogen, Grand Island, NY, USA) for 48 h before drug
treatment.

2.4. MTS Assay

A total of 2500 cells were seeded into a 96-well plate for 16 h and treated with 5-FU
(Sigma-Aldrich, St. Louis, MO, USA), PD-0325901 (Cayman Chemical, Ann Arbor, MI,
USA), 3-(4-Pyridyl)indole (RHO-kinase-inhibitor-III, Rockout) (Cayman Chemical), and
BMS-754807 (Cayman Chemical) at indicated concentrations from 1000 × stocks to a final
concentration of DMSO as 0.1%. Cell viability was measured by MTS assay using the
CellTiter 96® AQueous One Solution Cell Proliferation Assay kit (Promega, Madison, WI,
USA) according to the manufacturer’s instruction. The absorbance was detected at 490 nm
with an Epoch Microplate Spectrophotometer (BioTek Instruments, Winooski, VT, USA).

2.5. Gene Expression Dataset and Data Analysis

The expression dataset of HCT116 parental and HCT116 5-FU resistant cells (E-
MEXP-390) [21] was obtained from the Array Express database (http://www.ebi.ac.uk/
arrayexpress/ (accessed on 7 October 2019)). The Affymetrix CEL file data was processed
by the RMA (Robust Multichip Average) method, including background correction, quan-
tile normalization, and log2 transformation, and the differentially expressed genes were
defined using limma package [22]. Overexpressed genes were inverted and searched
against the perturbation-induced gene expression profiles in the Connectivity Maps 2.0.

2.6. Functional Enrichment Analysis

Differentially expressed genes were submitted to the Database for Annotation, Visu-
alization, and Integrated Discovery (DAVID) v6.8 (https://david.ncifcrf.gov/home.jsp
(accessed on 12 November, 2019)) [23] for functional enrichment analysis using Gene Ontol-
ogy terms, according to their molecular function (MF), biological process (BP), and cellular
component (CC). Human Genome U133 Plus 2 Array was selected as backgrounds. The
p-value was corrected for multiple testing by Bonferroni correction.

2.7. Western Blot Analysis

PBS washed cells were harvested and lysed in RIPA buffer (20 mM Tris-HCl (pH 7.5),
150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% NP-40, and 1% sodium deoxycholate) contain-
ing the Halt Protease and Phosphatase Inhibitor Cocktail (Thermo Fisher, Waltham, MA,
USA). Protein concentration was determined using the T-Pro BCA Protein Assay Kit (T-Pro
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biotechnology, Taipei, Taiwan). Protein samples were separated by SDS-PAGE, transferred
onto PVDF membranes (Millipore, Billerica, MA, USA), and blocked with Block PRO block-
ing buffer (Visual Protein Biotechnology Corporation, Taipei, Taiwan). Blot was incubated
with a primary antibody followed by incubation of horseradish peroxidase-conjugated
secondary antibodies. Protein level was determined by enhanced chemiluminescence
(Advansta, Menlo Park, CA, USA) detection. Antibodies probing p-AKT (S473), AKT,
p-ERK1/2 (Y202/Y204), ERK1/2, and GAPDH (Cell Signaling Technology, Inc., Danvers,
MA, USA) were used.

2.8. Clinical Data Analysis

Clinical data of CRC patients investigated by The Cancer Genome Atlas (TCGA) pro-
gram were obtained from cBioPortal (http://www.cbioportal.org/index.do (accessed on 20
April 2018) [18,19]. Data of protein expression and phosphorylation levels were retrieved
from antibody-based reverse-phase protein array (RPPA) profiling of CRC patients. The
differences between patients with truncated APC and with wild-type APC were compared
using Student’s t-test followed by the Benjamini–Hochberg procedure to control the false
discovery rate.

2.9. Statistical Analysis

All experiments were performed at least three times independently. Data were ex-
pressed as mean ± SD. Unpaired two-tailed t-tests were used for the comparison of two
groups, and p-values < 0.05 were considered significant. To calculate the drug combination
effect, the Combination Index (CI) was assessed using CompuSyn software version 1.0
(Combosyn, Inc, Paramus, NJ, USA) [24]. A CI greater, lesser, or similar than 1 indicates
antagonism, synergism, or additive effect, respectively.

3. Results

3.1. Cell Overexpressing 1-1309 Truncated APC Acquires 5-FU Drug Resistance

To examine whether APC truncation participates in 5-FU resistance in CRC, we
transfected APC mutants (Figure 1A) lacking EB1/DLG-binding (APC 1-2644), microtubule-
and AXIN-binding (APC 1-1941), and β-Catenin binding and downregulation (APC 1-1309)
domains, respectively, into HCT-116 cells that carry full-length APC. We measured the cell
viability by MTS assay after 48 h of 5-FU treatment and compared that of cells transfected
with truncated APCs to untransfected cells, cells transfected with empty vector (pCMV), or
cells overexpressing wild-type APC. We found that only the 1-1309 truncated APC lacking
β-catenin binding/downregulation sites significantly exhibited tolerance to 5-FU treatment
(Figure 1B), suggesting that loss of binding of β-catenin or disrupting the local structure of
nearby DRI domain is crucial for 5-FU sensitivity.
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Figure 1. APC status and drug response: (A) C-terminal protein domains of wild-type (1-2843) and truncated APCs.
Domains of APC are subsequently deleted as indicated: EB1/DLG-binding domains (1-2644), AXIN-binding (1-1941), and
mutation cluster region (MRC) and β-Catenin binding/downregulation sites (1-1309). (B) HCT116 cells were untransfected
(Mock) or transfected with pCMV harboring various truncated APCs illustrated in (A) with lipofectamine 3000 for 48 h. The
expressing length of APC is indicated. pCMV-APC represents the full-length APC, and pCMV indicates the empty vector.
After transfection, 2500 cells were seeded into 96-well plates for 16 h and treated with 5-FU at the concentration of 2.5, 5, 10,
and 25 μM for 48 h. Cell viability was then accessed by MTS assay and normalized to DMSO vehicle control. *, p < 0.05; **,
p < 0.01; ***, p < 0.001. (C) APC status correlated drug sensitivity prediction obtained from Genomics of Drug Sensitivity
in Cancer (GDSC) database. The APC mutation effects on drug sensitivity were plotted from two independent screening,
GDSC1 and GDSC2. Each drug is colored by its targeting pathway in terms of the mechanism of action. Top drugs targeting
ERK MAPK signaling contributed to increased sensitivity are indicated. (D) The effect of APC mutation on drug response is
categorized by the target pathway and ranked by the mean of effects from GDSC1 and GDSC2. The color code is the same
as (C). A negative effect indicates improved sensitivity.

3.2. APC Mutations and Drug Sensitivity

To understand whether and to what extent the APC mutation correlates with drug
sensitivity, we extracted the data from GDSC [16] to survey the correlation between APC
mutation and drug sensitivity from the IC50 values of 448 anti-cancer drugs to 851 and
720 cancer cell lines from GDSC1 and GDSC2, respectively (Figure 1C). The differences
between mean IC50 from cells with APC mutants and cells with wild-type APC were used
to present the effect of APC mutation on drug sensitivity. The negative value indicates
increased drug sensitivity of a given drug to cells with APC mutation. To gain the global
response of anti-cancer drugs to APC mutation, we classify the effects according to the drug
targeting pathway (Figure 1D). Compounds targeting the p53 pathway, genome integrity,
DNA replication, and PI3K/mTOR signaling are the most frequent unresponsive drugs to
APC-mutated cells, echoing the lower sensitivity to 5-FU treatment in cells carrying the
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1-1309 APC mutant (Figure 1B) and supporting 5-FU sensitivity in p53-dependent cells
with wild-type APC (Figure 2C). On the other hand, cells with APC mutations are sensitive
to drugs targeting ERK/MAPK signaling, mainly MEK inhibitors, intriguing us to combine
these drugs to increase the drug response to 5-FU.

Figure 2. Combinatorial effects of 5-FU with targeting p53 pathway or ERK/MAKP signaling: (A) The genetic status of
frequently mutated genes in CRC cell lines was used. Wild-type and genes harboring mutations are colored in black and red,
respectively. (B) APC status in cell lines was tested. Cell lines were colored corresponding to the data in (D). (C) Inhibition
of p53-mediated pathway contributed to 5-FU resistance. P53 null HCT116 (p53−/−) cells or parental HCT116 cells were
treated with 5-FU for 24, 48, and 72 h at indicated concentrations. Cell viability was measured by MTS assay and normalized
to DMSO treated control. (D) Quantitation of synergism and antagonism in MEK inhibitor and 5-FU combination. Fraction
affected (Fa) versus Combination Index (CI) plots were generated by CompuSyn. CI indicates a greater/synergism (CI < 1),
lesser/antagonism (CI > 1), or similar (CI = 1) effect than the expected additive effect.

3.3. MEK Inhibitor PD-0325901 Sensitizes APC Mutation Containing CRC Cells to 5-FU
Treatment

To validate whether targeting the p53 pathway causes drug resistance in cells with
wild-type APC, we treated p53 null HCT116 cells and their parental cells with 5-FU in a
dose- and time-dependent manner. We found that inhibiting p53 signaling under an APC
wild-type background enhanced 5-FU resistance, confirming the synergic role of p53 in
APC mutation (Figure 2C). Next, we validate whether ERK/MAPK singling inhibitors
can overcome APC mutation caused by 5-FU resistance. We selected one of the MEK
inhibitors, PD-0325901, and examined its cytotoxicity in four colon cancer cell lines. Each
cell line has different truncated APCs (Figure 2B) except for HCT116 cells, which express
full-length APC but harbor gain-of-function mutations in β-Catenin (Figure 2A). We treated
the cells with PD-0325901 alone or combined with 5-FU in dose-dependent manners. As
expected, SW620 cells harboring the shortest truncated APC showed the highest survival
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rate under 5-FU treatment, suggesting 5-FU-inhibited cell proliferation is correlated with
APC-interacting downstream events (Figure 2D and Figure S1). To testify the hypothesized
roles of MEK activity to compensate for 5-FU sensitivity, we treated these CRC cells
with PD-0325901 in combination with 5-FU. To examine the drug effects, we applied the
Combination Index (CI), a standard measure of combination effect. A CI indicates a greater
(CI < 1), lesser (CI > 1), or similar (CI = 1) effect than the expected single additive effect
expected from the knowledge of the effects of each drug individually. We found that the
MEK inhibitor PD-0325901 displayed cell line-dependent effects with a strong synergic
effect (CI < 0.1) in SW620 cells, a moderate synergic effect in DLD1 and HCT116 cells, and
an antagonistic effect in HT29 cells (Figure 2D), suggesting the activation of MEK1/2 might
be involved in but not required for developing 5-FU resistance.

3.4. ERK1/2 Phosphorylation Is Induced in Patients with Truncated APC

To explore what molecular clues were in line with APC truncation clinically, we com-
pared the protein expression and phosphorylation from CRC patients baring wild-type or
truncated APC from TCGA. We found that pERK1/2 (pT202/Y204 on MAPK1 and MAPK3)
were the most upregulated proteins with 36-fold induction in patients carrying truncated
APC compared with patients baring wild-type APC (Figure 3, q-value = 6.13 × 10−7),
demonstrating that APC truncation is associated with ERK1/2. We suggest that APC status
might serve as a molecular signature for CRC patients to exhibit a positive response from
the MEK inhibitor in combination with 5-FU.

Figure 3. ERK1/2 phosphorylation in the TCGA cohort is associated with APC truncation. The protein expression and
phosphorylation levels of CRC patients (COAD in TCGA) were retrieved and compared between APC full-length (black
bars) and truncated APC (red bars) patients. Data with a q-value (adjusted p-value by Benjamini–Hochberg correction) less
than 0.05 are shown and ranked based on fold changes. Phosphorylation information is annotated by official gene symbol
followed by phosphorylation sites.

3.5. Function of Extracellular Ligand Binding to Regulate Cell Mobility Was Upregulated in 5-FU
Resistant Cells

Next, we sought to discover the molecular signatures in APC-dependent 5-FU resis-
tance for combinatorial therapy. Consequently, we analyzed the gene expression profiles
of APC-wild-type HCT-116 cells and the derived 5-FU resistant subline (Figure 4). There
were 869 genes differentially expressed, with 456 upregulated and 413 downregulated. The
differentially expressed genes were then subjected to functional enrichment analysis by
DAVID. The selectively enriched functions of differentially expressed genes are listed in
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Tables S1 and S2, respectively. We found that the downregulated genes in 5-FU-resistant
cells were involved in RNA processing and metabolism as well as folic acid metabolism
(Table S2), suggesting that 5-FU resistance might be caused by abrogating the nucleoside
biosynthesis pathway, which 5-FU interrupts. On the other hand, the top enriched terms
in upregulated genes are receptor binding, cell migration, and extracellular space from
receptor binding in MF, BP, and CC, respectively (Table S1).

 

Figure 4. Pattern matching analysis to reveal drugs able to overcome APC-independent 5-FU
resistance. The differentially expressed genes from 5-FU-resistant and parental HCT116 cells were
defined and inverted to match the drug-responsive gene expression pattern in the Connectivity Map
2.0 database. The drugs triggering negatively correlated gene expression patterns are reported as
potential candidate compounds overcoming 5-FU resistance.

3.6. Reversed Expression Predicts ROCK Activation in 5-FU Resistant Cells

To discover possible inhibitors to restore 5-FU drug sensitivity in cells with wild-type
APC, we inversed the differential gene regulation of 5-FU-resistant cells to parental ones.
Subsequently, we submitted the list to query the Connectivity Map database (Figure 5).
The query results generated a list of potent candidate drugs whose effects matched the
expression signature inverted to 5-FU. We listed the top 10 results of pharmacological
perturbations in Table 1. The inhibition on ROCK demonstrated the highest correlation
in inverse gene expression of 5-FU resistant cells, showing the participation of the ROCK
pathway in 5-FU resistance establishment. As the major downstream effector of small
GTPase RhoA, ROCK is involved in the regulation of actomyosin cytoskeleton to promote
contractile force generation for cell mobility [25,26]. This feature was in agreement with our
previous findings that metastatic activity is gained in 5-FU resistant cells through receptor
binding from extracellular stimulation, which promotes cell migration (Table S1).
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Figure 5. ROCK inhibitor synergizes 5-FU effects on resistant cells: (A) HCT116 and (B) 116-5FUR cells were treated
with Rockout and 5-FU at the indicated doses. We measured the cell viability by MTS assay and normalized it to DMSO
vehicle control. Grass green and green bars are cell viability of ROCK inhibitor Rockout-treated cells at different dosages
compared with 5-FU alone treated cell viability. *, p < 0.05; **, p < 0.01; ***, p < 0.001. (C) Quantitation of synergism and
antagonism in Rockout inhibitor and 5-FU combination. Fa versus CI plots were generated by CompuSyn. CI indicates a
greater/synergism (CI < 1), lesser/antagonism (CI > 1), or similar (CI = 1) effect than the expected additive effect.

Table 1. Predicted drugs list for setback gene expression of drug-resistant traits.

Rank Perturbation Target

1 RHO-kinase-inhibitor-III [Rockout] ROCK
2 dexamethasone steroid
3 PKCbeta-inhibitor PKC8β
4 CYT-997 microtubule polymerization
5 AR-C133057XX NOS2
6 NF-449 P2 receptors
7 SB-216763 GSK3 inhibitor
8 emetine 40S ribosome
9 AC-55649 RARβ2
10 FK-866 NAMPT

3.7. ROCK and IGF1R Inhibitions Overcome Resistance to 5-FU Treatment

To confirm the result of predicted drugs overcoming acquired 5-FU resistance, we
independently established a 5-FU-resistant HCT116 cell line (116-5FUR). The IC50 at 72 h of
116-5FUR and parental cell line is 2.15 μM and 22.52 μM, respectively. We treated the 116-
5FUR and parental cells with 5-FU in combination with ROCK inhibitor Rockout. Rockout
presented efficient cytotoxicity in both HCT116 and 116-5FUR cells (Figure 5). As predicted,
116-5FUR cells responded to Rockout alone. Moreover, they were sensitive to 5-FU in the
presence of Rockout (Figure 5B). We showed that 5 μM of Rockout sensitized the 116-5FUR
cells to 5-FU at an IC50 of 14.8 μM, more than a three-fold reduction compared with the
IC50 of 5-FU in 116-5FUR cells (50 μM). The synergistic effect of Rockout and 5-FU was
observed in 116-5FUR and parental cells (Figure 5C), suggesting the RhoA/ROCK axis
was activated in 116-5FUR cells to promote their migratory ability through extracellular
signaling. IGF1R activation can trigger ROCK indirectly by forming a complex with
leukemia-associated RhoGEF-12 (LARG), which in turn activates RhoA [27]. We also
observed that IGF1R downstream signaling, including AKT and ERK1/2 phosphorylation,
were activated in 116-5FUR cells and even higher while treating with 5-FU (Figure S2A),
implying IGF1R activation might be involved in 5-FU resistance. To investigate whether
blockade of IGF1R signaling improved the 5-FU response in 116-5FUR cells, we treated
the cells with a combination of the 5-FU and IGF1R inhibitor BMS-754807, revealing that
1 μM of BMS-754807 sensitized 116-5FUR cells to 5-FU at an IC50 of 6.53 μM, which is
comparable with that of parental cells with a 5-FU IC50 (Figure S2B).

4. Discussion

Overactivation of WNT signaling through β-catenin is predominantly involved in the
development of CRC. About 80% of CRC patients carrying loss-of-function mutations in
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APC and about 5% carrying activating mutations in β-catenin are reported in The Cancer
Genome Atlas (TCGA) project [28]. Most APC mutations result in C-termini truncated
forms, suggesting that the protein conformation and protein–protein interactions of APC
are critical to maintaining its normal function. For instance, the DNA repair inhibitory (DRI)
domain of APC interacts with two DNA repair molecules, DNA polymerase β (POLβ)
and flap endonuclease 1 (FEN1), to block the POLβ-directed base excision repair (BER)
pathway and lead to apoptosis [11]. Here, we reported that overexpression of truncated
APC 1-1309 (Figure 1) and cell lines with shorter APC forms (Figure 2) exhibited higher
tolerance to 5-FU treatment. The result suggests that the DRI domain and downregulation
of the β-catenin region in APC contribute to 5-FU sensitivity.

Deming et al. [29] indicated that mutation in PIK3CA simultaneously occurred with
APC mutation in CRC, highlighting the resistance on PI3K inhibitors in APC-mutated
cells. GDSC analysis also indicates that except for p53-mediated DNA repair and genome
instability, PI3K/mTOR signaling ranked as the fourth resistant pathway related to APC
mutation (Figure 1D). We postulated this might be due to the co-occurrence of the PI3K
mutation with mutated APC. On the other hand, we showed that the MEK inhibitor exhib-
ited a positive response in APC-mutated and β-catenin-activated cells (Figure 1C,D and
Figure 2D), suggesting that the APC mutation might trigger mitogen-activated signaling to
promote cell survival. This data implies that 5-FU induced several pathways contributing
to drug resistance by increasing genome instability and intracellular proliferation signaling.

Previous studies demonstrate that APC abolished β-catenin regulated TCF4 transcrip-
tion via RAF1/MEK/ERK signaling [30,31]. Loss of APC is required for KRAS-driven
CRC transformation [31] and leads to activation of the RAS-mediated cell survival path-
way [32]. Moreover, Frizzleds (FZ1) ligand WNT3A, which initiates canonical WNT/β-
catenin signaling, has been shown to activate ERK and stimulate cell proliferation via the
RAF1/MEK/ERK pathway [33,34]. The overactivation of MEK can also be observed clini-
cally. The ERK1/2 phosphorylation ranked as the top phosphorylation event in patients
with APC truncation compared with those harboring wild-type APC in TCGA database
(Figure 3). These findings demonstrate that the mitogen-activated signaling is rewired to
activate and promote cell proliferation in APC-mutated cells, supporting our results of the
synergic effect of MEK inhibitor and 5-FU (Figure 2D).

In the scenario of APC-independent drug resistance, we established 5-FU-resistant
HCT116 cells by culturing the parental cells in the presence of an increasing dose of 5-FU
over one year. To recapture the progress of developing drug resistance, we compared the
gene expression profiles of 5-FU sensitive and resistant HCT116 cells. To our surprise,
a p-value of 2.26 × 10−54 in the molecular function of receptor binding was remarkedly
significant than any other terms in resistant cells (Table S2). Therefore, we analyzed the dis-
tribution of genes in the top five molecular functions (data not shown) to determine which
is the most dominant receptor type. We found that genes were distinguished enriched in
growth factor activity and cytokine receptor binding. We also noticed that growth factors,
including NOV, BMP4, MDK, GDF15, VEGFC, NTF3, and LIF, were previously reported to
promote cancer development, especially in cancer metastasis in various cancers, includ-
ing CRC [35–40]. We suggest that cancer metastasis might develop after acquiring 5-FU
resistance through the secretion of extracellular ligands modulating the microenvironment
homeostasis in vivo.

The tumor microenvironment (TME) specifies critical proto-oncogenic niches to sup-
port tumorigenesis through cytokines and growth factors [41,42]. Among the growth factor
activity activated in HCT116-5FUR transcriptomics analysis, IGR1R is one of the possible
upstream of ROCK signaling. Concomitantly, 116-5FUR was responsive to 5-FU in the
presence of the ROCK inhibitor and IGF1R inhibitor (Figure 5 and Figure S1), emphasizing
the plasticity of TME in establishing drug resistance. These findings support our results
that targeting TME factors improved 5-FU sensitivity in CRC cells.
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5. Conclusions

For the APC mutation background, we applied a genetic background-based prediction
to generate a list of sensitive and resistant drugs. For APC wild-type, we performed a gene
expression-based method to predict drugs to reverse the 5-FU resistance phenotype. We
validate that both ways provide meaningful information for combinatorial therapy and
illustrate a considerable direction to implement two strategies while preparing cocktail treat-
ment in cancer therapy. We suggest that the MEK inhibitor is the option for patients with
APC truncation and ROCK inhibitor for patients with wild-type APC when 5-FU resistance
develops. Taken together, we provide two independent approaches, genetic background-
and gene expression-based analysis, to predict drugs that may be suitable for overcoming
drug resistance, especially highlighting the importance of personalized medicine.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/biomedicines9080882/s1, Table S1: Functional enrichment analysis of upregulated genes in
5-FU resistant HCT116 cells, Table S2: Functional enrichment analysis of downregulated genes in
5-FU resistant HCT116 cells, Figure S1: MEK inhibitor PD-0325901 is cytotoxic to APC-mutated CRC
cells, Figure S2: IGF1R inhibitor increases the response of resistant cells to 5-FU.
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