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Drug repurposing has potential to improve outcomes for high-
grade serous ovarian cancer (HGSOC). Repurposing drugs
with PARP family binding activity may produce cytotoxic ef-
fects through the multiple mechanisms of PARP including
DNA repair, cell-cycle regulation, and apoptosis. The aim of
this study was to determine existing drugs that have PARP fam-
ily binding activity and can be repurposed for treatment of
HGSOC. In silico ligand-based virtual screening (BLAZE) was
used to identify drugs with potential PARP-binding activity.
The list was refined by dosing, known cytotoxicity, lipophilic-
ity, teratogenicity, and side effects. The highest ranked drug,
efavirenz, progressed to in vitro testing. Molecularly character-
ized HGSOC cell lines, 3D hydrogel-encapsulated models, and
patient-derived organoid models were used to determine the
ICs for efavirenz, cell death, apoptosis, PARP1 enzyme expres-
sion, and activity in intact cancer cells following efavirenz treat-
ment. The IC;, for efavirenz was 26.43-45.85 uM for cells in
two dimensions; 27.81 pM-54.98 pM in three dimensions,
and 14.52 pM-42.27 pM in HGSOC patient-derived organoids.
Efavirenz decreased cell viability via inhibition of PARP;
increased CHK2 and phosphor-RB; increased cell-cycle arrest
via decreased CDK2; increased YH2AX, DNA damage, and
apoptosis. The results of this study suggest that efavirenz
may be a viable treatment for HGSOC.

INTRODUCTION

Ovarian cancer is the eighth most commonly diagnosed cancer and
cause of cancer-related death in women worldwide, with an estimated
314,000 cases diagnosed and 207,000 patients dying of the disease
annually.' High-grade serous ovarian cancer (HGSOC), the most
common subtype of ovarian cancer, accounts for approximately
70%-80% of all ovarian cancer deaths.” This is predominantly due
to disease recurrence and innate or acquired resistance to current
therapies. Efforts to find new treatments are ongoing; however, tradi-
tional drug development requires approximately 12-16 years and an

investment of US$1-2 billion to achieve market approval.” This
lengthy development pipeline, while necessary for identifying innova-
tive treatments, is not the only option for providing patients with
timely access to efficacious, cost-effective therapy.

Drug repurposing is a method for identifying new uses for approved
or investigational drugs that are outside the scope of the original in-
tended or approved medical use.”” The development of repurposed
drugs is attractive, both in terms of the substantial cost efficiencies
it offers in comparison to drug discovery, and because therapeutic ad-
vances and new drug options for patients with ovarian cancer have
been far slower than for other cancers.

Drug repurposing reduces the time for drug development by using the
existing knowledge of pharmacokinetics, pharmacodynamics, com-
mon and uncommon toxicities, dosing schedule, and mechanism of
action. As a result, most steps of the preclinical and early clinical
development phases can be bypassed for repurposing drug candi-
dates.” Drug repurposing also presents a significantly faster pathway
into phase 2 trials in comparison to traditional drug discovery and
development. This substantially reduces the development-related
financial investment required.” In contrast to traditional drug discov-
ery, repurposing a drug on average takes only 6.5 years to obtain
approval and investment of US$300 million.®

Poly (ADP-ribose) polymerases (PARP) are a family of proteins that
play key roles in DNA repair, chromatin remodeling, and maintain-
ing genomic integrity.””® There are 18 members of the PARP family,
with the most well characterized member, PARPI, regulating the
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DNA repair process through detecting and repairing single-strand
DNA breaks (SSBs).”® Because SSBs are produced during the base
excision repair process, PARPI1 is considered to be a vital part of
this DNA repair pathway.® However, PARP1 is also involved in
several alternate DNA repair pathways, including the homologous
recombination (HR) pathway.” PARP2 and PARP3 have also been
shown to have similar roles to PARPI in DNA repair.”

Small molecule PARP inhibitors have been reported as effective
first-line and maintenance therapy for ovarian cancer (reviewed
in Zheng et al.”®). These drugs act based on the concept of “syn-
thetic lethality.”'>"" Inhibition of PARP repairing SSBs results in
the formation of double-strand breaks (DSBs) during DNA repli-
cation, which would usually be repaired by the HR pathway.'’
Cancers containing BRCA mutations are HR-deficient (HRD),
meaning that any DSBs that occur in these cells cannot be repaired
through HR, resulting in an accumulation of DSBs leading to cell
death."” As non-cancerous cells remain HR-proficient, they are
able to repair DSBs and survive.'’ Therefore, PARP inhibitors
selectively target cancer cells with DNA repair deficiencies, such
as HRD.

The PARP family is involved in additional biological processes
outside of DNA repair, including cell-cycle regulation and initiating
apoptosis.'>'” There remains unmet potential for targeting PARP
more broadly via alternative approaches to small molecule inhibi-
tors. Compounds with broad-spectrum PARP family binding
activity could potentially produce cytotoxic effects through these
multiple mechanisms of PARP. The aim of this study was to deter-
mine whether any existing drugs have broad-spectrum PARP family
binding activity and could therefore be repurposed as a treatment
for HGSOC. We hypothesized that targeting PARP for drug repur-
posing would elicit cytotoxic responses in HGSOC through multiple
mechanisms including DNA repair, cell-cycle regulation, and
apoptosis.

RESULTS

Potential PARP-binding activity for efavirenz

BLAZE software (Cresset Discovery Services, UK) in silico screening
and filtering based on two commercial databases, which include all
approved drugs from the British Pharmacopoeia, was used to identify
84 drugs with potential for broad-spectrum PARP family binding ac-
tivity (Table S3). This list of 84 drugs was refined through cross-refer-
encing with the Broad Institute PRISM Repurposing Database. Of the
84 drugs predicted by BLAZE to have broad-spectrum PARP family
binding potential, 17 had data available in the 8 HGSOC cell lines
used throughout this study (Figure S1). As a comparison, data were
also collected on average log(2) fold change in cell viability following
treatment with three small molecule PARP inhibitors currently
approved for use in ovarian cancer treatment: olaparib, rucaparib,
and niraparib. This filtering step identified 11 drugs with a negative
log(2) fold change in cell viability in HGSOC cell lines in the
PRISM dataset. The 11 drugs progressed through our drug repurpos-
ing pipeline for further screening.
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We further refined the list of 11 drugs with negative log(2) fold change
to four lead drugs (Table 1) by searching for known cytotoxicity within
the approved dosing window. Appropriate lipophilicity was determined
using logP and teratogenicity was also considered when filtering the list
of drugs. Finally, data from other indications were collated to determine
safety and toxicity. Didanosine did not proceed to further testing pri-
marily due to an unacceptable toxicity profile. From this analysis, the
top two lead drugs with cytotoxic potential and low toxicity were efavir-
enz and ganciclovir. We further tested these two drugs in vitro.

Efavirenz has cytotoxic effects in in vitro models of HGSOC
Efavirenz, a non-nucleoside reverse transcriptase inhibitor that is
approved for the treatment of HIV infection, and ganciclovir, an anti-
viral used to treat cytomegalovirus infection, were both predicted to
have PARP-binding activity potential. To determine whether either
of these drugs also had cytotoxic effects in HGSOC, eight molecularly
characterized HGSOC cell lines were treated with increasing doses of
efavirenz or ganciclovir to determine the dose at which cell viability
was reduced to 50% (half maximal inhibitory concentration [ICs]
value).

Ganciclovir doses were escalated up to 4 mM, but resulted in very
limited changes in cell viability (data not shown). As the ganciclovir
dose escalation was significantly higher than the reported maximum
plasma concentration of the drug (12.2 pg/mL,”’ approximately
48 pM), it was determined to have low cytotoxicity potential and
excluded from further screening. We continued in vitro testing of efa-
virenz as our lead candidate drug.

The HGSOC cell lines had mean ICs, values for efavirenz of 31.62 pM
(range: 26.43-45.85 pM) (Figure 1). Surprisingly, no difference was
found between ICs, values for homologous recombination deficient
(HRD) BRCA-mutant (COV362, Kuramochi, OVSAHO; average
ICso = 29.59 uM) and homologous recombination proficient (HRP)
BRCA-wild type (WT) (COV318, OAW28, OVCAR4, OVKATE,
TYK-nu; average ICs, = 33.43 uM) cell lines.

We further tested the cytotoxic effects of efavirenz at similar doses to
the minimum (26.43 pM), maximum (45.85 pM), and mean
(31.62 uM) ICs, values. Doses of 25 uM, 35 uM, and 45 uM efavirenz
were assessed using real-time live-cell analysis in three HGSOC cell
lines chosen to be representative models of HGSOC: COV362
(BRCAI mutation), OVSAHO (BRCA2 single copy deletion), and
TYK-nu (WT BRCA1/2). After 7 days, significant differences were
observed between vehicle and efavirenz-treated cells over time. Efa-
virenz significantly slowed cell growth, determined by cell count, in
a dose-dependent manner in two (OVSAHO and TYK-nu) of the
three cell lines tested (Figure 2A). Efavirenz also significantly induced
cell death and apoptosis in a dose-dependent manner in all three cell
lines tested (Figures 2B and 2C). The cell death and apoptosis induced
by 45 uM efavirenz was similar to the levels induced by 30 uM carbo-
platin (platinum chemotherapy) and 17.5 pM Olaparib (PARPI)
(Figures 2B and 2C), which are representative of the two main classes
of standard of care treatment for HGSOC.
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Table 1. Top four lead drug candidates with potential for broad-spectrum PARP family binding activity

Didanosine Efavirenz Ganciclovir Aminoglutethimide
Average log(2) fold| —0.354 —0.370 —0.092 —0.005
change of cell viability
Original indication HIV HIV Anti-viral Anti-convulsant

Mode of delivery and dosing

Capsules 250-400 mg orally

Capsules 600 mg orally once
daily, in combination with a
protease inhibitor and/or

5 mg/kg i.v. over 1 h,
every 12 h (10 mg/kg/d)

Capsules 250 mg orally every 6 h

dail
once daty nucleoside reverse transcriptase for 14to21d
inhibitors (FDA dosage)

logP —0.869 4.457 —2.18 1.3
Half-life 0.8-1.9h 40-55h 25-6h 125h
Plasma C, 2.2-11.8 uM 12.9-23.4 uyM 47.8 uM 254 M

Category B*

Reproduction studies in rats and

rabbits at doses up to 12-14.2 times Category D" Category D"

the estimated human exposure Human data too limited to predict risk Embryotoxic (mice/rabbits) Category D"

(based on plasma levels) showed

Embryotoxic (rats)

Teratogenic (rabbits)

Teratogenic effects, including

Terat icit
eratogenicly no evidence of impaired fertility Teratogenic (cynomolgus monkeys) Carcinogenic and mutagenic (mice) pseudohermaphroditism (rats)
or harm to the fetus. To be used Crosses placenta easily (rats and rabbits) Crosses placenta easily (rats/rabbits) Carcinogenic (rats)
during pregnancy only if the Pregnancy should be avoided Pregnancy should be avoided
potential benefit justifies the
potential risk.
Rapidl fi 1 ini i Rapi 1 ion aft
apid y absorbed after or'a administration Well absorbed after oral administration apid an.d f:omp' ete absorption after
Peak Figure 6 concentrations . . . oral administration
Peak concentrations attained by 5 h Absorption of the oral form .. .
observed from 0.25 to 1.5 h ! . . ~50% of drug eliminated in urine
o . Steady-state plasma concentrations is very limited—about 5% NP
L Binding to plasma proteins i i . ~50% of drug metabolized in liver
Pharmacokinetics o reached in 6-10 d fasting, about 8% with food X K L.
in vitro was low (<5%) . . . mainly to N-acetylaminoglutethimide,
. ~99% of drug is plasma protein bound ~90% of drug in plasma i LC
Metabolized by the same pathways : R o i X hydroxylaminoglutethimine, and two
. P Nearly all urinary excretion is in eliminated unchanged in the urine . h . o
responsible for the elimination . minor metabolites, p-nitroglutethimide
: the form of metabolites K °
of endogenous purines and formylaminoglutethimide
Lung cancer,'*'° leukemia,'®
b " 1719 t 2021 N
Cytotoxicity N/A reast cancer pancreatic cancer N/A Breast cancer™”

glioblastoma,” ovarian cancer,”
prostate cancer”’

Stroke and myocardial infarction

. . 2
No evidence of increased CV events™®

No evidence of increased CV events

Rare side effect

N/A

“Category B: Drugs that have been taken by only a limited number of pregnant women and women of childbearing age, without an increase in the frequency of malformation or other direct or indirect harmful effects on the

human fetus having been observed.

PCategory D: Drugs that have caused, are suspected to have caused, or may be expected to cause an increased incidence of human fetal malformations or irreversible damage.
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Figure 1. Inhibition ICs, values (uM) for efavirenz in HGSOC cell lines

Concentration Concentration

HGSOC cell lines (A) COV318, (B) COV362, (C) KURAMOCHI, (D) OAW28, (E) OVCAR4, (F) OVKATE, (G) OVSAHO, and (H) TYK-nu were treated with serial 2-fold dilutions of
efavirenz (1.5625, 3.125, 6.25, 12.5, 25, 50, and 100 uM) or DMSO vehicle control for 72 h. Cell viability was assessed by MTT assay. Data displayed is mean + SEM of
triplicates of three independent experiments. A non-linear regression curve was fitted to the data using GraphPad Prism version 10 (GraphPad Software, San Diego, CA,

USA), and ICsq concentrations were extrapolated.

Clonogenic cell survival assays were conducted to assess whether efa-
virenz treatment affected colony formation in the HGSOC cell lines
COV362, OVSAHO, and TYK-nu. The survival fraction was
determined for all three cell lines and LCs, levels were extrapolated
(Figure 3). There were no clear differences in efavirenz median
lethal concentration (LCs,) levels between cell lines—OVSAHO
(25.28 uM, 95% CI 21.29 pM-27.72 uM), TYK-nu (23.05 pM, 95%
CI 2205 pM-23.99 pM), and COV362 (2649 puM, 95% CI
23.72 uM-29.06 pM). TYK-nu cells were more responsive to efavir-
enz over the dose curve compared with COV362 and OVSAHO that
had surviving fractions that reached 0.30 and 0.43, respectively, at the
highest efavirenz concentration tested (40 uM). The plating effi-
ciencies, i.e., the number of cells seeded per well/number of colonies
counted, in DMSO vehicle control wells were comparable across all
cell lines tested, specifically OVSAHO (0.20), TYK-nu (0.24), and
COV362 (0.30).

Efavirenz reduces expression and activity of PARP in HGSOC
cell lines

PARP activity assays were performed to determine whether PARP1
enzyme activity was inhibited following efavirenz treatment. At
72 h, PARPI activity in the COV362 cell line was significantly
reduced following 45 uM efavirenz treatment (mean = 52.5% activ-
ity), and non-significantly reduced after 25 uM and 35 uM efavirenz
treatment (mean = 79.3% activity for both treatment doses) (Fig-
ure 4A). In the OVSAHO cell line, 25 pM efavirenz significantly
reduced PARPI activity (mean = 74.3% activity); however, higher
doses saw non-significant reductions in PARP1 activity (mean =
94.7% following 35 uM treatment, 88.6% activity following 45 pM
treatment) (Figure 4B). PARP1 activity was significantly reduced in
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the TYK-nu cell line following all three doses of efavirenz treatment
(mean = 36.2% following 25 pM treatment, 45.8% following 35 uM
treatment, 40.4% activity following 45 uM treatment) (Figure 4C).

As PARP is also known to play a role in cell-cycle regulation,'*'” the
effect of efavirenz on cell-cycle progression was investigated using
flow cytometry. In the three tested cell lines, efavirenz treatment
(35 uM and 45 uM) increased the percentage of cells in the G1 phase,
indicating its ability to arrest cells in the G1 phase. At these concen-
trations, there was a slight increase in the sub-G1 population, suggest-
ing the induction of cell death (Figures 4D-4F).

Western blots were conducted to determine protein expression of
both PARP1 and PARP2 in HGSOC cell lines following efavirenz
treatment, along with expression of other downstream DNA damage
(Y-H2AX), cell-cycle proteins (CDK2, phosphor-RB), and the house-
keeping protein GAPDH. No significant differences were seen in
PARP1 levels following treatment with a dose course of efavirenz
over 48 or 72 h (Figures 5A-5D). However, PARP2 levels were shown
to significantly decrease over an efavirenz dose course at 72 h in
OVSAHO and TYK-nu cells, while showing a non-significant trend
of reduced levels at 48 h in all cell lines tested (Figures 5A-5C and
5E). A marker of DSBs, YH2AX, was shown to significantly increase
over the efavirenz dose course at 72 h in OVSAHO, with non-signif-
icant trends of increasing levels at other time points and cell lines with
the exception of TYK-nu at 72 h (Figures 5A-5C and 5F). CDK2 con-
trols G1/S transition and G2 progression through the cell cycle, as well
as phosphorylates RB to induce S-phase entry.”® Here, we show that
efavirenz significantly decreased CDK2 levels with increasing doses at
both 48 and 72 h in all cell lines tested (Figures 5A-5C and 5G).
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Figure 2. Efavirenz reduces cell confluence and induces cell death and apoptosis in a dose-dependent manner

HGSOC cell lines COV362, OVSAHO, and TYK-nu were treated with efavirenz (25 pM, 35 pM, or 45 pM), carboplatin (30 uM), or olaparib (17.5 pM) for 7 days. (A) cell count,
(B) cell death, and (C) apoptosis were determined by real-time IncuCyte live-cell fluorescent assays. Data displayed is mean + SEM of triplicates of three independent
experiments. *p < 0.05, *p < 0.01, **p < 0.005, ***p < 0.001 for efavirenz; Mp < 0.01 and AMAAp < 0.001 for Olaparib; and *p < 0.01 and **#p < 0.001 for carboplatin,

using one-way ANOVA at 168 h.

Efavirenz also significantly decreased phosphorylated RB in
OVSAHO and TYK-nu cells over a dose course, as might be expected
if the mechanism was decreased CDK2 that phosphorylated RB (Fig-
ures 5A-5C and 5H). RB could not be detected in COV 362, consistent

with previous reports that this cell line is null for RB.*

Efavirenz has cytotoxic effects in 3D models of HGSOC

To determine the effects of efavirenz in a more physiologically rele-
vant model of HGSOC, three-dimensional (3D) hydrogel-encapsu-
lated models for the cell lines COV362, OVSAHO, and TYK-nu
were established. Dose-response curves to efavirenz were collected us-
ing 3D hydrogel-encapsulated models. The dose responses 72 h after
addition of efavirenz were similar for TYK-nu, COV362, and
OVSAHO cells and were less sensitive to efavirenz when cultured
in 3D (Figure 6A) compared with 2D (Figure 1). The ICs, for efavir-
enz achieved in 2D models ranged between 26.43 and 45.85 uM, while
that in 3D models ranged between 27.81 and 54.98 pM (Figure 6C).
Interestingly, COV362 cells that have a clear BRCAI mutation dis-
played the highest resistance to efavirenz in WT3D models. Morpho-
logically, at the dose most similar to the ICs, value for each cell line, a
reduction in cell aggregation and 3D structure complexity within the
hydrogel was observed, with complete cellular integrity loss at 100 pM
efavirenz in all three cell lines (Figure 6B).

Efavirenz decreases ovarian cancer cell viability in patient-
derived 3D organoid models

Finally, to determine the effect of efavirenz in a clinically relevant
model of HGSOC, dose-response curves to efavirenz were collected
for patient-derived 3D organoids. The patient-derived HGSOC or-
ganoids showed concordant expression patterns of relevant bio-
markers (Figure S2). ICs, values for efavirenz in patient-derived or-
ganoids ranged from 14.52 to 42.27 pM (Figure 7A), which was a
similar range to the 2D and 3D bioprinted models of HGSOC cell
lines. The only organoid derived from a recurrent HGSOC case
(OC005) showed the highest ICs, for efavirenz (42.27 pM).
Compared with vehicle control, the patient-derived HGSOC orga-
noids started to shrink in size following ICsy doses of efavirenz
(Figure 7B).

In summary, efavirenz was determined to be a suitable candidate
to repurpose for HGSOC treatment based on in silico screening
and the drug’s pharmacokinetic profile. In vitro testing found
that efavirenz inhibited cell viability and induced cell death and
apoptosis in multiple in vitro models of HGSOC, with similar
ICs, values obtained between BRCA-mutant and BRCA-WT cell
lines. No significant differences were seen in PARP1 expression
in HGSOC cell lines following efavirenz treatment; however,
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Figure 3. HGSOC cell survival clonogenic assays
following treatment with efavirenz

Cell lines were treated with 0-40 uM concentrations of
efavirenz. After 8 days (TYK-nu) or 14 days (COV362 and
OVSAHO), colonies were fixed, stained with crystal violet,
and counted on the GelCount instrument. Plating
efficiency and survival fractions were determined and
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cov362 causing serious cardiovascular side effects such
as stroke or myocardial infarction.”

OVSAHO Efavirenz was originally identified by BLAZE to
have broad-spectrum PARP family binding po-

20.5
Efavirenz (UM)

256

PARP2 expression was significantly reduced in two cell lines
tested. Additionally, efavirenz reduced enzymatic activity of
PARP1 in HGSOC cell lines.

DISCUSSION

While most HGSOC patients initially respond to platinum-based
chemotherapy, the majority will eventually become platinum-resis-
tant with subsequent disease recurrences. The aim of this study was
to identify drugs that could be rapidly repurposed to treat HGSOC
through non-specific binding across the PARP family. After
completing in silico screening using BLAZE (Cresset Discovery Ser-
vices UK), 84 drugs were identified with potential for broad-spectrum
PARP family binding activity. Further filtering using the Broad Insti-
tute PRISM dataset and in silico screening narrowed this list down to
two lead drug candidates: efavirenz and ganciclovir. In vitro testing in
eight HGSOC cell lines found that the ICs, values achieved for gan-
ciclovir were markedly higher than the reported maximum plasma
concentration of the drug (12.2 pg/mL).”’ Due to this, ganciclovir
was excluded from our repurposing pipeline and in vitro testing
continued with efavirenz.

Efavirenz is a non-nucleoside reverse transcriptase inhibitor
(NNRTI) that received Food and Drug Administration (FDA)
approval in 1998 for the treatment of HIV-1 infections.’® Currently,
efavirenz is most commonly used alongside two nucleoside reverse
transcriptase inhibitors—emtricitabine and tenofovir—as a single-
tablet triple antiretroviral therapy.’' Efavirenz has several pharmaco-
kinetic features that make it suitable to be repurposed as an anti-can-
cer drug, including its relatively long half-life (40-55 h) and average
steady-state C,, of 12.9 1M.*? Efavirenz is also well absorbed with
oral administration, with peak plasma concentrations occurring 5 h
following treatment.”” Additionally, there is no evidence of efavirenz
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tential. To date, there has only been one study

investigating the effect of efavirenz on PARP.

This study found that 10 uM efavirenz increased

PARP activity, increased oxidative stress, and
induced apoptosis and necrosis in normal endothelial cells.””> No
further studies have investigated the effect of efavirenz on PARP in
cancer cells.

Due to efavirenz being predicted to have broad-spectrum PARP fam-
ily binding potential, we originally hypothesized that efavirenz would
inhibit the enzymatic activity of PARP and act in a similar manner to
PARP inhibitors. However, several results from this study indicate
that efavirenz does not act as a traditional PARP inhibitor. ICs, values
obtained in 2D models were similar across eight HGSOC cell lines,
with little difference between BRCA-mutant (COV362, Kuramochi,
OVSAHO; average ICsy = 29.59 uM) and BRCA-WT (COV318,
OAW28, OVCAR4, OVKATE, TYK-nu; average ICs5y = 33.43 pM)
cell lines. Additionally, the BRCA2 mutant cell line COV362 had
high ICs, values in both 2D (ICso = 33.79 uM) and 3D (ICsy =
54,98 uM) models, and the BRCA-WT cell line TYK-nu had low
ICs values (2D ICsq = 28.43 uM, 3D ICs, = 27.81 uM). These results
suggest that unlike PARP inhibitors, HR repair pathway deficiencies
are not required in order to achieve a response with efavirenz treat-
ment and would argue against a dominant influence of efavirenz on
traditional PARP function.

Additionally, PARP inhibitors are highly potent molecules that bind
specifically to the catalytic domain of PARP, with ICs, values for
PARP enzyme inhibition in the nanomolar range. Olaparib has a
PARP1 ICs, value of 5 nM and a PARP2 ICs, value of 1 nM, and is
able to completely inhibit PARP1 activity at doses of 30-
100 nM.**** Similar results have been shown for other PARP inhib-
itors approved for use in ovarian cancer, such as rucaparib (PARP1
ICso = 1.4 nM***®) and niraparib (PARP1 ICso = 3.8 nM, PARP2
ICso = 2.1 nM”’). However, not surprisingly efavirenz appears to
inhibit PARP1 enzyme activity in intact cells at much higher doses.
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Both the COV362 and OVSAHO cell lines had reductions in PARP1
activity following 72 h efavirenz treatment at 45 pM (52.5% activity in
COV362, 88.6% activity in OVSAHO), while PARP1 activity in TYK-
nu was significantly reduced at a lower dose of 25 pM (36.2% activity).
These results provide evidence that efavirenz may be partially acting
through PARP enzyme inhibition.

Several in vitro studies have previously investigated the potential use
of efavirenz as a treatment for many types of cancers, including lung
cancer,'™"® leukemia,'® breast cancer,'” ** pancreatic cancer,”®!
glioblastoma,22 ovarian cancer,”> and prostate cancer.”’ However,
the anti-cancer mechanism of action of efavirenz is still not under-
stood. Several theories have been put forward to explain the cytotoxic
effects of efavirenz, including interacting with the cannabinoid sys-
tem’® or estrogen receptors, ” or targeting cancer stem cells.'® How-
ever, the current leading hypothesis is that efavirenz selectively in-
duces DNA damage and alters cell-cycle regulation in cancer cells.
Plasma-level concentrations of efavirenz (13 uM) have been shown
to activate several DNA damage response pathways, including the
ATM and p53 signaling pathways,"* as well as induce S-phase cell-cy-
cle arrest'” in in vitro studies of lung cancer. Similarly, 20 pM efavir-
enz treatment blocked progression of the cell cycle during Gy/G,
phase and increased DNA damage in ovarian cancer cell lines.””
Efavirenz has also been shown to induce apoptosis and increase
expression of DNA damage markers p53, CHK2, and YH2AX phos-
phorylation in leukemia cell lines.'®

The results from our study also support this theory of efavirenz
inducing DNA damage and altering the cell cycle. YH2AX expression
significantly increased after 72 h of efavirenz treatment in the
OVSAHO cell line and trended toward increasing in COV362 and
TYK-nu, suggesting an inhibition of DNA double-strand break repair
following treatment with efavirenz. Both CDK2 and phosphorylated
RB expression also decreased significantly in all cell lines and time
points following efavirenz treatment, with the exception of COV362
for phosphorylated RB that is RB-null.** Additionally, 35-uM and
45-pM doses of efavirenz increased the percentage of cells in sub-G1
and G1 phases of the cell cycle in all three HGSOC cell lines tested, indi-
cating that efavirenz induces cell-cycle arrest between G, and S phases,
which supports similar results reported by Marima et al."” and Perna
et al.” Efavirenz also induced apoptosis in all three HGSOC cell lines
tested in a dose-dependent manner, which may have resulted from an
accumulation of the effects of DNA damage within the cells following
treatment with efavirenz. In summary, from the results of this study we
proposed the mechanism of action of efavirenz in HGSOC is a decrease
in cell viability via a combination of mild inhibition of PARP expres-
sion and activity in intact cancer cells, increased DNA damage,
increased cell-cycle arrest, and increased apoptosis.

Molecular Therapy: Oncology

The results of this study suggest that efavirenz may be a viable treat-
ment option for HGSOC independent of HR status. Efavirenz was
identified through in silico ligand-based screening to have non-spe-
cific PARP family binding potential, and was determined to be a suit-
able candidate for repurposing based on several of the drug’s pharma-
cological features and previous studies investigating the drug’s
cytotoxicity in various other cancer types. The toxicity profile of efa-
virenz was much lower than most other drugs identified during the in
silico screen. The AIDS Clinical Trials Group 364 Study” and Study
006 reported treatment-related undesirable effects of at least mod-
erate severity reported in at least 5% of patients were rash (11.6%),
dizziness (8.5%), nausea (8.0%), headache (5.7%), and fatigue
(5.5%). Nausea was reported with a higher frequency in the control
groups. Severe neuropsychiatric symptoms occurred in 2.9% of the
HIV population. These symptoms usually resolved within 4 weeks
of commencing efavirenz (median duration 19 to 22 days) and pa-
tients with a past history of psychiatric conditions appear to be at
higher risk.”® To address this risk, history of neuropsychiatric condi-
tions and close monitoring for psychological symptoms should be
considered for inclusion in clinical trials to assess efavirenz in
HGSOC.

In vitro testing of efavirenz found that clinically relevant doses of
efavirenz inhibit cell viability and induce cell death and apoptosis
in HGSOC cell lines, with similar ICs, values obtained between
BRCA-mutant and BRCA-WT cell lines. Similar results were obtained
in more physiologically relevant models of HGSOC, including 3D
models and patient-derived organoids. Additionally, efavirenz was
found to increase the percentage of cells stalled in the cell cycle and
reduced activity of PARPI in intact HGSOC cell lines, although not
to the same extent as traditional PARP inhibitors. Investigations to
determine the binding affinity of efavirenz to PARP are required to
further explore the cytotoxic mechanism of action of efavirenz in
HGSOC and its future potential use in treatment of HGSOC.

MATERIALS AND METHODS

In silico drug target analysis

Compounds with potential for broad-spectrum PARP family binding
activity were identified using the in silico BLAZE application devel-
oped by Cresset Discovery Services UK.*' BLAZE is a ligand-based
virtual screening platform that uses the shape and electrostatic char-
acter of ligands to rapidly search large chemical collections for mole-
cules with similar properties. This method generated a preliminary
list of compounds that included approved and investigational drugs.
An in silico search against the British Pharmacopoeia was conducted
to identify compounds that had US FDA, European Medicines
Agency (EMA), or Australian Therapeutic Goods Administration
(TGA) approval for use in any indication.

Figure 4. Efavirenz inhibits PARP1 enzyme activity and cell cycle in HGSOC cell lines

HGSOC cell lines (A) COV362, (B) OVSAHO, and (C) TYK-NU were treated with efavirenz (25 uM, 35 uM, or 45 pM) for 72 h. PARP1 activity was measured using a PARP
Activity Assay, with absorbance values expressed as a percentage of DMSO vehicle control values. Data displayed is mean + SEM of triplicates. *p < 0.05 using one-way
ANOVA. HGSOC cell lines (D) COV362, (E) OVSAHO, and (F) TYK-NU were treated with efavirenz (35 uM or 45 uM) for 48 h. Cell cycle (Sub-G1, G1, S and G2) was collected

as a percentage of total cell count.
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Drugs identified during the Cresset screen were cross-referenced with
the Broad Institute PRISM Repurposing Database (https://depmap.
org/repurposing/).** Briefly, the PRISM Repurposing 19Q3 Primary
Screen involved cancer cell lines labeled with unique DNA “barcode”
sequences being treated with a single dose (2.5 uM) of 4,518 com-
pounds. After 5 days, the relative abundance of mRNA barcodes
was measured as a surrogate for cell viability compared with vehicle
control (DMSO)-treated cell lines.*” Data from the Primary Screen
Replicate Collapsed Logfold Change dataset was used to deter-
mine the average log(2) fold change in cell viability across eight
HGSOC cell lines (KURAMOCHI, OVSAHO, COV362, OVCAR4,
COV318, TYK-nu, OVKATE, and OAW28) following 2.5-uM treat-
ment with drugs identified in the initial Cresset screen. Drugs with a
negative average log(2) fold change compared with DMSO vehicle
control were filtered for further screening.

This list of approved drugs with potential to bind to the PARP
family with a negative log(2) fold change was then further filtered
using in silico advanced screening. Literature searches were con-
ducted to determine dosing, toxicities, method of delivery (using
data from PubMed, Micromedex, and MIMS), lipophilicity
(PubChem), teratogenicity (Briggs/MIMS/AUSDI), and cytotox-
icity (PubMed). Drugs were ranked based on these criteria, with
drugs that had lower doses, minimal toxicities, relevant delivery
modes (e.g., oral delivery), and previous proof of anti-cancer activ-
ity ranking higher. The two highest ranked drugs progressed to
in vitro testing.

Reduce, replace, refine statement

Reduce, Replace, Refine (RRR) the use of animals in research legisla-
tion encourages the use of advanced in vitro models to assess drug
efficacy when safety and toxicity profiles are well established and sub-
sequent animal experiments are not a requirement for FDA approval.
Here, we describe three in vitro methods used to determine efficacy of
efavirenz in HGSOC, including 2D cell lines, 3D bioprinted cell lines,
and clinically relevant patient-derived 3D organoids, collected from
HGSOC patients for the purposes of this study. Human Research
Ethics approval for the study protocol and patient information and
consent form were obtained from the South Eastern Sydney Local
Health District Human Research Ethics Committee (SESLHD
HREC, reference # 2021/ETH11975 and 19/001).

In vitro screening—2D HGSOC cell lines

Eight HGSOC cell lines were used in this study: KURAMOCHL],
OVSAHO, COV362, OVCAR4, COV318, TYK-nu, OVKATE, and
OAW?28. These cell lines were confirmed by genomic and proteomic

Molecular Therapy: Oncology

profiling to be representative of HGSOC.*” The BRCA and TP53 sta-
tus of each cell line has previously been described.”**

Three cell lines were selected for further testing as representative models
of HGSOC: TYK-nu*’ (wild-type BRCA1/2; cat. #JCRB0234.0, Japanese
Cell Resource Bank [JCRB]), COV362** (BRCAI c.2611_2612insl
[p.P871fs], and c.4095 + 1 G>T; cat. #07071910, European Collection
of Authenticated Cell Cultures [ECACC]) and OVSAHO (BRCA2 sin-
gle copy deletion; cat. #/ CRB1046, JCRB, Figure S3). All cell lines were
distributed by CellBank Australia (Westmead, New South Wales,
Australia).

Cells were cultured in either RPMI1640 (cat. #42402016, Thermo Fisher
Scientific, Mulgrave, VIC, Australia) plus 10% fetal bovine serum (FBS;
cat. #SFBS-AU, AusGeneX, Molendinar, QLD, Australia) (OVSAHO)
or DMEM (cat. # 11965118, Thermo Fisher Scientific, Mulgrave,
VIC, Australia) plus 10% FBS (COV362) or EMEM (cat. #11095098,
Thermo Fisher Scientific, Mulgrave, VIC, Australia) (TYK-nu) plus
10% FBS at 37°C in a humidified 5% CO, atmosphere. Cell line authen-
tication was undertaken by the Australian Genome Research Facility
(AGRF) (Melbourne, Australia) as previously described.*> Mycoplasma
testing was conducted using the MycoAlert Mycoplasma Detection Kit
(cat. #LT07-318, LONZA, Walkersville, MD, USA).

In vitro screening—3D bioprinted HGSOC cell lines

3D in vitro HGSOC models were created using the RASTRUM
3D bioprinter (Inventia Life Science, Sydney, Australia), using the
proprietary PEG-based bioinks with tripeptide arginine-glycine-
aspartic acid (RGD) biofunctionalization and 3 kPa stiffness
(Px03.03P; Inventia Life Sciences). COV362, OVSAHO, and TYK-
nu cells were bioprinted as a “large plug” model at a cell density of
6.25 x 10° cells/mL encapsulated in the biofunctionalized hydrogel
on top of an inert hydrogel base in 96-well tissue culture treated,
low evaporation plates (cat. #CLS3595, Sigma-Aldrich Pty. Ltd., Syd-
ney, NSW, Australia). Bioprinted cells were allowed to form 3D struc-
tures for 5 days (TYK-nu) or 10 days (COV362 and OVSAHO) at
37°C and 5% CO, before addition of efavirenz or DMSO vehicle as
per conditions for the determination of LCs levels in 2D.

In vitro screening—Patient-derived 3D organoid model

Ovarian cancer tissue and ascites fluids were obtained from tumor
resection, debulking, or drainage of ascites at the Royal Hospital for
Women, Sydney, Australia. Ethics approval was obtained from the
South Eastern Sydney Local Health District Human Research Com-
mittee (SESLHD HREC, reference # 2021/ETH11975 and 19/001).
For the organoid culture, tissue samples were cut into small pieces

Figure 5. Protein levels of DNA damage and cell cycle proteins following treatment with efavirenz

Cell lines (A) COV362, (B) OVSAHO, and (C) TYK-nu were treated with O, 25, 35, or 45 uM efavirenz for 48 or 72 h and underwent immunoblotting for PARP1, PARP2,
v-H2AX, CDK2, phosphor-RB, and GAPDH. Representative immunoblots are shown. Quantitative analyses were performed using data from three replicates relative to
GAPDH, and then normalizing these data for each sample to a gel average. (D) PARP1 levels in i) COV362, ii) OVSAHO, and iii) TYK-nu. (E) PARP2 levels in i) COV362, ii)
OVSAHO, and iii) TYK-nu. (F) yH2AX levels in i) COV362, i) OVSAHO, and i) TYK-nu. (G) CDK2 levels in i) COV362, i) OVSAHO, and iii) TYK-nu. (H) Phosphor-RB levels in i)
OVSAHO and i) TYK-nu. COV362 is null for phosphor-RB. Data displayed is mean + SEM of triplicates. Statistical analyses were performed using a one-way ANOVA with

Tukey’s post hoc test for multiple comparisons, *p < 0.05, **p < 0.005.

10 Molecular Therapy: Oncology Vol. 32 December 2024


https://depmap.org/repurposing/
https://depmap.org/repurposing/

www.moleculartherapy.org

DMSO 25 uM Efavirenz
A — 1200 TYK-nu B ¥ k3 v

>g 1004 &% & 5

£5 w )

32 :

e \ 2

T = 40

38 » \ -

= 204 \

°

5 1 2 4 8 16 32 64 128
Efavirenz (uM)
- COV362

— e

h

\

50 uM Efavirena-

3 8 8

Cell viability
(% DMSO control)
o 8 8 3
COov362

5 1 4 4 8 16 32 64 128
Efavirenz (uM)

.| 100 UM Efavirenz

Figure 6. HGSOC cell lines treated with efavirenz in
3D culture models

(A) Efavirenz dose response in TYK-nu, COV362, and
OVSAHO in 3D cell cultures. Data displayed are mean =
SD of three independent experiments. (B) Representative
maximum  Z-projection images of LIVE/DEAD viability
staining after 72 h efavirenz or DMSO vehicle control
exposure in TYK-nu, COV362, and OVSAHO cell lines
grown as 3D bioprinted models. Green = live, red =
dead. Scale bar, 200 um. (C) Cell viability (ICso values)
for bioprinted cell lines treated with efavirenz grown in
3D. ICs0, inhibitory concentration 50; Cl, confidence
interval; An/a, not available, unable to be determined.
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COoV362 54.98 nla* - 59.82 The cells were treated with increasing concen-
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and dissociated with collagenase IV (cat. # 17104019, Thermo Fisher
Scientific, Mulgrave, VIC, Australia) and mechanical trituration.
Clusters of tumor cells (“spheroids”) were isolated from ascites fluid,
as described previously.* Isolated cells were then embedded in 70%
Matrigel/30% defined medium (cat. #356231, Corning, Glendale,
AZ,USA) and cultured in the defined medium (Table S1). Organoids
applied in the downstream analyses were processed and sectioned as
formalin-fixed paraffin-embedded (FFPE) slides for histological
confirmation of HGSOC markers by NSW Health Pathology diag-
nostic services. Hematoxylin and eosin (H&E) staining as well
as immunohistochemistry (IHC) staining of HGSOC markers
including p53 (Leica, DO7, 1:200), PAX8 (Biocare Medical, BC12,
1:100), and WT1 (Cell Marque, 6F-H2, 1:500) was performed in or-
ganoids and corresponding tumor tissue. Short-term passages of or-
ganoids (up to passage 2) were used in this study.

Efavirenz treatment

Stock solutions of efavirenz (HY-10572 MedChemExpress, NJ, USA)
were dissolved in dimethyl sulfoxide (DMSO) at 100 mM and stored
at —80°C. Efavirenz was further diluted in cell culture media to
desired concentrations for use in treatments.

Cell viability assays

HGSOC cell lines were seeded into 96-well plates in triplicate wells and
incubated for 24 h before treatment was added. The seeding densities
of all cell lines were as follows: KURAMOCHI (4,000 cells/well);
OVSAHO, COV318, and TYK-nu (3,000 cells/well); COV362 and
OVKATE (5,000 cells/well); OVCAR4 and OAW28 (2,500 cells/well).

Serial 2-fold dilutions of efavirenz were performed to establish a dose-
response curve from seven different concentrations (1.5625, 3.125,

for 72 h. After the 72-h treatment, cell viability
was assessed using either MTT or MTS assay.
For the MTT assay, MTT (cat. #M6494, Thermo Fisher Scientific,
MA, USA) was added to a final concentration of 400 pg/mL. The cells
were incubated for 3 h for the formation of formazan. The media con-
taining the MTT was then removed, and the formazan crystals were
solubilized in DMSO. The absorbance value of the dye was measured
at 570 nm with a microplate reader (BMG LABTECH, Mornington,
Victoria, Australia). Each experiment was performed in triplicate
and repeated three times, with data reported as the mean + SEM.
The ICs, values (concentration of drug which causes 50% reduction
in cell viability) were calculated using GraphPad Prism version 10
(GraphPad Software, San Diego, CA, USA). A non-linear regression
curve was fitted to the data and ICsy concentrations were
extrapolated.

For the MTS assay, cells were seeded into 96-well plates (COV362
5,000 cells/well; OVSAHO 5,000 cells/well; TYK-nu 2,500 cells/
well), allowed to plate overnight, and treated with efavirenz (0.78-
100 uM with 2-fold dilutions; cat. #HY-10572, MedChemExpress,
Monmouth Junction, NJ, USA) or DMSO vehicle control (cat.
#D2650, Sigma-Aldrich Pty. Ltd., Sydney, NSW, Australia) for 72 h
before being assessed for cell viability using the CellTiter 96 AQueous
One Solution Cell Proliferation Assay (cat. #G3581, Promega, Madi-
son, USA). Each experiment was performed in triplicate and repeated
three times, with data reported as the mean + SEM. Relative lethal
concentration 50 (LCso) was calculated using GraphPad Prism
version 9.4.1 for Windows (GraphPad Software, San Diego, CA,
USA). A non-linear regression curve was fitted to the data and
LCso concentrations extrapolated.47

For 3D bioprinted cell lines and patient-derived organoids, cell
viability was measured 72 h after the addition of efavirenz using the
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Figure 7. Ovarian cancer patient-derived 3D organoids treated with efavirenz
(A) Efavirenz dose response and estimated ICsq in four organoids. Error bars represent standard deviation for n = 3 technical replicates. (B) Representative images of or-

ganoids treated with efavirenz at the dose close to ICso or DMSO vehicle control after 72 h. Arrows point out representative organoids. Scale bar, 200 um. (C) Demographic
and clinicopathological characteristics of patient-derived xenografts.
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CellTiter-Glo-3D viability assay (cat. #G9681; Promega, Madison,
USA) as per the manufacturer’s instructions in triplicate wells
repeated in three independent experiments. Cell viability with efavir-
enz treatment was expressed as a percentage of DMSO vehicle control
and relative lethal concentration 50 (LCs,) values were calculated us-
ing a non-linear regression in GraphPad as described above.

To visualize the distribution of live and dead cells within the bio-
functionalized hydrogel in response to efavirenz, in situ fluorescent
viability staining using the LIVE/DEAD Viability/Cytotoxicity Kit
for mammalian cells (cat. #L3224, Invitrogen, Thermo Fisher Scien-
tific, Mulgrave, VIC, Australia) was performed. Briefly, media was
removed and each well was washed twice with 1x phosphate-buffered
saline. The kit’s staining cocktail was prepared and added to each well
as per the manufacturer’s instructions for 30 min at 37°C protected
from light. Wells were further washed with 1x phosphate-buffered sa-
line prior to imaging and digital images were captured using a 10x
objective on an STELLARIS confocal microscope (Leica Microsys-
tems Pty. Ltd., Macquarie Park, NSW, Australia) at focal distances
of 5uM combined to generate a composite image.

Live-cell imaging assays

Three HGSOC cell lines (COV362, OVSAHO, and TYK-nu) were
seeded into 96-well plates (COV362 5,000 cells/well; OVSAHO
3,000 cells/well; TYK-nu 3,000 cells/well) in triplicate wells and incu-
bated for 24 h. At 24 h, cells were treated with either DMSO vehicle
control or the minimum, maximum, or mean ICs, dose of efavirenz
obtained from the MTT assay (25 uM, 35 uM, and 45 uM). Cytotox
Green (cat. #4633, Sartorius, Gottingen, Germany; final concentra-
tion of 2.5 nM) and Annexin Red (cat. #4641, Sartorius, Gottingen,
Germany; final concentration of 1:400 of the reagent stock concentra-
tion) were also added at 24 h, as per manufacturer’s protocol (Sarto-
rius, Gottingen, Germany).

The wells were then imaged using the IncuCyte ZOOM high-
throughput live-imaging system (Sartorius, Gottingen, Germany) at
10x objective using the green and red channels (triplicate wells per
treatment condition, four images per well). Phase contrast and dual-
colour fluorescence images (excitation/emission settings; green 440-
480/504-544 nm, red 565-605/625-705 nm, with spectral unmixing
set as 8% of red removed from green) were collected for all experiments
every 6 h for 7 days. The average live, dead (green fluorescence) and
apoptotic (red fluorescence) cell count was determined from the repli-
cated wells and data was expressed as mean (green or red) confluence
per mm” + SEM. The relative cell death and apoptosis was obtained
by dividing the green or red fluorescence confluence area over the phase
confluence area. The processing definitions for analyzing the conflu-
ences of phase and green and red fluorescence are described in Table S2.

Clonogenic cell survival assays

Cells were seeded into six-well plates at a density of 1,000 cells/well for
OVSAHO and TYK-nu, and then treated with efavirenz (5.4-40 uM
with 1.25-fold dilutions) for 14 days. For COV362, 500 cells/well were
seeded into 6-well plates and treated with efavirenz for 9 days. After

drug treatment, cells were fixed with 100% methanol for 20 min,
rinsed briefly with water and stained with 0.25% w/v crystal violet
in 25% v/v methanol for 5 min.** Colonies were counted using the
GelCount imager (Oxford Optronix, Abingdon, England) and plating
efficiency (PE) and surviving fraction (SF) determined.*’

PARP activity assay

Levels of PARP1 enzyme activity in three HGSOC cell lines (COV 362,
OVSAHO, and TYK-nu) were measured using a PARP/Apoptosis
Universal Colorimetric Assay (cat. #4677-096-K, R&D Systems, Min-
neapolis, MN, USA) as per the manufacturer’s protocol. Briefly, cell
pellets were collected after 72 h of treatment with efavirenz (25 uM,
35 uM, or 45 pM) or DMSO vehicle control, and the amount of pro-
tein was quantified using the Qubit Protein Assay Kit (cat. #33211,
Thermo Fisher Scientific, MA, USA). Cell lysates containing 20 pg
protein were loaded into histone-coated wells and incubated for an
hour. Following further incubations with horseradish peroxidase
conjugated streptavidin (strep-HRP) and the HRP substrate TACS-
Sapphire, the reaction was stopped by adding 50 pL 0.2M HCI to
each well and the plate was read at 450 nm with a microplate reader
(BMG Labtech, Ortenberg, Germany).

Cell-cycle analysis

To determine the effect of efavirenz on cell-cycle distribution in stud-
ied cancer cells, a flow cytometry-based analysis was performed after
staining the untreated and treated with 25, 35, or 45 uM efavirenz for
48 and 72 h, with propidium iodide (PI) solution. Briefly, 6 x 10* cells/
well were seeded in 3 mL of medium per well in six-well plates. After
overnight incubation at 37°C in 5% CO,, the cells were incubated with
efavirenz for specified time points. The medium-containing cells were
then taken out from the wells and transferred to FACS tubes. Cells
were then pelleted by centrifugation at 300 x g for 5 min. Afterward,
cells were fixed by using 70% (v/v) ice-cold ethanol for 15 min and then
again pelleted by centrifugation (300 X g for 5 min). Finally, the cells
were incubated with 200 puL of PI staining solution (50 pg/mL PI, 0.1%
sodium citrate, 0.1 mg/mL RNase A, and 0.1% Triton X-100) for 1.5 h
at room temperature in the dark. After the incubation period, the cells
were analyzed using a CytoFLEX flow cytometer (Beckman Coulter
Inc., Brea, CA, USA). CytExpert software version 2.1 was used for
data analysis and graph preparation.

Western blots

COV362, OVSAHO, and TYK-nu cells were treated with 25, 35, or
45 pM efavirenz for 48 and 72 h, and protein extracted using urea
buffer as previously described.*” Extracts were sonicated for 15 s fol-
lowed by denaturation at 95°C for 5 min, and 7.5 pg of each sample
was separated on a 4%-12% Bis-Tris gel (cat. #NP0336BOX, Life
Technologies, Thornton, NSW, Australia) at 180 V for 1 h prior to
being transferred to nitrocellulose membrane (cat. #10600016,
Sigma-Aldrich, St. Louis, MO, United States) for 1.5 h using a wet
transfer system (Bio-Rad, CA, United Sates). Nitrocellulose mem-
branes were blocked with 50% (v/v) Intercept Blocking Buffer/TBS
(cat. #927-60001, LI-COR Bioscience, Lincoln, NE, USA) and incu-
bated overnight at 4°C with primary antibodies of interest. The
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following primary antibodies were sourced from Thermofisher Scien-
tific (Mulgrave, VIC, Australia): PARP1 (cat. #436400), PARP2 (cat.
#MAS5-38149), phospho-Histone H2A.X (Ser139) (cat. #MA1-2022)
and CDK2 (cat. #MA5-17052). Further primary antibodies were
sourced from Cell Signaling Technology (Danvers, MA, USA): phos-
pho-RB (Ser780) (cat. #8180S) and GAPDH (14C10) (cat. #2118).
Membranes were probed with the following appropriate species-spe-
cific near-infrared (NIR) fluorescent secondary antibodies: IRDye
800CW Donkey anti-Mouse IgG (cat. #LCR-926-32212) or IRDye
680RD Donkey anti-Rabbit (cat. #LCR-926-68073 from LI-COR
Bioscience (Lincoln, NE, USA) for 1 h at room temperature and
fluorescent signals visualized on the Odyssey CLx imaging system
(LI-COR Bioscience, Lincoln, NE, USA). ImageStudio software
version 5.2 (LI-COR Bioscience) was used for protein quantitation.

Statistical analysis

Statistical analyses were undertaken using IBM SPSS software version
28.0 (SPSS Australasia Pty Ltd., Chatswood, NSW, Australia).
Results are expressed as the mean + SEM from three replicate exper-
iments. IncuCyte live-cell assay data was compared using a one-way
ANOVA with Tukey’s post hoc test for multiple comparisons between
drug doses at 168 h in cell lines. PARP1 enzyme activity data were
compared using a one-way ANOVA with Tukey’s post hoc test for
multiple comparisons between drug doses at 72 h in cell lines. Immu-
noblotting data were compared using a one-way ANOVA with Tu-
key’s post hoc test for multiple comparisons within drug doses at
either 48 or 72 h in cell lines. Differences were considered to be sta-
tistically significant when p < 0.05.
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