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Acquisition of taxane resistance by p53 inactivation in ovarian

cancer cells
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Ovarian cancer is one of the most common gynecologic malignancies in women and has a poor prognosis. Taxanes are a class of
standard first-line chemotherapeutic agents for the treatment of ovarian cancer. However, tumor-intrinsic and acquired resistance
to taxanes poses major challenges to improving clinical outcomes. Hence, there is an urgent clinical need to understand the
mechanisms of resistance in order to discover potential biomarkers and therapeutic strategies to increase taxane sensitivity in
ovarian cancer. Here, we report the identification of an association between the TP53 status and taxane sensitivity in ovarian cancer
cells through complementary experimental and informatics approaches. We found that TP53 inactivation is associated with taxane
resistance in ovarian cancer cells, supported by the evidence from (i) drug sensitivity profiling with bioinformatic analysis of large-
scale cancer therapeutic response and genomic datasets and (ii) gene signature identification based on experimental isogenic cell
line models. Further, our studies revealed TP53-dependent gene expression patterns, such as overexpression of ACSM3, as potential
predictive biomarkers of taxane resistance in ovarian cancer. The TP53-dependent hyperactivation of the WNT/B-catenin pathway
discovered herein revealed a potential vulnerability to exploit in developing combination therapeutic strategies. Identification of

this genotype-phenotype relationship between the TP53 status and taxane sensitivity sheds light on TP53-directed patient
stratification and therapeutic discoveries for ovarian cancer treatment.
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INTRODUCTION

Epithelial ovarian cancer (OC) is one of the most common ovarian
malignancies and is the leading cause of mortality from
gynecologic malignancies in the United States [1]. The asympto-
matic nature of OC at early stages leads to poor prognosis and
clinical outcomes [2]. Debulking surgery and systemic chemother-
apy with cytotoxic agents are first-line standards of care for
patients with advanced OC. However, because of the relapse rate
of approximately 70%, it is an urgent but daunting task to improve
the therapeutic benefit of OC treatments [3].

Taxanes, such as paclitaxel and docetaxel, are a class of
diterpene compounds that are widely used as chemotherapeutic
agents in OC treatment [3-5]. The primary mode of action of
taxanes is to act as a molecular glue to hyperstabilize
microtubules [6]. The antitumor activity of taxanes has been
attributed to their interference with microtubule homeostasis,
which is essential for cell cycle and DNA replication processes
during mitosis [7, 8]. However, resistance to and relapse on
taxanes have frequently been observed and significantly limit the
impact of taxane-based therapeutic strategies for OC [9, 10].

The molecular mechanisms underlying taxane resistance have
been explored across multiple tumor lineages in cancer cell line

models [10-12]. Various mechanisms of resistance have been
reported, such as overexpression of the multidrug transporter P-
glycoprotein, aberrant drug metabolism, decreased sensitivity to
death-inducing stimuli, and acquired mutations in the drug target
[13-15]. However, predictive biomarkers of taxane sensitivity and
combination therapeutic strategies remain to be developed.

Tumor protein 53 (TP53) is a well-known tumor suppressor that
governs DNA repair and chromosomal integrity to keep DNA
replication during mitosis in check [16, 17]. TP53-inactivating
mutations have frequently been observed in many tumor types,
including OC [18]. Given the important role of TP53 as a guardian
of the genome, it is expected that the TP53 status is correlated
with the response of cancer cells to taxane-based chemotherapy,
which results in massive DNA damage and cellular stress [19].
However, the relationship between the TP53 status and taxane
sensitivity is paradoxical and highly context-dependent [19-25],
and delineation in a specific tumor context may be beneficial to
tease apart the seemingly paradoxical correlations and identify
tumor molecular subtypes suitable for targeted therapy.

Herein, to delineate the genotype-phenotype relationship
between TP53 and taxane in the context of OC, we performed
focused pharmacological studies using experimental isogenic
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cancer cell line models coupled with unbiased bioinformatics
analysis of a vast cellular therapeutic response and cancer
genomic dataset. Our results have suggested that TP53 inactiva-
tion signatures are potential predictive biomarkers of taxane
sensitivity and reveal TP53-dependent therapeutic vulnerabilities
informing actionable combinatorial strategies.

MATERIALS AND METHODS

Cell lines

HEK293T embryonic kidney cells were purchased from American
Type Culture Collection (ATCC) (Manassas, Virginia, USA) and
cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Milli-
pore Sigma, Cat# 10-013-CV) (Burlington, Massachusetts, USA)
supplemented with 10% fetal bovine serum (FBS) (Millipore Sigma,
Cat# F0926) and 1x penicillin/streptomycin solution (Millipore
Sigma, Cat# 30-001-Cl). SKOV3 ovarian cancer cells were
purchased from ATCC and cultured in McCoy’s 5A (modified)
medium (Thermo Fisher, Cat# 16600108) (Waltham, Massachu-
setts, USA) supplemented with 10% FBS and 1x penicillin/
streptomycin solution. Cells were cultured in a humidified
incubator at 37°C in 5% CO,. Between passages, cells were
washed with 1x PBS (Millipore Sigma, Cat# 21-040-CV) and were
then detached by 0.25% trypsin with ethylenediaminetetraacetic
acid (EDTA) (VWR, Cat# 45000-664)(Radnor, Pennsylvania,
USA). All experiments were performed before passage 15. Cells
were checked regularly for mycoplasma contamination by a
MycoAlert Detection Kit (Lonza, Cat# LT07-318) (Quakertown,
Pennsylvania, USA).

Analysis of differentially expressed genes (DEGs) associated with
paclitaxel and docetaxel sensitivity

Differentially expressed gene (DEG) analysis was conducted with
the limma package in R Studio as previously described [26, 27].
Briefly, according to the area under the curve (AUC) value of either
paclitaxel or docetaxel from the CTRP database [28], the CCLE
ovarian tissue samples were divided into 2 groups: a resistant
group with high AUC values and a sensitive group with low
AUC values. Genes with |log2FC|>1 and P-value <0.05 were
considered significantly upregulated or downregulated. All DEGs
were visualized in a heatmap using the pheatmap package in R
Studio.

Gene Set Enrichment Analysis (GSEA)

GSEA analyses were performed as described previously [27].
Briefly, the GSEABase package in R Studio was used to score the
indicated gene sets from the hallmark molecular signature
database as the reference gene sets. The rank of genes in
the indicated pathways was used in accordance with the
differential expression within either the resistance vs. sensitive
or high expression vs. low expression groups. The normalized
enrichment score (NES) was calculated to reflect the degree to
which a set of genes was overrepresented at the extrema (top
or bottom) across the entire ranked list. All GSEA analyses were
performed strictly according to the instructions (https://www.
bioconductor.org/packages/release/bioc/vignettes/GSEABase/
inst/doc/GSEABase.pdf). For statistical significance, gene sets
with |[NES | > 1 and both a P value and false discovery rate (FDR)
<0.05 were considered significantly enriched. To gain more
insight into the function of ACSM3, the TCGA OV database was
downloaded from the GDC portal. All ovarian cancer samples
were ranked according to the expression of ACSM3; DEGs were
identified using the limma package in R Studio, and GSEA was
then performed as described above.

Plasmids

Mammalian expression plasmids for TP53(WT) and TP53 mutants
were generated as described previously [29]. TP53 mutations
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were introduced using a QuikChange Lightning Site-Directed
Mutagenesis Kit (Agilent Technologies, Cat# 210518)(Santa Clara,
California, USA). TP53(WT) and mutant cDNA sequences were
cloned into the pHAGE lentiviral vector (a generous gift from Dr.
Yiu Huen Tsang, Oregon Health & Science University) for lentiviral
packaging. All plasmids were confirmed by FastDigest Bsp1407I
(Thermo Scientific, Cat# FD0934) enzyme digestion and gene
sequencing (GENEWIZ Sanger sequencing service)(South Plain-
field, New Jersey, USA). The plasmids were purified using a
QlAprep Spin Miniprep Kit (QIAGEN, Cat# 27106)(Germantown,
Maryland, USA) or ZymoPURE™ Plasmid Maxiprep Kit (Zymo
Research, Cat# D4203)(Irvine, California, USA).

Gene transfection

HEK293T cells at a confluence of 30%-40% were transfected with
expression plasmids using 1mg/mL polyethyleneimine (PEIl)
(Polysciences, Cat# 23966)(Warrington, Pennsylvania, USA) trans-
fection reagent. A ratio of 3 uL of transfection reagent to 1 ug of
plasmid DNA in a volume of 100 uL of Opti-MEM reduced-serum
medium (Thermo Fisher, Cat# 31985070) was utilized for plasmid
delivery. Transfection of SKOV3 cells was performed using FUGENE
transfection reagent (Promega, Cat# E2312)(Madison, Wisconsin,
USA) following the manufacturer’s instructions. The expression of
transfected genes was monitored by Western blotting with the
corresponding antibodies.

Reagents

Paclitaxel (Selleckchem, Cat# S1150)(Houston, Texas, USA), doc-
etaxel (Selleckchem, Cat# S1148), XAV939 (Cayman Chemical,
Cat# 13596)(Ann Arbor, Michigan, USA), ICG001 (Cayman Chemi-
cal, Cat# 16257) and H151 (Cayman Chemical, Cat# 25857)
were dissolved in dimethyl sulfoxide (Millipore Sigma, Cat#
D2650-100 mL) and stored at —20°C. WNT3A (R&D Systems,
Cat# 5036-WN-010)(Minneapolis, Minnesota, USA) was dissolved in
sterile PBS containing 0.1% bovine serum albumin (BSA) (Millipore
Sigma, Cat# A9647) and stored at —80 °C.

Antibodies

Antibodies specific for the following proteins were used for
immunoblotting: B-actin (Millipore Sigma, Cat# A5441, 1:5000
dilution), STING (Cell Signaling Technology, Cat# 13647, 1:1000
dilution)(Danvers, Massachusetts, USA), TBK1 (Cell Signaling
Technology, Cat# 3504, 1:1000 dilution), phospho-TBK1 (S172)
(Cell Signaling Technology, Cat# 5483, 1:1000 dilution), IRF3
(Abcam, Cat# ab68481, 1:1000 dilution)(Waltham, Massachusetts,
USA), phospho-IRF3 (5386) (Abcam, Cat# 76493, 1:1000 dilution),
ACSM3 (Santa Cruz Biotechnology, Cat# sc-377173, 1:400 dilution)
(Dallas, Texas, USA), p53 (Cell Signaling Technology, Cat# 9282,
1:1000 dilution), anti-mouse IgG-HRP (Jackson ImmunoResearch,
Cat# 115-035-003, 1:5000 dilution)(West Grove, Pennsylvania,
USA) and anti-rabbit 1gG-HRP (Jackson ImmunoResearch, Cati#
111-035-003, 1:5000 dilution).

Immunoblotting (Western blotting)

Cells were lysed in 1% NP-40 lysis buffer (1% NP-40, 20 mM Tris-
HCl, 150 mM NaCl, 5% glycerol and 2 mM EDTA) containing freshly
added protease inhibitor cocktail (Millipore Sigma, Cat# P8340),
phosphatase inhibitor cocktail 2 (Millipore Sigma, Cat# P5726) and
phosphatase inhibitor cocktail 3 (Millipore Sigma, Cat# P0044).
Protein concentrations were measured by a BCA protein assay
(Thermo Fisher, Cat# 23227) following the manufacturer’s proto-
col. Proteins were heated for 5 min at 95 °C in 2x Laemmli buffer
containing 200 mM DTT (Thermo Fisher, Cat# R0862). Alternatively,
cells were directly lysed in 2x Laemmli buffer containing 200 mM
DTT and heated for 30 min at 95 °C. Proteins were loaded on a
10% SDS-polyacrylamide gel and separated at a constant voltage
of 150V for 50 min using a Bio—Rad Mini-PROTEAN Tetra Cell.
Proteins were then transferred from the gel to nitrocellulose
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membranes (Bio-Rad, Cat# 1620112) (Berkeley, California, USA)
using a Bio-Rad Mini Trans-Blot® Cell. The transfer system was
operated at a constant voltage of 100V for 120 min. Successful
protein transfer was confirmed by checking protein markers
(Thermo Fisher, Cat# 26616). Membranes were blocked with 5%
nonfat milk in 1x TBS-T (20mM Tris base, 150 mM sodium
chloride, and 0.05% Tween 20; pH 7.6), except the membrane
containing pIRF3-5386, which was blocked with 5% BSA in 1x TBS-
T at room temperature for 1 h before overnight incubation at 4 °C
with primary antibodies diluted in 1x TBS-T. After washing in 1x
TBS-T three times for 10min each at room temperature,
membranes were incubated for 1h at room temperature with
HRP-conjugated secondary antibodies diluted in 1x TBS-T.
Membranes were washed three times in 1x TBS-T, and Super-
Signal™ West Pico PLUS Chemiluminescent Substrate (Thermo
Fisher, Cat# 34580) was used to visualize immunoreactions in a
Bio—Rad ChemiDoc Imaging System.

Quantitative real-time PCR (QRT-PCR)

Total RNA was isolated from cell lysates using an E.Z.N.A.® Total
RNA Kit | (Omega, Cat# R6834-01)(Norcross, Georgia, USA) and
digested with DNase | (Thermo Fisher, Cat# 18068-015). RNA
concentrations were measured with an Epoch Microplate Spectro-
photometer (BioTek, Santa Clara, California, USA). One microgram
of total RNA was used for cDNA synthesis with a SuperScript™ IlI
First-Strand Synthesis System (Thermo Fisher, Cat# 18080051)
following the manufacturer’s instructions. ¢cDNA was diluted
1:5~1:10 in nuclease-free water, and qRT-PCR was performed using
SYBR Green Supermix (Bio-Rad, Cat# 1725272) in a Mastercycler®
RealPlex PCR System (Eppendorf, Enfield, Connecticut, USA). The
following thermal cycling conditions were used for amplification of
IFN-B: first step, 50 °C for 2; second step, 95 °C for 10’; third step, 40
cycles at 94 °C for 10”, 59 °C for 30”, 72 °C for 45" and 75 °C for 29”;
fourth step, dissociation step [30]. For amplification of all other
genes, the following thermal cycling conditions were used: first
step, 95 °C for 2/; second step, 40 cycles at 95 °C for 15", 60 °C for
15" and 72 °C for 20”; third step, dissociation step. RNA expression
was normalized to GAPDH expression. The data were subjected to
comparative analysis of relative expression by the 2AA% method.
All primers were ordered from Eurofins Genomics LLC. (Louisville,
Kentucky, USA). The sequences of the primers used to amplify each
gene were as follows: GAPDH (for: GAAGGTGAAGGTCGGAGT, rev:
GAAGATGGTGATGGGATTTC), IFIT1 (for: TTGATGACGATGAAATGCC
TGA, rev: CAGGTCACCAGACTCCTCAQ), IFNB (for: CGCCGCATTGACC
ATCTA, rev: GACATTAGCCAGGAGGTTCTCA), CXCL10 (for: GTGGCA
TTCAAGGAGTACCTC, rev: TGATGGCCTTCGATTCTGGATT), ACSM3
(for: AGGAAGATGCTACGTCATGCC, rev: ATCCCCAGTTTGAAGTCCT
GT), B-Catenin (for: TCTCCTCAGATGGTGTCTGCT, rev: TTACCCAAG
CATTTTCACCAG), AXIN2 (for: ACAACAGCATTGTCTCCAAGCAGC, rev:
GCGCCTGGTCAAACATGATGGAT), MMP7 (for: GGGATTAACTTCCTG
TATGC, rev: GATCTCCATTTCCATAGGTTG), and PCNA (for: GCGTGA
ACCTCACCAGTATGT, rev: TCTTCGGCCCTTAGTGTAATGAT).

Transcriptome (RNA-seq) analysis

The transcriptomes of SKOV3 TP53 isogenic cells were analyzed by
mRNA sequencing (Novogene Corporation Inc, Sacramento,
California, USA) using Illumina TruSeq technology. Briefly, total
RNA from SKOV3 cells was isolated from cell lysates using an E.Z.N.
A.® Total RNA Kit I. RNA sequence reads were aligned to the
human reference genome (GRCh38). Genes were considered to be
significantly up- or downregulated when the adjusted P value was
<0.05. Gene ontology enrichment analysis was performed at
Metascape [31]

shRNA knockdown

To knock down endogenous human ACSM3, shRNAs were
purchased from a commercial source, namely, the MISSION shRNA
library (Millipore Sigma). The information for each shRNA was as
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follows: ACSM3-shRNA1, TRCN0000083241; ACSM3-shRNA2: TRCN
0000419608. A nontargeting shRNA (Millipore Sigma, Cat# SHC
016-1EA) was used as the control. shRNAs were packaged into
lentiviruses and transduced into target cells. For transduction,
target cells were incubated with lentivirus-containing super-
natants for 48 h and were then selected with the appropriate
concentration (2 pg/mL) of puromycin (InVivoGene, Cat# ant-pr-1)
(San Diego, California, USA). The targeting efficiency was evaluated
by immunoblotting.

Generation of lentiviral particles

HEK293T cells (5x 10°) were seeded into a 6-well plate and
transfected using PEI transfection reagent with 2mg of the
lentiviral expression vector together with 1.6 mg of pCMV-dR8.91
and 0.66 mg of pCMV-VSVG (a generous gift from Emory
University Viral Vector Core). After 48 to 72 h of transfection, the
medium containing lentiviral particles was collected and centri-
fuged at 4°C and 3000 r/min for 15 min. Then, the medium was
filtered through a 0.45mM PVDF filter (Millipore Sigma, Cat#
SLHV033RS) and stored at —80 °C.

Cell viability assay

Cell viability was measured by CellTiter-Blue reagent (Promega,
Cat# G8081) following the manufacturer’s protocol, as previously
described [32]. Briefly, CellTiter-Blue was added to each well and
incubated until the signal increased to the linear range. The
fluorescence intensity of each well was measured in a PHERAstar
FSX multimode plate reader (Ex 545nm, Em 615nm; BMG
LABTECH)(Cary, North Carolina, USA). Wells containing medium
alone were used as blank controls for background correction.

Colony formation assay

The colony formation assay was performed as we described
previously [27]. Briefly, cells (in suspension) were plated in 6-well
plates at a density of 2000~4000 cells per well. On the second day,
cells were treated with DMSO or 2.5 nM paclitaxel. Every 3 days,
the medium was replaced with fresh medium containing the
corresponding agent. After a 15-day treatment, the medium was
removed, and cell colonies were stained with crystal violet. Images
were acquired using a ChemiDoc Touch Imaging System
(Bio-Rad), and colony areas were quantified using the Image)
Colony Area plugin [33].

IncuCyte-based apoptosis assay

Cells were seeded in 96-well plates (Millipore Sigma, Cat# 3603) or
384-well plates (Millipore Sigma, Cat# 3764) overnight. The next
day, medium with the indicated agents and IncuCyte® Caspase-3/
7 Green Dye (Sartorius, Cat# 4440; 1:1000 dilution, final
concentration of 5uM)(Ann Arbor, Michigan, USA) was added.
The plates were put into an IncuCyte® S3 Live-Cell Analysis
System. Cells were then subjected to phase contrast and green
fluorescence imaging every 2 h. The results were analyzed by the
corresponding software.

Luciferase reporter assay

SKOV3 cells were seeded in 6-well plates. The next day, the cells
were transfected with VF plasmids along with the firefly luciferase
TCF/LEF plasmid (Promega, Cat# E4611) and Renilla luciferase
plasmid, which served as the internal control. Cells were treated
with either WNT3A (R&D Systems, Cat# 5036-WN-010) or PBS
containing 0.1% BSA as the control, as indicated, before collection.
Then, cells were collected and resuspended in PBS. Twenty
microliters of the cell suspension was transferred to a 384-well
plate (Millipore Sigma, Cat# 3705), and a TCF/LEF reporter assay
was performed using a Dual-Glo luciferase kit (Promega, Cat#
E2920) following the manufacturer’s instructions. The firefly
luciferase signal was normalized to the control Renilla luciferase
signal.
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Fig. 1 Identification of the association between taxane resistance and TP53 inactivation in ovarian cancer cells. a-b Dose-response curve
of isogenic SKOV3 cells in response to paclitaxel (a) and docetaxel (b). Parental SKOV3 cells with TP53 deletion (—/—) and their isogenic TP53
wild-type (WT) reconstituted counterparts were treated with different concentrations of paclitaxel and docetaxel as indicated. The cellular
response to taxane treatment was evaluated by a cell viability assay and quantified by normalization to the viability percentage in DMSO
control cells. The data are presented as the mean=SD of three independent experiments. c—d Bar graph showing taxane sensitivity in isogenic
SKOV3 cells in response to paclitaxel (c) and docetaxel (d). Parental SKOV3 cells with TP53 deletion (—/—) and their isogenic counterparts
reconstituted with wild-type (WT) TP53 or TP53 carrying an inactivating missense mutation (R175H, R248W, or R273H) were treated with
different concentrations of paclitaxel and docetaxel. The cellular response to taxane treatment was evaluated by a cell viability assay and
quantified as the areas under the dose-response curve (AUC) values. The results are presented as the meanzSD of three independent
experiments. ***P<0.001. e Bar graph showing taxane sensitivity in terms of colony formation in isogenic SKOV3 cells in response to
paclitaxel. Parental SKOV3 cells with TP53 deletion (—/—) and their isogenic counterparts reconstituted with wild-type TP53 (WT) or TP53
carrying the inactivating R175H mutation were treated with paclitaxel (2.5 nM). The cellular response to paclitaxel treatment was evaluated by
a colony formation assay and quantified by the colony area. The results are presented as the mean+SD of the percentage of inhibition (%
Inhibition) from three independent experiments. ***P < 0.001. f Time curve showing paclitaxel-induced apoptosis. Parental SKOV3 cells with
TP53 deletion (—/—) and their isogenic counterparts reconstituted with wild-type (WT) TP53 or TP53 carrying the inactivating R175H mutation
were treated with paclitaxel (5nM). Apoptosis was monitored in real-time by a Caspase3/7 fluorogenic reporter assay. The results are
presented as the meanzSD of the percentage of the number of fluorescence-positive cells from three independent experiments. ***P < 0.001.
g Representative fluorescence images showing paclitaxel-induced apoptosis as described in (f) at the indicated time points

Statistical analysis wild-type (WT) isogenic cells (Supplementary Fig. 1). Upon
All analyses were performed using GraphPad Prism version 7.0 taxane treatment, we found that the TP53(—/—) cells responded
(GraphPad Software, La Jolla, California, USA). The dose-dependent dose-dependently to paclitaxel, with a Glso (half-maximal
induced cancer cell growth inhibition curve was generated using cell growth inhibitory concentration) of 12.9 + 1.1 nM, whereas
GraphPad Prism based on a sigmoidal dose-response (variable the WT counterparts exhibited a significantly lower Gls, of 5.4 £
slope) equation. Statistical significance was assessed using unpaired 0.7 nM (P <0.001) (Fig. 1a). A similar association was observed
two-tailed Student’s t test or one-way ANOVA followed by Tukey’s between the TP53 status and cell viability in response to
post-hoc test. P values < 0.05 were considered statistically significant. docetaxel treatment (Fig. 1b). The areas under the curve (AUCs)

of the dose-response curves showed significantly decreased

AUC values in the TP53(—/—) cells compared to the parental

RESULTS TP53(—/—) control cells (Fig. 1c, d), suggesting TP53(WT)-
TP53 inactivation is associated with taxane resistance in isogenic associated acquisition of taxane sensitivity. In contrast, there
ovarian cancer cells was no significant difference in taxane sensitivity, in terms of
Taxanes, such as paclitaxel and docetaxel, are first-line chemother- the AUC value, between TP53(—/—) cells and other isogenic
apeutic agents for ovarian cancer treatment [3, 34]. However, cells carrying TP53-inactivating mutations, such as R175H,

primary and acquired resistance to taxanes present a daunting R248W and R273H (Fig. 1c, d). Moreover, we observed a similar
challenge to improving therapeutic outcomes of ovarian cancer TP53 status-dependent response with long-term paclitaxel
[35]. Identification of predictive biomarkers of taxane sensitivity is treatment in the colony formation assay (Fig. 1e). Altogether,
an urgent clinical need for patient stratification. Although previous these results suggested that inactivation of TP53 is associated
studies indicated that the status of tumor protein 53 (TP53) might with resistance to taxane-induced growth inhibition in ovarian
be associated with taxane sensitivity in ovarian cancer, the cancer cells.

context-dependent paradoxical observations warrant further Taxane-induced growth inhibition has been shown to be
investigation [22, 24, 25]. mediated in part through apoptosis[21]. To further determine the

To determine the association between the TP53 status and association between the TP53 status and taxane sensitivity, we next
taxane sensitivity in the ovarian cancer context, we first compared paclitaxel-induced apoptosis between isogenic SKOV3
compared cell viability in response to paclitaxel and docetaxel cells. We found that paclitaxel treatment led to significantly more

using a panel of representative isogenic SKOV3 cells with a apoptotic cells in terms of caspase3/7 activity in TP53(WT) cells than
matched genetic background. At the basal level, we did not in their (—/—) and R175H isogenic counterparts (Fig. 1f, g). These
observe a significant difference in cell proliferation between the results suggested a potential impairment of the apoptotic machinery
parental SKOV3 cells with TP53 deletion (—/—) and the TP53 underlying paclitaxel resistance in TP53-inactivated cells.
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Informatic analysis of differentially expressed genes (DEGs) associated with the TP53 status and taxane sensitivity in ovarian

cancer cells. a-b Volcano plots showing the identification of DEGs by comparing mRNA expression in isogenic SKOV3 TP53(WT) cells, TP53
deletion (—/—) cells (a) and TP53-inactivate (R175H mutation) cells (b). The data are presented as the average gene expression levels from
technical triplicates. ¢—d Bar graph showing the top enriched GO terms for TP53(WT)-associated upregulated DEGs. e-f Violin plot showing
the classification of taxane-sensitive and taxane-resistant ovarian cancer cells according to the area under the curve values of the
dose-response viability curves of ovarian cancer cells in response to paclitaxel (e) and docetaxel (f) using the median AUC value based on the
CTRP database as the cutoff. g-h Heatmap of the gene expression matrix between paclitaxel-sensitive/resistant (g) and docetaxel-sensitive/
resistant (h) ovarian cancer cells. i-j Bar graph showing the representative pathways enriched with paclitaxel (i) and docetaxel (j) sensitivity-

associated DEGs, as determined by GSEA

Recently, the stimulator of interferon genes (STING)-dependent
apoptotic machinery has been suggested to be involved in
paclitaxel-induced growth inhibition [36]. To determine the
involvement of STING, we compared paclitaxel-induced STING-
dependent pathway activation between isogenic SKOV3 cells. We
found that paclitaxel significantly activated STING-dependent
signaling in TP53(WT) cells but not in their (—/—) and R175H
isogenic counterparts in terms of the phosphorylation of the
downstream STING effectors TBK1 and IRF3 (Supplementary
Fig. 2a) and the mRNA expression of the IRF3 target genes IFITT,
IFNB and CXCL10 (Supplementary Fig. 2b). In support of this
finding, the taxane-induced growth inhibition of TP53(WT) cells
was partially abolished by additional treatment with the STING
antagonist H151 (Supplementary Fig. 2c, d). These results
suggested that TP53 inactivation leads to taxane resistance in
ovarian cancer cells in part through impaired STING-dependent
apoptotic signaling.

TP53-dependent signature genes are associated with taxane
sensitivity in ovarian cancer cells

TP53 is a well-known transcription factor that regulates the
expression of many genes to suppress tumor growth [37]. Given
the potential association between the TP53 status and taxane
sensitivity, we reasoned that there might be similar associations
between TP53 target genes and taxane sensitivity. To test this
hypothesis and identify TP53-dependent signature genes involved
in shaping taxane sensitivity, we performed RNAseq to experi-
mentally define a TP53 target gene set, coupled with parallel
informatics analysis of large-scale cancer cell line taxane sensitivity
and transcriptome datasets from the Cancer Therapeutic
Response Portal (CTRP) [28].

To define TP53-dependent gene expression in ovarian cancer
cells, we first compared the differentially expressed genes (DEGs)
between isogenic SKOV3 cells. From the RNAseq analysis, we
found a diverse array of DEGs between isogenic SKOV3 cells with
different TP53 statuses (Fig. 2a, b). For example, analysis of DEGs
identified more than 3000 genes that were significantly up- or
downregulated in TP53(WT) cells compared to their isogenic
(—/—) and R175H counterparts. Gene Ontology analysis revealed
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that the TP53(WT)-associated upregulated DEGs were mostly
enriched in pathways that are critical for DNA integrity and cell
cycle regulation (Fig. 2¢c, d), supporting the known biological
function of TP53 as a master regulator of the DNA damage
response [38]. These results not only confirmed the TP53
dependency of these isogenic ovarian cancer cells at the
transcriptome level but also identified a solid set of experimentally
determined TP53-dependent DEGs for further analysis.

In parallel, to identify potential biomarkers of taxane sensitivity,
we analyzed the DEGs between taxane-sensitive and taxane-
resistant ovarian cancer cells. From analysis data for a panel of
tested ovarian cancer cells in the CTRP, we first classified the cells
into sensitive and resistant groups based on their responses to
paclitaxel and docetaxel in terms of the AUC values calculated
from the drug dose-response cell viability curves (Fig. 2e, f). The
significant differences between the sensitive and resistant groups
in terms of the AUC values (Fig. 2e, f) and gene expression matrix
(Fig. 2g, h) in turn confirmed the validity of this classification
strategy. By analysis of the DEGs with the selected statistical
cutoff, we identified 84 (254) upregulated and 93 (39) down-
regulated DEGs in paclitaxel (docetaxel)-resistant cells compared
to sensitive cells. GSEA revealed that these taxane sensitivity-
associated DEGs were significantly enriched in cell cycle regulation
and apoptosis pathways, supporting the known mode of action of
taxanes [39] (Fig. 2i, j). In addition, these analysis results revealed
many genes enriched in other pathways, such as tumor necrosis
factor (TNF) signaling and inflammatory response, which may
potentially correlate with taxane sensitivity and thus warrant
further investigation.

From this unbiased CTRP dataset analysis, we also found that
some taxane sensitivity-related DEGs were significantly enriched
in TP53-dependent pathways (Fig. 2i, j). These results further
independently confirmed our previous experimental discovery of
the association between the TP53 status and taxane sensitivity in
additional patient-derived ovarian cancer cell lines with diverse
genetic backgrounds. To further identify TP53-dependent signa-
ture genes that may be associated with taxane sensitivity, we
intersected the set of TP53-dependent DEGs experimentally
defined in isogenic cells with the set of taxane sensitivity-
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Fig. 3 Identification of the association between TP53-dependent ACSM3 expression and taxane sensitivity in ovarian cancer cells.
a Scatter plot showing the correlations between the TP53 status and the taxane sensitivity-associated DEGs shown in Fig. 2. b Representative
immunoblot showing overexpression of the ACSM3 protein in TP53-inactivated ovarian cancer cells. Cell lysates from parental SKOV3 cells
with TP53 deletion (—/—) and their isogenic counterparts reconstituted with wild-type (WT) TP53 or TP53 carrying an inactivating missense
mutation (R175H, R248W, or R273H) were analyzed by SDS-PAGE and Western blotting with the indicated antibodies. ¢ Bar graph showing
overexpression of ACSM3 mRNA in TP53-inactivated ovarian cancer cells. ACSM3 mRNA expression in parental SKOV3 cells with TP53 deletion
(—/—) and their isogenic counterparts reconstituted with wild-type (WT) TP53 or TP53 carrying an inactivating missense mutation (R175H,
R248W, or R273H) were analyzed by qPCR. The data are presented as the meanstSDs of normalized mRNA expression levels from three
independent experiments. ***P < 0.001. d Enrichment plot showing the association of ACSM3 expression and TP53 pathway gene expression
in ovarian cancer patient samples from TCGA. e-f Violin plots showing the association between ACSM3 mRNA expression and taxane
sensitivity. The ACSM3 mRNA expression levels in paclitaxel-sensitive/resistant (e) and docetaxel-sensitive/resistant (f) cells were identified by
analysis of the CTRP database. *P < 0.05, **P < 0.01. g Representative immunoblot showing shRNA-mediated knockdown (KD) of ACSM3 in
SKOV3 cells. Cell lysates from two isogenic ACSM3 knockdown cell lines (sh1: shRNAT; sh2: shRNA2) and scrambled (scr) shRNA control cells
were analyzed by SDS-PAGE and Western blotting with the indicated antibodies. h-i Bar graphs showing increased taxane sensitivity in
ACSM3-KD cells. SKOV3 cells expressing WT ACSM3 (scr) or with shRNA-mediated ACSM3 knockdown (sh1 and sh2) were treated with
paclitaxel (h, 5 nM) and docetaxel (i, 2.5 nM) for three days. Taxane sensitivity was evaluated by a cell viability assay. The results are presented
as the mean=SD of the percentage of inhibition (%Inhibition) from three independent experiments. *P < 0.05

associated DEGs computationally defined from CTRP dataset with taxane sensitivity. ACSM3 was identified as such a potential
analysis (Fig. 3a). From this intersection, we identified five biomarker; its expression was suggested to be upregulated in
potential signature genes whose expression was significantly TP53-inactivated cells by RNAseq profiling and to correlate with
correlated with TP53 status and sensitivity to both paclitaxel and taxane resistance in ovarian cancer cells by CTRP analysis (Fig. 3a).
docetaxel in ovarian cancer cells (Fig. 3a). These five candidate To determine the relationship between ACSM3 and TP53, we
genes were ACSM3 (Acyl-CoA Synthetase Medium Chain Family performed additional experimental and informatics studies. First,
Member 3), IL1R2 (Interleukin 1 Receptor Type 2), NUDT11 (Nudix we found that the ACSM3 protein and mRNA levels were
Hydrolase 11), UHRF1 (Ubiquitin like with PHD and Ring Finger significantly decreased in TP53(WT) cells compared to the isogenic
Domains 1) and WDR91 (WD Repeat Domain 91). Altogether, these TP53-inactivated SKOV3 cells (Fig. 3b, c). Furthermore, GSEA

results revealed TP53-dependent gene candidates as potential showed a negative enrichment score between TP53 pathway
biomarkers for predicting the therapeutic response to taxanes. genes and ACSM3 expression, suggesting that ACSM3 mRNA
expression was negatively correlated with TP53 activation in
TP53-dependent ACSM3 expression is negatively correlated with ovarian cancer patient samples (Fig. 3d). These results from both
paclitaxel sensitivity in ovarian cancer cells experimental and informatics studies confirmed that ACSM3
To further confirm the association between the TP53 status and expression is indeed TP53-dependent.
taxane sensitivity, we next prioritized potential biomarker By CTRP dataset analysis, we found that ACSM3 was over-
candidates from the above analysis to determine whether their expressed in taxane-resistant ovarian cancer cells (Fig. 3e, f). To

gene expression is indeed TP53 dependent and also correlates confirm this correlation, we tested taxane sensitivity in isogenic
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Fig. 4 Upregulation of WNT/B-catenin signaling in TP53-inactivated ovarian cancer cells. a-b Bar graphs showing the GO terms enriched
with TP53(—/—)-associated (a) and TP53(R175H)-associated (b) upregulated DEGs. c-e Bar graphs showing upregulation of WNT/p-catenin
pathway and target gene expression at the basal level, including p-catenin (c), AXIN2 (d), and MMP7 (e) expression, in TP53-inactivated
isogenic SKOV3 cells. mRNA levels in parental SKOV3 cells with TP53 deletion (—/—) and their isogenic counterparts reconstituted with wild-
type (WT) TP53 or TP53 carrying an inactivating missense mutation (R175H, R248W, or R273H) were analyzed by gPCR. The data are presented
as the means + SDs of relative mRNA expression levels from three independent experiments. *P < 0.05

SKOV3 cells via ACSM3-targeted genetic loss-of-function studies
(Fig. 3g). We found that the parental SKOV3 cells with high ACSM3
expression were resistant to paclitaxel, whereas the isogenic cells
with ACSM3 knockdown developed significantly increased sensi-
tivity to paclitaxel and docetaxel (Fig. 3h, i). Thus, using ACSM3 as
an example, we confirmed that ACSM3 expression is TP53-
dependent and correlates with taxane sensitivity. These results not
only suggest TP53-dependent ACSM3 expression as a potential
biomarker to predict the response of ovarian cancer to taxane but
also provide evidence to further support the association between
the TP53 status and taxane sensitivity in ovarian cancer.

TP53-dependent activation of the WNT/(B-catenin pathway informs
a combination strategy to improve taxane sensitivity

By a series of experimental and informatics confirmatory studies,
we demonstrated that taxane resistance is correlated with TP53
inactivation and revealed potential TP53-dependent genes as
biomarkers for taxane sensitivity prediction in ovarian cancer cells.
However, therapeutic strategies to improve taxane sensitivity in
TP53-inactivated cells remain to be explored.

To identify potential collateral therapeutic vulnerabilities with
TP53 inactivation in ovarian cancer cells, we revisited the TP53-
dependent DEGs from our previous RNA-seq analysis (Fig. 2a, b).
From the gene ontology analysis, we found that WNT signaling
pathway was one of the GO terms most significantly enriched with
upregulated DEGs in TP53-mutated cells compared to WT cells
(Fig. 4a, b). Indeed, we found that TP53-inactivated cells had
significantly higher mRNA expression levels of WNT pathway
genes, such as B-catenin (Fig. 4c), and WNT target genes, such as
AXIN2 and MMP9 (Fig. 4d, e), suggesting potential Wnt signaling
hyperactivation in TP53-inactivated cells. In addition, multiple
pharmacological inhibitors targeting WNT signaling are available
and are under evaluation in clinical trials [40]. Considering these
observations collectively, we hypothesized that activation of WNT
signaling is associated with the TP53 status, while pharmacologi-
cal inhibition of hyperactivated WNT signaling could be a
potential therapeutic strategy to overcome taxane resistance in
TP53-inactivated ovarian cancer cells.

To test our hypothesis, we first sought to determine whether
WNT/B-catenin signaling activation is associated with the
TP53 status. Using a TCF/LEF (T cell factor and lymphoid enhancer
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factor)-based luciferase reporter assay, we compared WNT-
induced [-catenin transcriptional activity between isogenic SKOV3
cells. We found that WNT3A stimulation resulted in a significantly
higher 3-catenin-TCF/LEF luciferase signal in TP53-inactivated cells
than in their isogenic WT counterparts (Fig. 5a). Similarly, WNT3A
stimulation induced significant increases in the mRNA expression
of B-catenin target genes, such as MMP7, AXIN2 and PCNA, in
TP53-inactivated cells compared to their isogenic WT counterparts
(Fig. 5b—d). Interestingly, we found that ACSM3 protein expression
was also significantly increased upon WNT3A stimulation in TP53
(—/—) and TP53(R175H) SKOV3 cells but not in the WT isogenic
counterpart (Fig. 5e), indicating that TP53-dependent ACSM3
expression might be regulated in part through aberrant WNT
signaling in ovarian cancer cells with TP53 inactivation. These
results suggested that WNT signaling is hyperactivated in TP53-
inactivated ovarian cancer cells, independently supporting the
previously reported hyperactivation of WNT signaling by TP53
inactivation [41, 42].

Hyperactivation of WNT/B-catenin signaling is frequently
observed in cancer [43, 44], and a panel of WNT pathway-
targeted pharmacological agents have been developed for
therapeutic development [40]. Given the observed hyperactiva-
tion of WNT signaling in TP53-inactivated ovarian cancer cells,
which are taxane-resistant, we reasoned that pharmacological
inhibition of the WNT pathway may constitute a potential
combination strategy to improve taxane sensitivity in ovarian
cancer. To test this hypothesis, we examined the viability of
ovarian cancer cells in response to taxane treatment in
combination with ICG001 or XAV939, two known WNT pathway
inhibitors [45, 46]. We found that TP53(—/—) SKOV3 ovarian
cancer cells, which are resistant to paclitaxel treatment (Glso =
12.9+ 1.1 nM), exhibited significantly increased sensitivity to
paclitaxel, with Glso values of 0.25+0.07 and 0.19+0.07 nM in
combination with ICG001 and XAV939, respectively (Supple-
mentary Fig. 3a, b). These results suggest that pharmacological
inhibition of hyperactivated WNT signaling may be a potential
combination strategy for taxane-based chemotherapy in TP53-
inactivated ovarian cancer cells.

Altogether, the results of our studies suggested that TP53
inactivation is associated with the acquisition of resistance to
taxane-based chemotherapy in ovarian cancer cells. Unbiased
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Fig. 5 Targeting of overactivated WNT/B-catenin signaling in TP53-inactivated ovarian cancer cells to improve taxane sensitivity. a Bar
graph showing overactivation of WNT/p-catenin signaling induced by WNT3A. WNT/f-catenin signaling activity was measured by a TCF/LEF
luciferase reporter assay using parental SKOV3 cells with TP53 deletion (—/—) and their isogenic counterparts reconstituted with TP53 wild-
type (WT) or TP53 carrying an inactivating missense mutation (R175H, R248W, or R273H) that were treated with WNT3A (100 ng/mL) for 24 h.
Differences were quantified as the fold change (FC) in the luciferase signal upon WNT3A stimulation, and the data are presented as the mean
+SD of three independent experiments. *P < 0.05. b-d Bar graphs showing overactivation of the WNT/B-catenin pathway in terms of the
expression of target genes, including AXIN2 (b), MMP7 (c), and PCNA (d), in TP53-inactivated isogenic SKOV3 cells upon WNT3A stimulation.
mMRNA levels in parental SKOV3 cells with TP53 deletion (—/—) and their isogenic counterparts reconstituted with wild-type (WT) TP53 or TP53
carrying an inactivating missense mutation (R175H) upon WNT3A (100 ng/mL) stimulation for 24 h were analyzed by qPCR. Differences were
quantified as the fold change (FC) in the mRNA expression level upon WNT3A stimulation, and data are presented as the mean+SD of three
independent experiments. *P <0.05. e Representative Western blot showing WNT3A-dependent ACSM3 expression in TP53-inactivated
ovarian cancer cells. Cell lysates from parental SKOV3 cells with TP53 deletion (—/—) and their isogenic counterparts reconstituted with wild-
type (WT) TP53 or TP53 carrying an inactivating missense mutation (R175H) upon WNT3A (100 ng/mL) stimulation for 24 h were analyzed by

SDS-PAGE and Western blotting with the indicated antibodies

molecular profiling identified TP53-dependent gene expression
patterns as potential predictive biomarkers of taxane sensitivity,
further supporting the association between the TP53 status and
taxane responsiveness. Furthermore, our results suggested hyper-
activation of WNT signaling as a collateral vulnerability upon TP53
inactivation, providing potential therapeutic insight into the use
of WNT pathway inhibitors as combination agents to improve
the response to taxane-based chemotherapy in resistant TP53-
inactivated ovarian cancer cells.

DISCUSSION
Taxane-based chemotherapy is a first-line therapeutic regimen for
various cancers, including ovarian, breast and lung cancers
[3, 47, 48]. However, the common occurrence of resistance and
relapse presents an unmet clinical need to improve therapeutic
outcomes. Despite previous dispersed efforts to identify potential
predictive biomarkers of taxane sensitivity, the diverse underlying
molecular mechanisms reported in various cancer types implied
that there is no “one-size-fits-all” mechanism, a possibility that
warrants further investigation in a context-specific manner. In this
study, we focused on the context of OC and performed
pharmacological and bioinformatics studies to identify the
potential biomarkers associated with taxane sensitivity. Our results
in OC-relevant experimental cell line models suggested a
significant association between a TP53 inactivation status and
taxane resistance. Moreover, our studies revealed several TP53-
dependent genes, such as ACSM3, as potential biomarkers and
revealed hyperactivated WNT signaling as a collateral vulnerability
for developing drug combination regimens. Our OC-oriented
in vitro cell line model studies added a critical piece of evidence
supporting the genotype-phenotype relationship between the
TP53 pathway status and the taxane response, which needs
further investigation in relevant in vivo ovarian cancer models.
The genotype-phenotype relationship between the TP53 status
and the taxane response is controversial and context-specific. Our
results support an association between TP53 inactivation and taxane
resistance in OC cells. Similar associations between taxane resistance
and TP53 genetic deletion or loss-of-function mutation have been
observed in previous studies using OC [25] and non-small-cell lung
cancer cell models [23]. In contrast, some studies have suggested
that a TP53(WT) status is either associated with or independent of
taxane resistance [20-22]. For example, an early study using nine OC
cell lines did not find statistically significant evidence indicating that
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genetic alterations in TP53 at the DNA level are surrogate markers
for paclitaxel sensitivity [20]. In our CTRP dataset analysis, although
the correlations between taxane sensitivity and TP53 genetic
mutation at the DNA level across a panel of ovarian cancer cells
were still not statistically significant (data not shown), we found that
TP53 pathway gene expression patterns representing the TP53
activation status at the transcriptome level were significantly
correlated with taxane sensitivity (Fig. 2i, j). This discrepancy in the
correlation between the TP53 genetic status at the DNA level and
the TP53 pathway activation status at the transcriptome level could
be explained by the documented intricate posttranscriptional
mechanisms regulating TP53(WT) [49]. These results suggest that
the identification of signature genes representing the TP53
activation status, in addition to TP53 genetic alterations, may be
an alternative approach to define biomarkers of taxane sensitivity in
OC and other cancer types.

TP53 is a known tumor suppressor that acts as “the guardian of
the genome” primarily through its pluripotent transcription factor
activity in inducing the transcription of genes that control
numerous biological functions and cell fates, such as DNA
replication, cell cycle progression and apoptosis [38]. Upon TP53
activation in response to cellular stress, TP53 binds as a tetramer
to the consensus sequence RRRCWWGYYY (R =A/G, W =A/T,
Y =C/T) in the regulatory regions of its target genes [50].
Although consensus sequence-based genome-wide analyses have
suggested hundreds to thousands of potential candidate TP53
target genes [51], experimental validation of these candidates is
indispensable for understanding TP53 biology in a cancer-specific
context. In our study, we identified an OC-directed TP53-
dependent gene signature using isogenic SKOV3 ovarian cancer
cells with a matched genetic background. This experimentally
determined TP53-dependent gene set not only confirmed the
known biological function of TP53 in regulating DNA replication
and cell cycle progression (Fig. 2¢, d) but also can serve as a
valuable resource for future in-depth investigation of novel
aspects of TP53 biology in the ovarian cancer context.

ACSM3 is a subunit of CoA ligases that produce acyl-CoA by
interacting with medium-chain fatty acids on the outer mitochon-
drial membrane [52]. It has been demonstrated that loss of ACSM3
expression promotes metastasis and predicts poor prognosis in
hepatocellular carcinoma and OC, suggesting that ACSM3 per-
forms a tumor suppressor function during tumorigenesis and
cancer progression [53, 54]. However, how ACSM3 is regulated
and the function of ACSM3 in shaping the chemotherapeutic
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response are largely unknown. Here, our results showed that
ACSM3 was overexpressed in TP53-inactivated cells (Fig. 3a—c) and
that genetic loss-of-function perturbation of ACSM3 improved
taxane sensitivity in TP53-inactivated OC cells (Fig. 3g-i). These
results implied that low ACSM3 expression, coupled with the TP53
(WT) genotype, may be a potential biomarker for OC patient
stratification toward personalized taxane-based chemotherapy.

The WNT signaling pathway is a key pathway that regulates
cancer cell stemness and metastasis [44]. Aberrant activation of
WNT signaling has been reported in multiple cancer types,
including ovarian cancer [43]. In our study, we found that in
ovarian cancer cells, WNT signaling was inhibited by TP53
activation, whereas hyperactivation of WNT signaling was
associated with TP53 inactivation, suggesting crosstalk between
the WNT and TP53 pathways. Similar crosstalk has also been
reported in colorectal cancer cells and mechanistically interpreted
at the protein level based on the finding that TP53(WT)
overexpression induced [-catenin protein degradation [41].
However, our study showed that the TP53(WT) genotype is
associated with a significant decrease in the B-catenin mRNA level
in ovarian cancer cells, suggesting potential alternative crosstalk
mechanisms at the transcriptional level. Hyperactivation of WNT
signaling in cancer has been found to mediate chemotherapeutic
resistance and confer collateral therapeutic vulnerabilities for
combination treatment development [55]. A combinatorial effect
of WNT pathway inhibitors and taxanes has also been observed in
pancreatic, breast and ovarian cancer models [56, 57]. Our studies
found a combinatorial effect between WNT pathway inhibitors
and paclitaxel in TP53-inactivated ovarian cancer cells. These
results indicated that WNT pathway inhibitors could serve as
potential chemotherapy adjuvants to improve taxane sensitivity
specifically in OC cells with TP53 inactivation.

The association between TP53 inactivation and the taxane
resistance phenotype identified in our ovarian cancer cell line
models strongly warrants further testing in additional cellular
contexts and disease-relevant animal models. Detailed molecular
studies on aberrant STING-mediated cell death signaling and
WNT/B-catenin signaling in TP53-inactivated OC cells are expected
to provide molecular insights into TP53’s pluripotent and context-
dependent pathophysiological functions.
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