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Enzalutamide and olaparib synergistically suppress
castration-resistant prostate cancer progression

by promoting apoptosis through inhibiting
nonhomologous end joining pathway

Hui-Yu Dong"", Pan Zang"", Mei-Ling Bao? Tian-Ren Zhou', Chen-Bo Ni', Lei Ding', Xu-Song Zhao', Jie Li',
Chao Liang'

Recent studies revealed the relationship among homologous recombination repair (HRR), androgen receptor (AR), and poly(adenosine
diphosphate-ribose) polymerase (PARP); however, the synergy between anti-androgen enzalutamide (ENZ) and PARP inhibitor
olaparib (OLA) remains unclear. Here, we showed that the synergistic effect of ENZ and OLA significantly reduced proliferation
and induced apoptosis in AR-positive prostate cancer cell lines. Next-generation sequencing followed by Gene Ontology and Kyoto
Encyclopedia of Genes and Genomes enrichment analyses revealed the significant effects of ENZ plus OLA on nonhomologous
end joining (NHEJ) and apoptosis pathways. ENZ combined with OLA synergistically inhibited the NHEJ pathway by repressing
DNA-dependent protein kinase catalytic subunit (DNA-PKcs) and X-ray repair cross complementing 4 (XRCC4). Moreover, our data
showed that ENZ could enhance the response of prostate cancer cells to the combination therapy by reversing the anti-apoptotic
effect of OLA through the downregulation of anti-apoptotic gene insulin-like growth factor 1 receptor (/GF1R) and the upregulation
of pro-apoptotic gene death-associated protein kinase 1 (DAPK1). Collectively, our results suggested that ENZ combined with OLA
can promote prostate cancer cell apoptosis by multiple pathways other than inducing HRR defects, providing evidence for the

combined use of ENZ and OLA in prostate cancer regardless of HRR gene mutation status.
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INTRODUCTION
Prostate cancer remains the second leading cause of cancer deaths
in the United States, accounting for an estimated 27% of new cases
among men.! Androgen receptor (AR) is an important factor in
the progression of prostate cancer; hence, androgen deprivation
therapy (ADT) is the treatment of choice for patients with inoperable
or recurrent prostate cancer, and the initial response rate is
approximately 80% for metastatic prostate cancer.? Although ADT is
effective in the first few years, patients eventually become resistant to
the drug and progress to castration-resistant prostate cancer (CRPC).
The median survival after progression to CRPC is only 14.5 months.?
Although the overall incidence of prostate cancer in the United States
has declined, the diagnosis of patients with distant metastases has
grown, so the drug treatment of prostate cancer has become crucial.*
The new generation anti-androgen drug enzalutamide (ENZ) was
approved for marketing in 2012 and has since been successfully used as
a first-line treatment for metastatic CRPC (mCRPC). ENZ can reduce
the rate of CRPC metastasis/death by 71% according to several phase 3

clinical trials.>® Although ENZ is initially effective, patients eventually
develop resistance and the drug fails in most CRPCs.

DNA damage repair (DDR), including single-strand break (SSB) and
double-strand break (DSB), is an essential mechanism for cell survival
by repairing damaged cells. Poly(adenosine diphosphate-ribose)
polymerase (PARP) is a family of proteins involved in DDR and is mainly
responsible for SSB repair; homologous recombination repair (HRR)
is mainly responsible for DSB repair.” PARP inhibitors can inhibit the
SSB repair of cells and lead to synthetic lethality in HRR-deficient cells.
PARP inhibitors have become a research hotspot in the treatment of
prostate cancer because of their success in breast and ovarian cancer
and their low toxicity. The PARP inhibitor olaparib (OLA) has recently
been approved for patients with HRR gene-mutated prostate cancer.
However, HRR gene mutations are not common in primary prostate
cancer and CRPC, and many patients without HRR gene defects do not
have the opportunity to use PARP inhibitors.*

Given that AR promotes HRR in prostate cancer, the combined
treatment of ADT and PARP inhibitor causes synthetic lethality.!*!
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However, the synergistic inhibitory effects of ENZ plus OLA in
prostate cancer have not been investigated. In this study, the molecular
mechanism of the combination treatment of ENZ and OLA to inhibit
the proliferation of prostate cancer cells and promote their apoptosis was
explored through cell experiments combined with bioinformatic analysis.

MATERIALS AND METHODS

Antibodies and reagents

OLA (AZD2881) was purchased from Selleck Chemicals (Houston,
TX, USA). ENZ (MDV3100) was acquired from MedChemExpress
(Monmouth Junction, NJ, USA). Dimethyl sulfoxide (DMSO)
was obtained from Sigma-Aldrich (St. Louis, MO, USA).
The primary antibodies used in the experiments are listed in
Supplementary Table 1.

Cell culture and transfection

C4-2 and LNCaP prostate cancer cell lines were obtained from the
American Type Culture Collection (Manassas, VA, USA), grown
in 10% fetal bovine serum-supplemented RPMI-1640 medium
(GIBCO, Gaithersburg, MD, USA), and incubated at 37°C in 5% CO,
environment. Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA)
was used to transfect prostate cancer cells with small-interfering RNA
(siRNA) in accordance with the manufacturer’s protocol.

Quantitative real-time polymerase chain reaction (QRT-PCR)

Total RNA from C4-2 and LNCaP was extracted with TRIzol reagent
(Invitrogen) in accordance with the manufacturer’s instructions. Reverse
transcription reactions were carried out with the cDNA archive kit
(TaKaRa, Tokyo, Japan) following the manufacturer’s protocol. The
reaction conditions for mRNA detection were as follows: 95°C for 30's, 40
cycles of 95°C for 5 s, and 60°C for 30 s. The primers used for qRT-PCR
are listed in Supplementary Table 2. The relative quantity of mRNA was
determined by the AACT method. All PCRs were performed in triplicate.

RNA sequencing and analysis

C4-2 cells were treated with DSMO, ENZ (16 umol 1!), OLA
(32 umol 1), and ENZ (16 pmol I"!) combined with OLA (32 umol1™)
for 48 h, and total RNA was extracted as described above. Next-
generation sequencing (NGS) provided by Allwegene (Beijing, China)
was applied to determine the sequence of mRNA. Each sample (three
replicates per group) was validated for RNA purity (optical density
260 nm/280 nm [OD 260/280], OD 260/230) by NanoDrop (Thermo
Fisher Scientific, Waltham, MA, USA) and for RNA integrity by 2100
Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). TruSeq
Library Prep Kit (Illumina, San Diego, CA, USA) was used for library
preparation, and sequencing was performed on HiSeq2500 sequencer
(lumina). Gene expression was calculated by counting the mapped
reads using HTSeq (Python Software Foundation, Fredericksburg,
VA, USA). Expression level was measured as fragments per kilobase
of exon model per million mapped reads (FPKM).

Western blot

Protein was extracted using radioimmunoprecipitation assay (RIPA)
buffer supplemented with phosphatase and protease inhibitors (Selleck
Chemicals, Houston, TX, USA) and separated on sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). After being
transferred to polyvinylidene fluoride membranes, the proteins were
probed with indicated antibodies.

Colony-forming assay
C4-2 and LNCaP cells were seeded at a density of 200-1000 cells per
well in six-well plates for approximately 24-72 h under usual conditions
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and then treated with ENZ and OLA alone or in combination. Media
and drugs were replenished every 5 days. After 10 days (C4-2) and
20 days (LNCaP) of incubation, the cells were fixed in methanol and
stained with 0.5% crystal violet in absolute ethanol. These experiments
were performed at least three times.

Apoptosis measurement

Apoptosis in prostate cancer cells was analyzed with Annexin V-FITC
Apoptosis Detection Kit (Multisciences Biotech, Hangzhou, China)
in accordance with the manufacturer’s protocol. After staining,
the cells were examined using flow cytometry on a BD Accuri”™ C6
(BD Biosciences, San Jose, CA, USA). Apoptotic cell profiles and
quantitative data were generated with FlowJo software (Tree Star,
Ashland, OR, USA). These experiments were repeated three times.

Growth inhibition assay and drug combination analysis

Cell counting was performed using CCK-8 (Dojindo Molecular
Technologies, Kumamoto, Japan) in accordance with the manufacturer’s
protocol. Half maximal inhibitory concentration (IC_ ) was calculated
from sigmoidal dose-response curves by Prism 8 (GraphPad Software,
San Diego, CA, USA). Combination index (CI) was calculated with
CompuSyn software (ComboSyn, New York, NY, USA) to estimate the
combined effect. CI values less than 1 showed synergism, CI values
equal to 1 indicated simple additivity, and CI values greater than 1
indicated antagonism."? A minimum of three tests were conducted.

Immunofluorescence

C4-2 and LNCaP cells were grown for 48 h on coverslips in 12-well
plates and treated with ENZ and OLA alone or in combination. The cells
were fixed with 4% paraformaldehyde, blocked with immunol staining
blocking buffer (Beyotime, Shanghai, China), and treated overnight at
4°C with rabbit anti-yH2AX (Ser139) polyclonal antibody (Beyotime).
Unbound antibodies were eliminated through phosphate-buffered
saline (PBS) washing. The cells were treated at room temperature for
2 h with second antibody Alexa Fluor 488 (Servicebio, Wuhan, China),
and nuclei were stained with 4’6-diamidino-2-phenylindole (DAPI).
Images were captured and quantified using an immunofluorescence
microscope (Nikon, Tokyo, Japan).

Statistical analyses

Analysis of variance (ANOVA) was used for data from more than two
groups, including colony assay, QRT-PCR, cell apoptosis analysis, and
immunofluorescence analyses. P value less than 0.05 was considered
significant. P values of NGS data were corrected to control for false
discovery rates (FDRs) using the Benjamini-Hochberg method. Raw
read counts were normalized using DESeq to correct for sequencing
depth. Given the three biological replicates and that DESeq was used
to control experimental error, genes with an adjusted P < 0.05 were
considered differentially expressed.

RESULTS

Combination of ENZ and OLA synergistically inhibits the proliferation
of AR-positive prostate cancer cells

In prostate cancer, AR signaling induces DSB repair by HRR and
nonhomologous end joining (NHEJ).'""* The synthetic lethality caused
by the combined use of ADT and PARP inhibitor has been reported, but
their synergistic effect remains unclear. Considering that ENZ, a drug
affecting AR signaling, may impair HRR and NHE], we hypothesized
that the combined use of ENZ and OLA might result in a substantial
therapeutic impact on AR-positive prostate cancer cell lines. We
incubated prostate cancer cell lines with growing concentrations of ENZ



and OLA alone and in combined for 48 h to verify this theory. The IC_|
of ENZ was 26.85 umol I and 6.21 pmol 1" in C4-2 and LNCaP cells,
respectively, and the IC, of OLA was 57.82 umol 1" and 37.07 umol I"*
in C4-2 and LNCaP cells, respectively (Figure 1a and 1b). We evaluated
the long-term impact of medication combination on prostate cancer
cell lines by performing colony formation assays. The combination of
ENZ and OLA essentially eradicated the growth of C4-2 and LNCaP
cells compared with the use of either drug alone (Figure 1c and 1f).
To further explore the synergistic effect of ENZ combined with OLA,
CI values were determined by CCK-8 assay. The results showed that
the combination of ENZ and OLA inhibited cell proliferation with a
synergistic effect at 0.5 fraction affected (FA) and CI values of less than 1
in C4-2 and LNCaP cells (0.55 and 0.77, respectively; Figure 1d and 1e).
These results revealed that the combination of ENZ and OLA has
therapeutic efficacy for AR-positive prostate cancer cells.

Combination of ENZ and OLA promotes apoptosis in AR-positive
prostate cancer cells

We then evaluated whether the combination of ENZ and OLA affects
apoptotic cell death using annexin V-FITC/PI dual staining assays.
The use of ENZ or OLA alone resulted in a moderated increase in
the proportion of apoptotic cells, and their combination significantly
increased apoptosis in C4-2 and LNCaP cell lines (Figure 2a-2c).
In agreement with this finding, the combination of ENZ and
OLA significantly increased the expression of cleaved-PARP, an
active apoptotic marker, in C4-2 and LNCaP cells (Figure 2d). We
next determined whether the combined treatment would induce
DNA damage by measuring gamma H2A histone family member
X (yH2AX), which is generated when DSB appears. In both cell
lines, immunofluorescence staining of yH2AX showed that the
combination of ENZ and OLA greatly improved the number and
fluorescence intensity of foci compared with the use of either drug
alone (Figure 2e-2g). Western blot analysis also revealed that the
combination treatment of ENZ and OLA increased the expression of
yH2AX (Figure 2h). All these results demonstrated that ENZ combined
with OLA could induce apoptosis by causing DSB, suggesting that the
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combination has a strong synergistic effect on inhibiting the growth
of prostate cancer cells.

ENZ combined with OLA affects global gene transcription in the
C4-2 cell line

We explored the molecular mechanism by which the two drugs
synergistically inhibit the growth of C4-2 cells. We carried out NGS
to compare gene expression profiles in the C4-2 cell line following
treatment with DMSO, ENZ, OLA, or ENZ combined with OLA.
Principal component analysis (PCA) was performed to reduce
the dimensionality of the original complex data. The findings
revealed that the combination group had the highest degree of
variance with the DMSO group compared with ENZ or OLA alone
(Supplementary Figure 1a). PCA results showed that different drugs
caused genes to be expressed in different directions. Box plot, violin
plot, and density distribution plot of FPKM suggested that the data from
each group were similarly distributed (Supplementary Figure 1b-1d).
Hierarchical clustering was conducted to distinguish differential gene
expression patterns among different groups (Figure 3a). Volcano
plots showed that no matter which group would have a huge impact
on the upregulation and downregulation of genes, the effect of the
combination group was even more prominent (Figure 3b). Venn
diagram of differentially expressed genes showed many intersections
with the differential genes in the single-drug group and many
differential genes distinct from the single-drug group, indicating
the presence of many new differential genes that appeared after the
combined treatment of ENZ and OLA (Figure 3c). Kyoto Encyclopedia
of Genes and Genomes (KEGG) enrichment analysis of genes with
differential expression showed that the apoptotic pathway was
significantly enriched in the combination group compared with that
in the single-drug group (Supplementary Figure 2a-2c).

ENZ combined with OLA inhibits NHE] and induces apoptosis

NHE] is one of the major pathways in DSB repair besides HRR.™
Considering that AR signaling promotes DSB repair through HRR
and NHE]J in prostate cancer,'""* we performed KEGG enrichment
analysis of homologous recombination (HR; hsa03440), NHE]
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Figure 1: Responses of prostate cancer cells to ENZ and OLA as single agents and in combination. IC,, values of (a) C4-2 and (b) LNCaP cells treated with
ENZ or OLA for 48 h were determined using the CCK-8 assay. (¢) Representative images of the colony formation after treatment with DMSO, ENZ (2 pmol I
for C4-2 and 0.5 pmol I-! for LNCaP), OLA (4 pmol I-! for C4-2 and 2 umol I-! for LNCaP), or ENZ in combination with OLA. (d) C4-2 and (e) LNCaP cells
were treated with ENZ and OLA as single agents or in combination for 48 h and then subjected to CCK-8 assay. (f) Quantification of colony numbers of C4-2
and LNCaP cells subjected to the indicated treatments. Mean with s.d. for three independent experiments is shown. “P< 0.01; P < 0.0001 (ANOVA). IC,:
half maximal inhibitory concentration; ENZ: enzalutamide; OLA: olaparib; s.d.: standard deviation; ANOVA: analysis of variance; DMSO: dimethyl sulfoxide.
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Figure 2: Combined treatment of ENZ and OLA induces apoptosis by increasing DNA damage in AR-positive prostate cancer cell lines. (a) The representative
dot plots of C4-2 cells treated with DMSO, ENZ (25 pmol I1), OLA (50 pmol I1), or their combination for 48 h. (b) The histogram of apoptotic rates was
shown after Annexin V-FITC/PI staining. (c) The representative dot plots of LNCaP cells treated with DMSO, ENZ (5 pmol I1), OLA (30 pmol I-1), or their
combination for 48 h. (d) The expression of cleaved-PARP after indicated treatments monitored by Western blot. Representative images of immunofluorescence
staining of yH2AX in (e) C4-2 and (f) LNCaP cells treated as indicated for 48 h, and cell nuclei were stained with DAPI. (g) The percentage of cells with
yH2AX foci. (h) The expression of yH2AX after indicated treatments monitored by Western blot. Mean with s.d. for three independent experiments is shown.
"P<0.05;"P<0.01;""P<0.001; " P<0.0001 (ANOVA). AR: androgen receptor; ENZ: enzalutamide; OLA: olaparib; cleaved-PARP: cleaved-poly(adenosine
diphosphate-ribose) polymerase; yH2AX: gamma H2A histone family member X; s.d.: standard deviation; Q1-4: quadrant 1-4; ANOVA: analysis of variance;
DAPI: 4',6-diamidino-2-phenylindole; DMSO: dimethyl sulfoxide; Pl: prodium iodide.

(hsa03450), and apoptosis (hsa04210). The results showed that
in NHEJ and apoptosis pathways, the enrichment degree of the
combination group was higher than that of the single-drug group
(Figure 3d). To further understand the effect of combination

therapy on the specific genes of the NHE] pathway

relative to

that of a single drug, we listed the statistically significant NHE]
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differential genes in Figure 4a. We found that the key genes protein
kinase DNA-activated catalytic subunit (PRKDC) and X-ray repair
cross complementing 4 (XRCC4) affecting the NHE] pathway were
significantly downregulated after the combined treatment. QRT-PCR
and Western blot analyses validated the results in C4-2 and LNCaP
cell lines (Figure 4b and 4c). The PRKDC gene, which encodes
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Figure 3: Global gene expression profiles were analyzed by NGS in C4-2 cells. (a) Hierarchical clustering showing gene expression profiles between groups
as indicated. (b) The volcano plots showing the amounts of genes significantly influenced after indicated treatment with DMSO. (¢) Venn diagram of the
overlaps of genes regulated in indicated groups. (d) Results of KEGG analysis of the differentially expressed genes upon NHEJ, HR, and apoptosis in indicated
groups. (e) Results of GO analysis of the differentially expressed genes upon apoptotic pathways in indicated groups. NGS: next-generation sequencing;
FPKM: fragments per kilobase of exon model per million mapped reads; ENZ: enzalutamide; OLA: olaparib; DEGs: differentially expressed genes; KEGG:
Kyoto Encyclopedia of Genes and Genomes; NHEJ: nonhomologous end joining; HR: homologous recombination; GO: Gene Ontology; DMSO: dimethyl

sulfoxide; Padf adjusted P value.

DNA-dependent protein kinase catalytic subunit (DNA-PKcs), is
highly activated in advanced tumors and affects gene expression in
CRPC possibly by selective AR signaling.’>*® To further explore the
role of PRKDC, we performed qRT-PCR and Western blot analyses
and found that OLA had a significant effect on PRKDC and DNA-
PKcs. To determine the role of OLA-downregulated DNA-PKcs in
ENZ sensitivity, we detected the expression level of yH2AX that
was synthesized from ENZ and DNA-PKcs silencing combination
treatment. The results demonstrated that the knockdown of DNA-

PKcs combined with ENZ significantly increased the abundance
of yH2AX protein, indicating severe DSB (Figure 4d). Although
no statistical difference in the expression of PRKDC was observed
between tumor tissues and normal tissues according to The
Cancer Genome Atlas (TCGA) combined with Genotype-Tissue
Expression database, the mutual comparison of tumor tissues
revealed that the expression of PRKDC in tumor tissues with Gleason
score 6 was statistically different from that in the other groups
(Figure 4e and 4f, and Supplementary Table 3 and 4)."” These results
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Figure 4: ENZ combined with OLA inhibits NHEJ and induces apoptosis.
(a) Heatmap of the expression levels of some NHEJ genes following
indicated treatment. (b) The mRNA expression level of PRKDC and XRCC4
in C4-2 and LNCaP cells with indicated treatments. (¢) The expression
of DNA-PKcs and XRCC4 in C4-2 and LNCaP after indicated treatments
monitored by Western blot. (d) The expression of DNA-PKcs and yH2AX after
the knockdown of DNA-PKcs monitored by Western blot. (e) Expression of
PRKDC in TCGA database according to Gleason score. (f) PRKDC expression
of tumor and normal tissues in TCGA database. ‘P < 0.05; "P< 0.01; "™ P<
0.001; ™™ P < 0.0001 (ANOVA). ENZ: enzalutamide; OLA: olaparib; NHEJ:
nonhomologous end joining; PRKDC: protein kinase DNA-activated catalytic
subunit; XRCC4: X-ray repair cross complementing 4; DNA-PKcs: DNA-
dependent protein kinase catalytic subunit; yH2AX: gamma H2A histone
family member X; si: small interfering; TCGA: The Cancer Genome Atlas; GS:
Gleason score; TPM: transcripts per million; PRAD: prostate adenocarcinoma;
T: tumor; N: normal; ANOVA: analysis of variance; NC: normal control.

suggested that DNA repair impairment mediates the cytotoxic effects
of the combination treatment.

ENZ combined with OLA induces apoptosis by upregulating
pro-apoptotic genes and downregulating anti-apoptotic genes

KEGG enrichment analysis showed that the combination group
had a higher enrichment degree in apoptosis (hsa04210) than the
single-drug group (Figure 3d). To further explore the apoptotic
pathways, we performed enrichment analysis for differentially
expressed genes in each group according to different apoptotic
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pathways in Gene Ontology (GO) terms. We found that the enrichment
of the combination group in the apoptotic process (GO: 0006915),
apoptotic signaling pathway (GO: 0097190), intrinsic apoptotic
signaling pathway (GO: 0097193), regulation of apoptotic process
(GO: 0042981), regulation of intrinsic apoptotic signaling pathway
(GO: 2001242), intrinsic apoptotic signaling pathway in response to
DNA damage (GO: 0008630), and regulation of intrinsic apoptotic
signaling pathway in response to DNA damage (GO: 1902229) were
significantly enhanced compared with those in the single-drug groups
(Figure 3e). This finding suggested that ENZ combined with OLA
may synergistically enhance the toxicity to prostate cancer cells by
promoting intrinsic apoptosis pathways.

To further explore which apoptotic genes are affected by the
combined treatment, we produced a heatmap of differentially expressed
pro-apoptotic (Figure 5a) and anti-apoptotic genes (Figure 5b) in
each group according to the apoptotic process (GO: 0006915). We
found that a pro-apoptotic gene, death-associated protein kinase
1 (DAPK1), was upregulated by ENZ but downregulated by OLA
(Supplementary Table 5). DAPK1 is considered a tumor suppressor
gene in prostate cancer.’® qRT-PCR and Western blot validated that
although the expression of DAPK1 was not statistically changed
after the combined use of ENZ and OLA, ENZ could reverse the
inhibitory function of OLA on DAPKI (Figure 5c¢ and 5e). In
addition, we found that insulin-like growth factor 1 receptor (IGFIR),
an anti-apoptotic gene, was upregulated by OLA but downregulated
by ENZ (Supplementary Table 5). IGFIR is overexpressed in
prostate cancer tissues and plays a crucial role in prostate cancer cell
proliferation and ADT resistance.”** The anti-apoptotic gene IGFIR
was upregulated by OLA but downregulated by ENZ or ENZ+OLA
(Figure 5d and 5f). To verify the anti-apoptotic effect of IGF1R, we
knocked down IGFIR in LNCaP cells and assessed the proportion of
apoptosis using flow cytometry. Knockdown of IGFIR alone resulted
in a slight decrease in the proportion of apoptotic cells but a significant
increase in the proportion of apoptotic cells when ENZ was combined
with OLA (Figure 5g and 5h). Overall, our results demonstrated
that ENZ combined with OLA could promote apoptosis by jointly
upregulating pro-apoptotic genes and downregulating anti-apoptotic
genes. In addition, ENZ can enhance the response of prostate cancer
cells to the combination therapy by reversing the anti-apoptotic effect
of OLA through the downregulation of anti-apoptotic gene IGFIR and
upregulation of pro-apoptotic gene DAPK1 (Figure 5i).

DISCUSSION
The new-generation anti-androgen drug ENZ has been used for
metastatic castration-sensitive prostate cancer and CRPC with or
without metastases but eventually fails in most patients.?! The incidence
of germline mutations in HRR genes was significantly higher in men
with metastatic prostate cancer than that in men with localized prostate
cancer.”? Given that such gene alterations induce a dependency on
PARP function, PARP inhibitor OLA could be used to treat prostate
cancer. BRCAness is a characteristic feature of HRR defects with
breast cancer gene mutation. ADT could induce BRCAness through
AR signaling, thereby increasing prostate cancer cells’ susceptibility to
PARP inhibitors.'*!! Using NGS to compare gene expression profiles
in prostate cancer cells following treatment with DMSO, ENZ, OLA,
or ENZ combined with OLA, we found that ENZ combined with
OLA induces apoptosis by affecting NHE] and jointly upregulating
pro-apoptotic genes and downregulating anti-apoptotic genes.

Given that the rationale for using OLA in prostate cancer is mainly
based on synthetic lethality, most research focused on pharmaceutically
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Figure 5: ENZ combined with OLA induces apoptosis by upregulating pro-apoptotic genes and downregulating anti-apoptotic genes. Heatmap of the expression
levels of (a) pro-apoptotic genes and (b) anti-apoptotic genes following indicated treatment. The mRNA expression level of (¢) DAPK1 and (d) /GFIR in C4-2
and LNCaP with indicated treatments. The expression of (e) DAPK1 and (f) IGF1R in C4-2 and LNCaP cells after indicated treatments monitored by Western
blot. (g) The representative dot plots of LNCaP cells with indicated treatment and (h) the histogram of apoptotic rates after Annexin V-FITC/PI staining.
(i) Functional illustration of apoptotic genes DAPK1 and IGFIR. P < 0.01; **P < 0.001; "™ P < 0.0001 (ANOVA). ENZ: enzalutamide; OLA: olaparib;
DAPK1: death-associated protein kinase 1; /GFIR: insulin-like growth factor 1 receptor; NC: normal control; si: small interfering; Q1-4: quadrant 1-4;
ANOVA: analysis of variance; DMSO: dimethyl sulfoxide; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; Pl: prodium iodide.

impairing HRR by inducing BRCAness. We first demonstrated that the
combination of ENZ and OLA inhibited the proliferation of prostate
cancer cell lines in a synergistic manner. Immunofluorescence showed
that ENZ combined with OLA significantly increased the number and
enhanced fluorescence intensity of foci of yH2AX, indicating DSB
accumulation. Apart from HRR, NHE] is one of the major pathways in
DSB repair in human cells."* Through NGS, we found that the combined
use of ENZ and OLA affected NHE] in addition to HRR. NHE] occurs
through several steps that mainly include recognition, end processing,
and ligation. DNA-PKcs, encoded by PRKDC, participates in the
recognition and end processing of NHE], and XRCC4 is involved in
the NHE] ligation step.” DNA-PKcs also promotes tumor progression
and metastasis and makes prostate cancer cells resistant to docetaxel.'***
High expression of DNA-PKcs is a predictor of poor biochemical
recurrence survival in patients with prostate cancer treated with
radiotherapy.®* Our data suggested that ENZ combined with OLA
corporately downregulated DNA-PKcs and XRCC4. Meanwhile, OLA-
downregulated DNA-PKcs combined with ENZ-downregulated XRCC4
contributed to DSB, perhaps through their roles in NHE] pathway.
We also demonstrated that ENZ combined with OLA promoted
apoptosis via upregulating pro-apoptotic genes and downregulating

anti-apoptotic genes. Furthermore, we found that the inhibitory
function of OLA on the pro-apoptotic gene DAPKI could be reversed
by ENZ. DAPK1 mediates pro-apoptotic activity through tumor
necrosis factor-alpha (TNF-a),”” which is consistent with our results.
DAPKI1 also mediates the inhibition of the IxB kinase p/signalosome
5/programmed death receptor-ligand 1 (PD-L1) axis,”® providing a
direction for the future combined use of PD-L1 inhibitors. Although
the high expression of IGFIR has a clear relationship with prostate
cancer development and progression,” IGFIR inhibitor has failed in
mCRPC clinical trial because of the complexity of the IGF1R system.*
However, IGF1R inhibitor plus mitoxantrone and prednisone has shown
improvement in composite progression-free survival among men with
mCRPC.* In our study, IGF1R exhibited an anti-apoptotic effect in the
combination group and was upregulated by OLA and downregulated
by ENZ. Knockdown of IGFIR showed a synergistic effect with OLA,
providing a new strategy for the combined use of IGF1R inhibitors.
Several clinical trials of drug combination are underway to further
expand the adaption of OLA, reduce side effects, and slow drug resistance.
A recent phase 2 clinical trial using OLA in combination with abiraterone
showed a statistically significant radiographic progression-free survival
in mCRPC regardless of HRR gene mutation status (13.8 months in
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combination vs 8.2 months in control, P = 0.034, hazard ratio = 0.65,
95% confidence interval: 0.44-0.97), and a phase 3 clinical trial is now
ongoing.” Our results suggested that ENZ combined with OLA can
promote prostate cancer cell apoptosis by multiple pathways other than
inducing BRCAness, providing evidence for future clinical trials of ENZ
plus OLA in CRPC regardless of HRR gene mutation status.
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Supplementary Table 1: Primary antibodies used in the experiments

Name Brand Applications and dilutions Article number
B-actin Beyotime WB, 1:2000 AF0003
Cleaved-PARP Selleck WB, 1:1000 A5034
DNA-PKcs CST WB, 1:1000 4602T
GAPDH Abcam WB, 1:5000 AB8245
IGFIR Beyotime WB, 1:1000 AF7182
XRCC4 Beyotime WB, 1:1000 AG3577
yH2AX Beyotime WB, 1:500; IF, 1:50 AF5836

WB: Western blot; PARP: poly (ADP-ribose) polymerase; IF: immunofluorescence;
DNA-PKcs: DNA-dependent protein kinase catalytic subunit; /GFIR: insulin-like growth
factor 1 receptor; XRCC4: X-ray repair cross complementing; yH2AX: gamma H2A histone
family member X

Supplementary Table 2: The sequences of the primers used in this
study

Gene Sequence forward (5"-3’) Sequence reverse (5-3’)
PRKDC CATGGAAGAAGATCCCCAGA TGGGCACACCACTTTAACAA
XRCC4 TCACCCAAGAACTCTTACCA CAGCCGTAGAAGCCATAA
DAPK1 ACGTGGTCCGGTATCTCTGTCTG TGCTCGTGCTGTTCCGATCTA
IGFIR TTCAGTTCGTGGTGGACCGAG TCCACAATGCCTGTCTGAGGTG
B-actin ACTCTTCCAGCCTTCCTTCC TGTTGGCGTACAGGTCTTTG

PRKDC: protein kinase DNA-activated catalytic subunit; /GFIR: insulin-like growth factor
1 receptor; XRCC4: X-ray repair cross complementing; DAPK1: death-associated protein
kinase 1

Supplementary Table 3: Protein kinase DNA-activated catalytic subunit
expression level in different stages in prostate of The Cancer Genome
Atlas

TCGA samples Series 1 Series 1 Series 1 Series 1 Series 1
(low) (q1)  (median)  (g3) (high)
Normal<br> (n=52) 4,943 11927 16.286 24.771 36.051

Gleason score 6<br> (n=45) 2.965 9.118 13.631 20.092 31.97
Gleason score 7<br> (n=247) 1.081 10.76  15.767 25.096 45.471
Gleason score 8<br> (n=64) 2.978 11.534 15,595 19.864 32.708
Gleason score 9<br> (n1=136) 2.707 12.595 16.076 21.488 38.708
Gleason score 10<br> (n=4) 10.859 11.519 40.25 73.287 86.869
TCGA: The Cancer Genome Atlas

Supplementary Table 4: Statistical significance of protein kinase
DNA-activated catalytic subunit expression level in different stages in
prostate of The Cancer Genome Atlas

Comparison P Statistical significance
Normal-vs-Gleason score 6 0.027842 Yes
Normal-vs-Gleason score 7 0.67012 No
Normal-vs-Gleason score 8 0.85906 No
Normal-vs-Gleason score 9 0.177278 No
Normal-vs-Gleason score 10 0.26868 No
Gleason score 6-vs-Gleason score 7 0.0025369 Yes
Gleason score 6-vs-Gleason score 8 0.023304 Yes
Gleason score 6-vs-Gleason score 9 0.0069567 Yes
Gleason score 6-vs-Gleason score 10 0.2228 No
Gleason score 7-vs-Gleason score 8 0.86614 No
Gleason score 7-vs-Gleason score 9 0.23216 No
Gleason score 7-vs-Gleason score 10 0.2767 No
Gleason score 8-vs-Gleason score 9 0.22858 No
Gleason score 8-vs-Gleason score 10 0.27328 No

Gleason score 9-vs-Gleason score 10 0.098277 Yes
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Supplementary Figure 1: Global gene expression profiles analyzed by NGS. (a) Principal component analysis of C4-2 cells in indicated groups. (h) Box and
whisker plots of FPKM levels in indicated groups. (¢) Violin plots of FPKM distribution in indicated groups. (d) Distribution of FPKM density in indicated

groups. NGS: next-generation sequencing; ENZ: enzalutamide; OLA: olaparib; PC: principal component; FPKM: fragments per kilobase of exon model per
million mapped reads.



Statistics of Pathway Enrichment (ENZvsDMSO_UP)
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Supplementary Figure 2: GO enrichment analyses of the differentially expressed genes. Top 20 terms of the differentially expressed genes analyzed by GO
enrichment analyses in (a) ENZ vs DMSO group, (b) OLA vs DMSO group, and (¢) ENZ plus OLA group. ENZ: enzalutamide; OLA: olaparib; GO: Gene Ontology.
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