1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Clin Cancer Res. Author manuscript; available in PMC 2021 September 15.

-, HHS Public Access
«

Published in final edited form as:
Clin Cancer Res. 2021 March 15; 27(6): 1792-1806. doi:10.1158/1078-0432.CCR-20-2483.

Attenuation of SRC kinase activity augments PARP inhibitor—
mediated synthetic lethality in BRCAZ2-altered prostate tumors

Goutam Chakrabortyl"# Nabeela Khan Pataill->", Rahim Hiranil, Subhiksha Nandakumar?,
Ying Z. Mazzu?, Yuki Yoshikawal, Mohammad Atig18, Lina E. Jehanel, Konrad H.
Stopsack?!, Gwo-Shu Mary Lee3, Wassim Abidal, Michael J. Morris?, Lorelei A. Mucci?,
Daniel Danilal, Philip W. Kantoffl-#

1Department of Medicine, Memorial Sloan Kettering Cancer Center, New York, NY
2Center for Molecular Oncology, Memorial Sloan Kettering Cancer Center, New York, NY
3Dana-Farber Cancer Institute, Boston, MA

4Department of Epidemiology, Harvard T.H. Chan School of Public Health, Boston, MA

Abstract

Purpose: Alterations in DNA damage repair (DDR) pathway genes occur in 20-25% of men
with metastatic castration-resistant prostate cancer (MCRPC). Although poly (adenosine
diphosphate [ADP]-ribose) polymerase inhibitors (PARPI) have been shown to benefit men with
mCRPC harboring DDR defects due to mutations in BRCA1/2and ATM, additional treatments are
necessary because the effects are not durable.

Experimental Design: We performed transcriptomic analysis of publicly available mCRPC
cases, comparing BRCAZ2-null to BRCAZ wild type. We generated BRCAZ-null prostate cancer
cells using CRISPR/Cas9 and treated these cells with PARPi and SRC inhibitors. We also assessed
the antiproliferative effects of combination treatment in 3D prostate cancer organoids.

Results: We observed significant enrichment of the SRC signaling pathway in BRCAZ-altered
MCRPC. BRCAZ-null prostate cancer cell lines had increased SRC phosphorylation and higher
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sensitivity to SRC inhibitors (eg, dasatinib, bosutinib, and saracatinib) relative to wild-type cells.
Combination treatment with PARPi and SRC inhibitors was antiproliferative and had a synergistic
effect in BRCAZ-null prostate cancer cells, mCRPC organoids, and Trp53/Rb1-null prostate
cancer cells. Inhibition of SRC signaling by dasatinib augmented DNA damage in BRCAZ-null
prostate cancer cells. Moreover, SRC knockdown increased PARPI sensitivity in BRCAZ-null
prostate cancer cells.

Conclusions: This work suggests that SRC activation may be a potential mechanism of PARPi
resistance and that treatment with SRC inhibitors may overcome this resistance. Our preclinical
study demonstrates that combining PARPi and SRC inhibitors may be a promising therapeutic
strategy for patients with BRCAZ-null mCRPC.

Keywords

PARP inhibitor; SRC inhibitor; BRCAZ deletion; castration-resistant prostate cancer; combination
treatment

INTRODUCTION

Metastatic castration-resistant prostate cancer (NCRPC) is lethal and incurable (1).
Treatment options for patients with mCRPC have expanded significantly, but de novo and
acquired resistance occurs frequently. Large-scale genomic studies (2,3) have revealed a
high degree of genomic instability (4) and frequent alterations in DNA damage repair (DDR)
genes (2,5) in patients with mCRPC. Alterations in BRCAZ, a hallmark DDR and cancer
susceptibility gene, are also prevalent in men with advanced prostate cancer (PC) (6,7),
including homozygous and heterozygous BRCAZ deletions (8). BRCAZ alterations,
especially loss-of-function mutations, have been observed in a higher proportion of men
with mCRPC and are associated with a worse prognosis (5,6). In the PROREPAIR-B
MCRPC cohort, BRCAZ germline mutations were reported to negatively affect outcome (9).
However, the molecular mechanisms through which BRCAZ loss accelerates PC progression
are poorly understood.

A significant fraction of localized PC and mCRPC harbor BRCAZ deletions (10). BRCAZis
frequently co-deleted with /B2, and co-deletion was significantly enriched in mCRPC and
was associated with higher genomic instability. BRCAZ/RB1 co-deletion impaired DNA
repair, induced castration resistance, and augmented an epithelial-mesenchymal transition—
like aggressive phenotype (10). Beltran et al. reported BRCAZ deletions in 30-50% of
MCRPC and in 7P53/ RB1-deficient neuroendocrine PC (8). They also showed that
alterations in DDR genes (primarily BRCAZ2) were significantly associated with poor overall
survival (P=0.001) (8). These data suggest that BRCAZ deletion leads to aggressive PC and
indicate that the underlying signaling pathways need to be investigated.

Poly (ADP-ribose) polymerase (PARP) inhibitors (PARPI) cause single-strand break
accumulation (11) and synthetic lethality in DDR-impaired tumors due to mutated or deleted
BRCA1/2(12). PARPI are approved for the treatment of ovarian cancer, breast cancer, and
PC (13). In a phase Il trial in 49 patients with mCRPC, 16 (33%) showed a significant
response to olaparib. Importantly, 88% of those who responded to olaparib harbored
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homologous recombination repair defects due in large part to BRCA2and ATM alterations
(14). The landmark TRITON2, TOPARP-B, and PROfound 3 trials showed that germline
and somatic BRCAZ alterations were associated with increased response to olaparib and
rucaparib (15-18). Recent data have also shown that patients with loss of BRCA1/2in
multiple cancers, including PC, experienced clinical benefit with PARPiI (19). In TRITON2,
patients with BRCA1/2 alterations treated with rucaparib had a 52% prostate-specific
antigen response rate and a 43.9% response rate in patients with measurable disease. The
duration of response was = 6 months in 15 (56%) of the 27 patients with confirmed objective
responses (20). However, resistance is common, resistance mechanisms are poorly
understood (21), and treatment modalities for patients resistant to PARPI are limited.
Combination strategies that are well tolerated and have a synergistic effect are needed.

Increasing evidence has connected oncogenic nonreceptor tyrosine kinase SRC activity with
aggressive PC (22). Phosphoproteomic analysis of mMCRPC showed that SRC is one of the
most activated kinases (23). Src knockout reduced primary tumor growth and metastasis
(24). Although SRC activation is known to be required for checkpoint recovery termination
and SRC inhibition delays G2 DNA damage checkpoint recovery following DNA double-
strand break (DSB) repair (25,26), the role of SRC in DDR is incompletely understood.

We analyzed the transcriptomic profile of BRCAZ2-deleted mCRPC, and, for the first time,
demonstrated that SRC pathway activation is directly associated with BRCAZ loss. We
observed strong SRC activation and increased dasatinib sensitivity in BRCAZ2-knockout PC
cells. We demonstrated that the combined use of PARPi and SRC inhibitors in BRCAZ-
deleted PC cell lines has a synergistic effect on cell viability. We found that SRC knockdown
increases PARPI sensitivity, indicating that SRC activation may be important in PARPI
resistance. Our study suggests that there may be significant promise in exploring combined
inhibition of PARP and SRC in BRCAZ-altered mCRPC as well as in 7P53/ RB1-altered
neuroendocrine PC.

METHODS

Bioinformatic analysis of clinical cohorts

Cell culture

The association between BRCAZ genomic deletion (heterozygous and homozygous) and
disease progression in various PC clinical cohorts was analyzed in cBioPortal (27,28). The
transcriptomic profile of tumors with BRCAZ alteration was generated in cBioPortal and
pathway analysis for oncogenic and hallmark signature performed using gene set enrichment
analysis (GSEA). Ten PC cohorts were used in this study (Supplementary Table S1). Graphs
and Kaplan-Meier survival curves were plotted using GraphPad Prism (version 7, La Jolla,
CA).

Cells were purchased from ATCC (Manassas, Virginia) unless otherwise specified in
Supplementary Table S2. LNCaP, DU145, 22RV1, and TRAMP-C2 were purchased from
ATCC (Manassas, Virginia). PC3M cells were provided by Raymond C. Bergan (Knight
Cancer Institute, Oregon Health & Science University, Portland, OR). Cells were cultured in
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RPMI1640 (LNCaP, 22RV1 and PC3M) or DMEM (DU145, TRAMP-C2) media
supplemented with 10% FBS, 2 mM L-glutamine, and 1X antibiotic/antimycotic (Gemini
Bio-Products, Sacramento, CA) at 37°C in 5% CO,. The LNCaP-abl cell line was provided
by Zoran Culig (Innsbruck Medical University, Innsbruck, Austria) and was maintained in
phenol red—free RPMI11640 media supplemented with 10% charcoal-stripped serum, 2 mM
L-glutamine, and 1X antibiotic/antimycotic. RWPEL cells were obtained from ATCC and
cultured in keratinocyte serum-free medium (Thermo Fisher Scientific, Waltham, MA) at
37°C in 5% CO,. Prostate organoids derived from patients with mCRPC were provided by
Dr. Yu Chen (Memorial Sloan Kettering Cancer Center [MSK], New York, NY) and cultured
as described previously (29). Cells were acquired between 2017 and 2019; in general, there
were between two and six passages between collection and thawing. Cells were
authenticated by human short tandem repeat profiling at the MSK Integrated Genomics
Operation Core Facility in December 2017 and June 2019. Mycoplasma testing was
performed at the MSK Antibody & Bioresource Core Facility using the MycoAlert™ PLUS
Assay in January 2019. CRISPR/Cas9-mediated BRCAZ knockout was performed in
LNCaP as described earlier (10). gRNA sequences are shown in Supplementary Table S2.
Single cell-derived BRCAZ knockout LNCaP clones were analyzed by Sanger sequencing at
the MSK Gene Editing & Screening Core Facility.

Western blot

Cells were washed with Hank’s Balanced Salt Solution (HBSS) and lysed in RIPA (50 mM
TRiS-HCI pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1% sodium
deoxycholate, and 0.1% SDS) supplemented with protease and phosphatase inhibitors
(Thermo Scientific). Protein concentrations were measured using the Bradford protein assay.
Western blot was performed using specific antibodies (Supplementary Table S2). Freshly
prepared cell lysates were used for BRCA2 western blot as described earlier (10).

RNA extraction and gPCR

RNA isolation was performed using the Direct-zol RNA Kit (Zymo Research, Irvine, CA)
and reverse transcribed with gqScript cDNA SuperMix (Quantabio, Beverly, MA). cDNA
corresponding to approximately 10 ng of starting RNA was used for one reaction. gPCR was
performed with Tagman Gene Expression Assay (Applied Biosystems, Waltham, MA).
GAPDH was used as an internal control. Tagman probe sequences are shown in
Supplementary Table S2.

Cell viability assay

Cell viability was measured by MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium
bromide; Invitrogen) assay. Cells were plated in 96-well plates in complete media (2.5x103
for LNCaP, 22RV1, LNCaP-abl, and RWPE1, 1x103 cells for PC3M, and 5x103 for
MSKPCal and MSKPCa3). 96-well plates were precoated with 50 ug/mL collagen | (rat
tail; Thermo Scientific) for MSKPCal and MSKPCas3 cells. Cells were treated with DMSO
or indicated inhibitors at day 0 and at day 3 unless otherwise mentioned. After indicated
times, cells were incubated in 0.5 mg/mL MTT for 2 hours at 37°C. MTT crystals were
dissolved in isopropanol and absorbance was measured in a plate reader at 570 nM.
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Drug synergy analysis

PC3M and LNCaP-abl cells were treated with PARPi (olaparib and talazoparib) and
dasatinib alone or in combination for 5 days. Drugs were added to the cells at day 0 and at
day 3. The combination index—isobologram equation was used to quantitatively calculate the
drug interaction. The Chou-Talalay method (Compusyn) is a standardized definition for
synergy in drug combinations and is based on the median-effect equation. The different
identifications are based on the combination index. The dose response and combination
index—effect plots show the combinational effect of indicated drugs on cell proliferation,
where combination index < 1 indicates synergism, combination index = 1 is additive, and
combination index > 1 indicates antagonism (30).

DNA damage assay

Cells were treated with dasatinib (0.3 pM) for 24 hours. DNA damage was quantified using
MUSE multi-color DNA damage kit (Luminex; M CH200107) in Guava MUSE cell
analyzer system according to the manufacturer’s instructions. Experiments were performed
in triplicate.

Comet assay

1x10° LNCaP scrambled and BRCAZ2 knockout (pooled population and single cell-derived
clones) cells were incubated in media supplemented with dasatinib (0.3 uM) for 24 hours.
Comet assay was performed using the Comet assay kit (Abcam; ab238544) according to the
manufacturer’s instructions. Photographs were captured under fluorescence microscopy.

Mouse strains

Male wild-type C57BL/6J mice and C57BL/6-Tg(TRAMP) mice were purchased from The
Jackson Laboratory. Normal prostates (from wild-type C57BL/6J mice) and localized
prostate tumors (from C57BL/6-Tg(TRAMP) mice) were isolated from 30-week old mice
and fixed in 4% paraformaldehyde followed by paraffin embedding, sectioning, and staining
using indicated antibodies. All animal experiments were performed in the MSK Research
Animal Resource Center Core Facility according to the Institutional Animal Care and Use
Committee protocol.

3D Matrigel organoid assays

Organoid assays were performed as described earlier (31). Briefly, PC3M, LNCaP-abl,
MSKPCal, and MSKPCa3 cells were detached using Accutase (Innovative Cell
Technologies, San Diego, CA), collected using 70-pm cell strainers, counted (1x103 cell/
well for PC3M cells and 5x103 cell/well for LNCaP-abl, MSKPCal, and MSKPCa3 cells),
and resuspended in prostate organoid media (29) and mixed with Matrigel Membrane Matrix
(Fisher Scientific CB-40234C) in a 1:1 ratio. The cell and Matrigel mixtures were plated on
ultra-low attachment plates and allowed to grow for the indicated times. Detailed schematic
representations of the organoid experiments are shown in Supplementary Figure S6A.
Organoids were counted and photographed using GelCount colony counter (Oxford
Optronix, Abingdon, England).
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Statistical analysis

Results are reported as mean = standard deviation, unless otherwise noted. Comparisons
between groups were performed using an unpaired two-sided Student’s ftest, unless noted.
Graphs were generated with GraphPad Prism (version 7.0 GraphPad Software, Inc, La Jolla,
CA).

RESULTS

BRCAZ2 deletion in mCRPC is associated with enhanced SRC activation

To identify the frequency of BRCAZalterations in PC, we analyzed data from cBioPortal for
Cancer Genomics (27,28). We observed that BRCAZis frequently deleted in localized PC,
MCRPC, and neuroendocrine PC, with heterozygous/shallow deletions more frequent than
homozygous/deep deletions (Supplementary Fig. S1A). Biochemical recurrence was more
common in patients with BRCAZ deletions than in patients with wild-type BRCAZ2
(Supplementary Fig. S1B; P=9.35e-7; Q=1.964e-5). The Gleason scores of patients with
BRCAZ deletions were significantly higher than the Gleason scores of patients with wild-
type BRCAZ (Supplementary Fig. S1C; P=1.902e-5, ¢=3.551e-4). The proportion of
metastatic cases was significantly higher in patients with homozygous or heterozygous
BRCAZ deletions than in patients with wild-type BRCAZ (Supplementary Fig. S1D; P<
10e-10, Q < 10e-10). These data suggest that BRCAZ deletion may be associated with
aggressive PC.

To investigate the signaling pathways associated with BRCAZ-deleted mCRPC, we used
publicly available data from the Kumar cohort (32). BRCAZ deletions were found in 56% of
MCRPC cases (Fig. 1A). We compared gene expression between patients with homozygous
and heterozygous deletions of BRCAZand patients with wild-type BRCAZ (Fig. 1B,
Supplementary Table S3). We performed GSEA and found increased expression of several
important oncogenic signaling pathways (eg, E2F3, KRAS, and EZH2) and significant
enrichment of the oncogenic tyrosine kinase SRC signaling pathway (normalized
enrichment score [NES] = 1.8; £=0.003, false discovery rate [FDR] = -0.05; Fig. 1C,D;
Supplementary Table S3). We also performed GSEA comparing cases with BRCAZ2
homozygous deletion to cases with wild-type BRCAZ, cases with BRCAZ heterozygous
deletion to cases with wild-type BRCAZ, and cases with BRCAZhomozygous deletion to
cases with BRCAZ heterozygous deletion (Supplementary Fig. SIE-G). We observed SRC
signaling pathway enrichment in cases with homozygous BRCAZ deletion compared to
cases with wild-type BRCAZ2 (NES = 1.3; P=0.046, FDR = 0.073; Supplementary Table
S3) and in cases with heterozygous BRCAZ deletion compared to cases with wild-type
BRCAZ (NES= 1.55; = 0.003, FDR = 0.02; Supplementary Table S3). The SRC pathway
was not enriched when cases with homozygous and heterozygous BRCAZ deletions were
compared (Supplementary Table S3).

We also performed the hallmark pathway analysis using GSEA and found that attenuation of
androgen signaling was associated with BRCAZ2-deleted mCRPC (Fig. 1E,F; Supplementary
Table S3). To identify drug targets associated with BRCAZ-deleted mCRPC, we performed
ToppGene suite analysis (33) of the upregulated transcriptome. The potent SRC inhibitor
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dasatinib was one of the top drug targets associated with the BRCAZ-deleted mCRPC
transcriptome (Fig. 1G). Our data suggest that SRC pathway activation may be associated
with BRCAZ-deleted mCRPC.

Increased SRC phosphorylation in BRCA2-null PC cells

To investigate the direct effect of BRCAZloss on SRC pathway activation, we used
CRISPR/Cas9 to generate BRCAZ2-knockout LNCaP cells, a hormone-dependent human PC
cell line with wild-type BRCAZ (10). LNCaP cells transfected with nontargeting/scrambled
gRNA served as a control as described previously (10). We confirmed BRCAZloss in
BRCAZ gRNA-transduced cells and observed increased SRC phosphorylation at
tyrosine-416 (Y416) in cells transduced with all gRNAs targeting BRCAZ compared to cells
transduced with the control (scrambled) gRNA (Fig. 2A, Supplementary Fig. S2A). SRC
phosphorylation at Y416, which is in the activation loop of the kinase domain, is a key step
leading to high SRC activity (34). We also assessed whether BRCAZ loss induced activation
of other signaling pathways by western blot, particularly those pathways that we found to be
enriched in BRCAZ-null mCRPC (Fig. 1C,D). We did not observe increased
phosphorylation of ERK (KRAS pathway) and JNK or induction of EZH2 in BRCAZ-
knockout cells compared to control cells (Fig. 2B). We did observe activation of the ATR-
ATF2 pathway, indicating the induction of DNA damage in BRCAZ-null LNCaP cells. Our
data also showed increased phosphorylation of FAK, a downstream target of SRC (35), in
BRCAZ-knockout cells compared to control cells, further indicating that the SRC signaling
pathway is activated in BRCAZ-null PC cells (Fig. 2B). We also observed induction of AKT
phosphorylation (PTEN pathway) in BRCAZ-knockout cells relative to control cells.

To demonstrate that BRCAZloss induces SRC phosphorylation in the absence of any
exogenous factors, we assessed SRC phosphorylation in cells grown in serum-free media
and then treated with epidermal growth factor (EGF). Levels of SRC phosphorylation were
higher in the serum-starved BRCAZ2-knockout cells than in the control cells, even without
EGF treatment (Supplementary Fig. S2B). Increased SRC phosphorylation was observed in
BRCAZ-null LNCaP-abl, DU145, and PC3M cells, which harbor BRCAZ heterozygous
deletions (10) and low BRCAZ mRNA levels (Supplementary Fig. S2C), compared to
LNCaP cells (Fig. 2C). RNAi-mediated knockdown of SRC inhibited FAK phosphorylation
in BRCAZ-null LNCaP-abl cells, indicative of SRC-mediated FAK activation in these cells
(Supplementary Fig. S2D). Our data indicate that loss of BRCAZis sufficient to induce SRC
activation in PC cells.

We next examined the effects of SRC inhibitor treatment on BRCAZ-null PC cells. As
expected, SRC-Y416 phosphorylation was reduced in BRCAZ-null PC3M and LNCaP-abl
cells treated with dasatinib (Supplementary Fig. S2E,F). However, treatment with dasatinib
did not inhibit AKT phosphorylation in LNCaP-abl cells (Supplementary Fig. S2F). We
observed that a pooled population of BRCAZ-null LNCaP cells (LNCaP BRCAZ-gRNA 2)
exhibited enhanced sensitivity to dasatinib compared to cells transduced with a scrambled/
nontargeting gRNA (Fig. 2D, top). We also generated single cell-derived clones from
BRCAZ-knockout cells (LNCaP BRCAZ-gRNA-cl7) and confirmed BRCAZ loss by
CRISPR sequencing (wild-type BRCAZ elimination > 99%; Supplementary Table S4).
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Dasatinib reduced the viability of LNCaP BRCAZ2-gRNA2-cl7 cells (Fig. 2D, top). There
was no significant difference in cell viability with dasatinib treatment between the pooled
cells and the single cell-derived clones. Importantly, we observed that dasatinib also
suppressed the elongated morphology of control cells, LNCaP BRCAZ-gRNA 2 cells, and
LNCaP BRCAZ2-gRNA-cl7 cells (Fig. 2D, bottom). Similarly, other SRC-specific inhibitors
bosutinib (SKI1606) and saracatinib (AZD-0530) strongly reduced the viability of BRCAZ2-
null LNCaP cells (LNCaP BRCAZ2-gRNA 2) cells compared to control cells (Fig. 2E).
However, inhibition of AKT by ipatasertib did not have a significant inhibitory effect on cell
viability in BRCA2-null LNCaP cells compared to scrambled LNCaP cells (Fig. 2F). These
data indicate that inhibition of the SRC pathway reduces the viability and invasiveness of
these PC cell lines.

We assessed whether increased levels of SRC phosphorylation were associated with poor
outcomes in patients with localized PC. Increased SRC-Y416 phosphorylation was modestly
but not statistically significantly associated with decreased disease-free survival in The
Cancer Genome Atlas (TCGA) cohort of primary PC (Pireng = 0.0546; 95% confidence
interval [CI], 0.9319 to 3.619; Fig. 2G). We were unable to detect an association between
levels of SRC-Y527 phosphorylation or levels of SRC and disease-free survival in the same
cohort (Supplementary Fig. S2G,H). We did not detect a significant association between
SRC-Y416 phosphorylation and Gleason grade (Supplementary Fig. S2I, top) or between
BRCAZ deletion and SRC-Y416 phosphorylation levels (Supplementary Fig. S21, bottom).
To further understand the role of SRC activation in localized PC, we compared gene
expression between patients with high SRC activation (top quartile; Fig. 2G) and those with
low SRC activation (bottom quartile; Fig. 2G) and performed GSEA. We found enrichment
of several oncogenic signaling pathways, including induction of the PIGF pathway (Fig.
2H). Previous studies have shown that placental growth factor/PIGF, a secreted stromal
factor that can induce SRC activation (36), plays an important role in cancer progression
(37). Taken together, these data suggest that SRC Y416 phosphorylation may be associated
with primary PC progression; however, additional oncogenic alterations may lead to SRC
activation in primary PC.

Synergistic effect of PARPi and dasatinib in BRCA2-null PC cells

Recently, PARPi have shown promise in patients with mCRPC harboring DDR pathway
defects—in particular, but not exclusively, BRCAZ-altered tumors—Ileading to FDA
approval (14-18). Despite responses, resistance is common, and treatment modalities for
patients resistant to PARPI are limited. Given these data, we hypothesized that combined
inhibition of SRC and PARP could be a therapeutic option for patients with BRCAZ2
alterations.

To study the effects of dasatinib in combination with PARPI, we used CompuSyn synergism/
antagonism analysis (30). Briefly, cells were treated with increasing concentrations of
dasatinib and either olaparib or a PARPI that exhibits higher PARP1 trapping, talazoparib.
We observed that dasatinib acted synergistically (combination index < 1) with both
talazoparib and olaparib in BRCAZ-null LNCaP-abl and PC3M cells (Fig. 3A,B;
Supplementary Fig. S3A,B). Although the dasatinib-talazoparib combination was strongly
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synergistic in both LNCaP-abl and PC3M cells, the synergistic effect of the dasatinib-
olaparib combination was stronger in PC3M cells than in LNCaP-abl cells (Fig. 3A,B,
Supplementary Fig. S3A,B).

We also examined the effect of combination treatment on the viability of LNCaP-abl (0.3
UM dasatinib and 0.03 pM talazoparib alone or in combination) and PC3M cells (0.3 pM
dasatinib and 3.0 uM olaparib alone or in combination). The combination of dasatinib with
PARPI significantly reduced cell viability over treatment with either drug alone
(Supplementary Fig. S3C,E). In particular, treatment of LNCaP-abl cells with dasatinib
alone had no effect on cell viability, but the combination of talazoparib and dasatinib
significantly reduced cell viability (Supplementary Fig. S3C).

We next assessed the effect of combination treatment on the viability of LNCaP BRCAZ-
gRNA 2 cells over time. We treated cells with 0.3 UM dasatinib and 3.0 UM olaparib, the
concentrations that produced a synergistic effect on cell viability. Combination treatment of
control/scrambled LNCaP cells reduced cell viability, but the effect was modest compared to
olaparib treatment alone (Fig. 3C). We observed a significant reduction in the viability of
LNCaP BRCAZ2-gRNA 2 cells treated with the combination of dasatinib and olaparib.
Treatment with either drug alone only partially inhibited viability (Fig. 3C,D). Olaparib
alone did not alter the invasive elongated morphology of LNCaP BRCAZ2-gRNA 2 cells (Fig.
3E). These data demonstrate that combination treatment inhibits cell viability and suppresses
the invasive elongated morphology of BRCAZ-knockout PC cells.

To further confirm the effect of dual inhibition of SRC and PARP on the viability of
BRCAZ-null PC cells, we treated LNCaP-abl cells with bosutinib (0.3 pM) and saracatinib
(0.3 uM) alone and in combination with talazoparib (0.03 uM) for 7 days (Fig. 3F,
Supplementary Fig. S3D). We found that the combined inhibition of SRC and PARP
strongly reduced the viability of LNCaP-abl cells over the inhibition of SRC or PARP alone
(Fig. 3F, Supplementary Fig. S3D).

Recent clinical data have shown that patients with mCRPC with DDR mutations
(particularly BRCA2) respond to platinum-based chemotherapy (38). To investigate whether
inhibition of SRC increases the efficacy of platinum-based therapy, we treated cells
(LNCaP-scrambled and LNCaP BRCAZ-gRNA 2) with 0.3 uM dasatinib and 0.1 uM
cisplatin for 5 days (Fig. 3G,H). We observed a strong reduction in the viability of LNCaP
BRCAZ-gRNA 2 cells treated with the combination of dasatinib and cisplatin, while
treatment with either drug alone only partially inhibited viability (Fig. 3G,H). Taken
together, our data suggest that SRC inhibitors can increase the growth inhibitory effect of
both PARP and platinum-based therapy in BRCAZ2-null PC cells.

Dasatinib induces DNA damage in BRCA2-null PC cells

To test our hypothesis that dasatinib induces DNA damage, we treated PC3M cells with
dasatinib for 24 hours and assessed DNA damage by phospho-yH2Ax and phospho-ATM as
measured by flow cytometry. Dasatinib-treated PC3M cells had increased yH2AX
phosphorylation relative to DMSO-treated cells, indicative of defective DSB repair (Fig.
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4A). There was a modest increase in ATM phosphorylation in dasatinib-treated cells,
indicating that SRC phosphorylation inhibition induces DNA damage (Fig. 4A).

To determine whether BRCAZ loss affected dasatinib-induced DNA damage, we treated
LNCaP BRCAZ2-gRNA2-cl7 and control cells with dasatinib (0.3 uM) for 24 hours.
Dasatinib induced DNA damage in BRCAZ2-knockout cells but not control cells (Fig. 4B,C).
We also examined DNA damage in dasatinib-treated cells using the comet assay, which
directly measures DNA DSBs. We observed comet tails in both LNCaP BRCAZ-gRNA2-cl7
and LNCaP BRCAZ2-gRNA 2 cells treated with dasatinib, whereas DMSO-treated cells did
not have any significant comet tails (Supplementary Fig. S4A).

Dasatinib also induced DNA damage in RWPEL1 cells, an immortalized benign human
prostate cell line (Supplementary Fig. S4B). RWPEZ1 cells are BRCAZwild type (10) and
express low levels of TP53 and RB1 proteins due to the presence of a single copy of human
papillomavirus 18 (HPV18) (39). We also examined the effect of dasatinib on RWPEL cell
viability. Only the combination of olaparib and dasatinib significantly reduced cell viability;
there was minimal decrease with dasatinib alone (Supplementary Fig. S4C). These data
suggest that the combination of dasatinib and PARPi may inhibit the growth of PC cells
without alterations in canonical DDR genes (e.g., BRCAZ2) but with alterations in tumor
suppressors such as 7P53 or RB1. Taken together, our data show that inhibition of SRC
signaling by dasatinib induces DNA damage in PC cells, thereby increasing sensitivity to
PARPI.

We extend our study and investigated the effects of combined inhibition of SRC and PARP
on the growth of 7P53/RBI-null PC cells. Loss of 7P53and RBI1 is observed in advanced
PC and frequently observed in very aggressive neuroendocrine/neuroendocrine-like PC and
is associated with poor outcome (8). To examine SRC activation in 7P53/ RB1-null
neuroendocrine PC, we used localized prostate tumors from C57BL/6-Tg(TRAMP) mice;
this genetically engineered mouse model expresses simian virus 40 (SV40) early genes
(large and small tumor antigens, Tag) in the prostate, resulting in abrogation of 7rp53and
Rb1 and the rapid development of androgen receptor—negative aggressive and metastatic
neuroendocrine PC (40). We observed strong SRC phosphorylation and increased DNA
damage (phosphorylation of yH2AX) in the Tg(TRAMP) tumors relative to the normal
prostate of C57BL/6J mice (Fig. 4D). We treated TRAMP-C2 cells (tumorigenic cell lines
developed from 32-week localized prostate of a Tg(TRAMP) mouse) (41) with dasatinib
(0.3 pM) or bosutinib (0.3 uM) alone and in combination with talazoparib (0.03 pM) for 5
days. There was a significant reduction of cell viability when treatment included SRC
inhibitors dasatinib or bosutinib in combination with talazoparib compared to treatment with
either dasatinib, bosutinib, or talazoparib alone (Fig. 4E,F). We also treated TRAMP-C2
cells with 0.3 uM dasatinib and 0.1 uM cisplatin and observed a strong reduction in the
viability of cells treated with the combination of dasatinib and cisplatin compared to
treatment with either drug alone (Fig. 4G, Supplementary Fig. S4D). These data suggest that
the combinatorial treatment of SRC inhibitors with PARPI or platinum-based chemotherapy
strongly reduces viability over treatment with either SRC inhibitors or PARPi alone in
Trp53/ RbI-null neuroendocrine PC.
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We were unable to find any significant overlap between published SRC signaling genes and
DDR genes (Supplementary Fig. S4E), indicating that further study to uncover the
connection is warranted.

SRC activation may lead to PARPI resistance in PC

Although PARPI-based therapies are the mainstay for patients with BRCA1/2-mutated PC
(14-16), responses are not durable; de novo and acquired PARPI resistance are major
limiting factors of clinical therapy, though the mechanisms of resistance are not fully
understood. We hypothesized that SRC activation is important in PARPI resistance in PC.
We treated 22RV1 cells, which harbor a BRCAZ oncogenic mutation (T3033Nfs*11) (42),
with olaparib and dasatinib alone and in combination. Consistent with our previous report
(10), 22RV1 cells had de novo relative resistance to olaparib (Fig. 5A). Combination
treatment significantly decreased 22RV1 cell viability. Dasatinib alone had only a very
modest effect.

We next performed a transient periodic experiment treating PC3M cells with dasatinib and
talazoparib (Supplementary Fig. S5A). We first treated PC3M cells for 3 days with
talazoparib or dasatinib alone. We then added dasatinib to the talazoparib pretreated cells
(and vice versa) and incubated the cells for 4 days. Cells treated with talazoparib or dasatinib
alone or in combination for 6 continuous days were used as control. Dasatinib considerably
reduced the viability of talazoparib-pretreated cells (Fig. 5B, Supplementary Fig. S5A).
There was a similar reduction of cell viability in dasatinib-pretreated cells in the presence of
talazoparib (Fig. 5B, Supplementary Fig. S5A). As expected, combination treatment of
dasatinib and talazoparib for 6 continuous days significantly reduced cell viability relative to
either drug alone (Fig. 5B, Supplementary Fig. S5A). However, there was no significant
difference in viability of cells pretreated or continuously treated with the talazoparib/
dasatinib combination (Fig. 5B, Supplementary Fig. S5A).

We also incubated PC3M cells in olaparib- or talazoparib-supplemented media. After 15
days, we counted the surviving cell population (PARPi-resistant), replated, and treated with
dasatinib with olaparib or talazoparib for 7 days (Supplementary Fig. S5B). Strikingly, the
viability of PARPi-resistant cells was remarkably reduced in the presence of low
concentrations of dasatinib (Fig. 5C,D). Dasatinib treatment only modestly reduced the
viability of DMSO-pretreated cells (Fig. 5C,D). These data indicate that dasatinib restores
PARPI sensitivity in PARPi-resistant PC cells.

We transiently knocked down SRCin PC3M cells and treated them with olaparib or
talazoparib. PARPI selectively attenuated the viability of PC3M cells with decreased SRC
expression (Fig. 5E). We next investigated whether SRC activation was directly involved in
PARPI resistance in PC cells. We transiently overexpressed constitutively active SRC
(Y527F SRC) (43) or empty vector in PC3M cells. Expression of constitutively active SRC
rescued the cell viability reduction in response to PARPI (Fig. 5F). Collectively, these data
further demonstrate that SRC activation may be a mechanism of PARPI resistance in PC.
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Dasatinib and PARPi combination attenuates 3D PC organoid growth

Recent data have shown that 3D organoids are a better model for understanding disease
biology and testing drug efficacy in vitro (44). We treated 3D Matrigel organoids of PC3M
cells with dasatinib or olaparib alone or in combination (Supplementary Fig. S6A).
Combination treatment remarkably reduced the number and size of organoid colonies
compared to treatment with either drug alone (Fig. 6A,B). Treatment of LNCaP-abl
organoids with dasatinib and talazoparib produced similar results (Fig. 6C, Supplementary
Fig. S6B). We also observed reduced PC3M invasion through Matrigel in dasatinib-treated
organoids compared to DMSO- or olaparib-treated organoids (Fig. 6B).

We extended our study to include organoids derived from patients with mCRPC, which can
be used as avatars of human cancer to study the molecular mechanisms of candidate genes
and the effect of drugs (29). We have previously used fluorescence in situ hybridization
(FISH) to assess BRCAZ status of these organoids; MSKPCal and MSKPCa3 have
heterozygous loss of BRCAZ, whereas MSKPCaz2 is BRCAZ wild type (10). All three
patient-derived organoids exhibited high SRC activation compared to LNCaP cells (Fig.
6D). Interestingly, we observed high FAK phosphorylation only in the BRCAZ2-null
organoids MSKPCal and MSKPCa3 but not in the BRCAZ2 wild-type organoid MSKPCa2
(Fig. 6D). We treated the BRCAZ-null organoids with 0.3 pM dasatinib and 0.03 uM
talazoparib alone or in combination in 2D on collagen-coated plates or in 3D Matrigel. We
observed a strong reduction in the viability of organoids in 2D culture (Fig. 6E) and a
statistically significant reduction in the number of organoid colonies with combination
treatment relative to treatment with either drug alone (Fig. 6F,G and Supplementary Fig.
S6C). Our results suggest that combined inhibition of SRC and PARP could be more
effective than targeting PARP alone in patients with BRCAZ2-altered tumors.

DISCUSSION

Recent studies have revealed germline and somatic variants in DDR pathway components in
a significant subset of patients with PC (2,5,6). Studies have also shown that patients with
MCRPC harbor germline mutations in DDR genes—including BRCAZ—more frequently
than those with localized disease (6,9). Patients with PC with germline BRCA1/2 mutations
were found to have more aggressive disease and poorer survival than patients with wild-type
BRCA1/2 (45). We have previously demonstrated that loss of even a single copy of BRCAZ2
results in a worse prognosis in PC (10). In addition to its function as a guardian of genomic
stability during replication stress and maintaining genomic integrity, BRCAZis a
multifaceted tumor suppressor with numerous functions (46). Therefore, the discovery of the
signaling pathways associated with BRCAZ loss is crucial for identifying therapeutic targets.

DDR is a complex, multilevel process involving several sub-pathways (47). Generally,
mutations/deficiencies in one component can be compensated for by other components/
genes (48), which may be exploited to develop novel therapeutic strategies, such as using
PARPI to treat cancers with DDR alterations (49). Studies have shown the benefits of
combining PARPi with other therapies in cell lines and clinical trials (50). There was a
synergistic reduction of apoptosis and DNA damage in multiple PC cell lines treated with
the histone deacetylase inhibitor SAHA and the PARPI veliparib (51). Clinical trials
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combining olaparib and checkpoint inhibitors and antiandrogen therapies have demonstrated
efficacy in patients with DDR defects (52). A phase I/1l trial with olaparib and cediranib, an
angiogenesis inhibitor, in advanced solid tumors including mCRPC is ongoing
(NCT02484404). This indicates that combination therapies with PARPi may be beneficial
for patients with mCRPC—particularly those with DDR alterations.

We prospectively investigated the signaling pathways deregulated by BRCAZ loss to identify
novel therapeutic targets. We hypothesized that combining PARPi with inhibitors of
activated signaling pathways would have a synergistic effect. We found that the SRC
signaling pathway was activated in BRCAZ-null mCRPC and increased SRC activation in
BRCAZ-null PC cell lines. We observed a synergistic reduction in cell viability in BRCAZ-
null PC cell lines—but not parental cells with wild-type BRCAZ2—treated with PARPI and
dasatinib. We also showed that SRC activation may be involved in PARPI resistance in
BRCAZ-null PC cells. These data suggest the utility of combining dasatinib and PARPI in
aggressive PC. We also found a remarkable reduction in the viability of BRCA2-null PC
cells treated with dasatinib and cisplatin, indicating that dasatinib increases the efficacy of
both PARPI and platinum-based chemotherapy.

Interestingly, we also observed that the combination of PARPi and SRC inhibitors resulted
in a significant reduction in RWPELX cell viability, even though this cell line has wild-type
BRCAZand an intact canonical DDR pathway. However, RWPEL1 cells express significantly
lower RB1 and P53 protein due to their expression of a single copy of HPV 18 (39). We
have also demonstrated that combination treatment with PARPi and SRC inhibitors reduces
the growth of 7rp53/ Rb1-null androgen receptor—independent neuroendocrine PC. Our study
is the first of its kind to combine SRC and PARP inhibition, and we hypothesize that this
combination has great potential for patients harboring DDR alterations. We anticipate that
this combination may also be effective in unselected patients without known DDR
alterations whose tumors harbor alterations of classical tumor suppressors RB81 and p53.
However, this requires further testing to confirm the significance of the therapeutic
combination beyond canonical DDR alterations.

SRC is a proto-oncogenic nonreceptor tyrosine kinase with roles in tumor cell proliferation,
survival, and invasion (53). Inactivation of SRC signaling in response to DNA damage
replication stress has been shown to suppress G1/S progression and maintain genomic
stability (54), and induction of DNA damage has also been shown to induce SRC activation
in breast cancer cells (55). We observed that inhibition of SRC by dasatinib induces
defective DNA DSB repair. These data indicate that SRC activation is essential for DNA
DSB repair and may be important in homologous recombination repair, which has not been
previously reported. We also observed that BRCAZ loss induces SRC-Y416
phosphorylation, suggesting that increased DSBs by BRCAZ loss may activate SRC.
Considering the complexity of the process, we believe that multiple mechanisms may also
be involved in SRC-regulated DNA damage response.

SRC activation has been reported in several cancers, including PC (56). In a study that
examined matched prostate tumor samples taken before hormone deprivation therapy and
after relapse, 28% of castration-resistant tumors exhibited increased SRC activity (57).
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Patients with high SRC activity had significantly shorter overall survival (< 0.0001) (57).
Induction of v-SRC alone is sufficient for oncogenic transformation of benign prostate cells
and induces lung metastasis (58). SRC knockdown/inhibition reduces bone metastasis in a
breast cancer xenograft model (59), and SRC knockdown inhibits the migration of PC cells
in vitro (60). We observed that dasatinib suppresses elongated morphology of PC cells
irrespective of BRCAZ status and reduces invasion in 3D organoid culture, further indicating
the association between SRC activation and invasive phenotype of cancer cells. Although
alterations in the DDR pathway are far rarer in localized PC than in mCRPC (5), we did
observe increased SRC activation (SRC Y416 phosphorylation) in a fraction of localized PC
cases from TCGA cohort, which may be associated with aggressive disease and independent
from BRCAZ alteration status. Previous studies showed that activation of SRC induces
androgen-independent growth of LNCaP cells and drives castration-resistant PC progression
through an androgen receptor—dependent mechanism (61). These data indicate that
activation of SRC may play an important role in primary PC progression and castration
resistance, but further testing in a larger cohort and proteomic analyses are necessary to
validate these findings.

Dasatinib (BMS-354825, Sprycel®) is a commercially available, multiple tyrosine kinase
inhibitor that inhibits SRC activation. Although the role of SRC in tumor progression and
metastasis is well established, dasatinib monotherapy has not shown significant promise in
solid tumors (62). Dasatinib has been shown to inhibit cell adhesion, migration, and invasion
of PC cell lines (63). Dasatinib inhibited tumor growth and the development of lymph node
metastases in both castration-sensitive and castration-resistant tumors. It was also shown to
decrease proliferation and increase apoptosis in orthotopic nude mouse models (60,62).
Dasatinib suppressed disease progression in an intratibial xenograft model of PC3M cells
(64). Mendiratta et al. reported that decreased predicted androgen receptor activity
correlated with increased predicted SRC activity and sensitivity to dasatinib in androgen-
sensitive LNCaP cells (65). Given these findings, dasatinib was evaluated in combination
with docetaxel in the READY trial, a randomized phase 111 study of over 1500 unselected
patients with mCRPC. There was no overall survival benefit in patients treated with
docetaxel and dasatinib compared to docetaxel alone (66). However, dasatinib modestly
prolonged time to skeletal events (P=0.08, HR 0.81 [64-1.02]) (66). Similarly, previous
preclinical observations showed that bosutinib and saracatinib also inhibited PC growth and
metastasis in experimental mouse models (67,68). These findings demonstrate that
identifying patients with high SRC activation is necessary to personalize SRC inhibitor—
based therapy for patients with mCRPC.

Resistance to PARPI reduces drug efficacy and worsens patient outcomes (69). Because
BRCAZis frequently deleted in PC, the mechanisms of resistance to PARPI in PC likely
involve alternative molecular mechanisms rather than reversion mutation. We observed that
the combination of dasatinib and olaparib greatly reduces the proliferation of 22RV1 cells,
which harbor oncogenic mutation of BRCAZ but exhibit resistance to PARPi. Moreover, the
addition of dasatinib to PARPi in BRCAZ-defective PC3M cells has enhanced the reduction
in cell viability and may rescue secondary resistance developed during prior treatment with
PARPI. We also observed that SRC knockdown increases the antiproliferative effect of
PARPI, whereas overexpression of constitutively active SRC leads to relative resistance to
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PARPI. Further study is needed to understand the molecular mechanism. Our data suggest
that SRC activation may be a possible mechanism of PARPI resistance in PC; treatment with
dasatinib, bosutinib, or saracatinib may overcome this resistance.

In conclusion, we identified high SRC activation in BRCAZ-altered mCRPC. We found that
the combined inhibition of SRC and PARP in BRCAZ-altered PC cell lines and organoids
had a synergistic effect on cell viability. For the first time, we demonstrated that SRC
activation may be a potential mechanism of PARPI resistance and found that SRC inhibitors
(e.g., dasatinib, bosutinib, saracatinib) may overcome this resistance. These results suggest
that combination inhibition of PARP and SRC should be explored in men with BRCAZ-
mutated mCRPC.
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Statement of Translational Relevance

PARP inhibitors are promising for men with metastatic castration-resistant prostate
cancer (MCRPC) who harbor defects in the DNA damage repair pathway, but the effects
are not durable. Additional therapeutic approaches are needed in order to leverage and
improve upon the clinical benefits of PARP inhibitors. We found that the oncogenic SRC
signaling pathway was activated in BRCAZ-altered mCRPC, and experimentally we
showed that SRC phosphorylation was increased in CRISPR-mediated BRCAZ2-knockout
human prostate cancer cell lines. Dual inhibition of PARP and SRC had a synergistic
inhibitory effect on the growth of BRCAZ-null prostate cancer cell lines, patient-derived
organoids, and Trp53/Rb1-null prostate cancer cells. We also showed that activation of
SRC may induce PARP inhibitor resistance in BRCAZ-null prostate cancer cells. For the
first time, our data demonstrate that combined inhibition of SRC and PARP can
overcome PARP inhibitor resistance, suggesting that this drug combination should be
investigated through clinical trials.
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Figure 1. Activation of SRC signaling pathway in BRCA2-deleted prostate cancer
(A) BRCAZ alteration status of samples in the Kumar et al. 2016 metastatic castration-

resistant prostate cancer (MCRPC) cohort. Data from patients with complete mutation and
copy number alteration (CNA) information were analyzed (134 samples from 54 patients).
(B) Wolcano plot shows genes that are altered in BRCA2-deleted (homozygous +
heterozygous) compared to samples with wild-type BRCAZ. (C) The bar graph shows the
oncogenic pathways that are altered in BRCAZ-deleted (homozygous + heterozygous)
mCRPC tumors in Kumar et al. cohort. Pathway analyses were performed using GSEA (c6
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oncogenic signature). The 20 most upregulated and downregulated (based on normalized
enrichment score [NES]) pathways are shown. (D) Enrichment plots show the represented
oncogenic pathways including upregulation of SRC oncogenic signatures (NES = 1.78, P=
0.003, @=0.05). (E, F) The bar graph and enrichment plots represent the hallmark signaling
pathways that are significantly altered in BRCAZ-deleted (homozygous + heterozygous)
MCRPC tumors in the Kumar et al. cohort. Pathway analyses were performed using gene set
enrichment analysis (GSEA) (Hallmark signature). (G) The bar graph shows the drugs
which are significantly associated with the genes that are upregulated in BRCAZ2-deleted
MCRPC described in Fig 1B. The gene-drug association analysis was performed using
Toppgene Suite.
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Figure 2. BRCA2 deletion induces SRC kinase activation and increases sensitivity of prostate

cancer cellsto dasatinib

(A& B) LNCaP cells were transduced with three different guide RNAs (JRNAS) targeting
BRCA?Z. Cells infected with scrambled (SCR) gRNA were used as control. CAS9, total
SRC, GAPDH and RhoGDI served as loading controls. (C) Levels of phosphorylated SRC
at tyrosine 416 (pSRC Y416), total SRC, androgen receptor (AR), and E-cadherin were
assessed by western blot in prostate cancer cell lines. GAPDH was used as loading control.
(D) Cells were treated with 0.3 and 3.0 uM dasatinib for 7 days. The equivalent volume of
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DMSO was used as placebo treatment. After 7 days cells were treated with 0.5 mg/mL MTT
and micrographed in 40x magnification (top). The bar graph shows the changes in cell
growth percentage compared to scrambled (SCR) gRNA and DMSO treated samples
(bottom). Pvalues were calculated by Student t-test. (E) LNCaP SCR control and BRCAZ-
gRNA 2 cells were counted and plated in 96-well plates (2500 cells/well in 100 pL media).
Cells were treated with Indicated concentration of bosutinib (top) or saracatinib (bottom) for
7 days. The equivalent volume of DMSO was used as a placebo treatment. Cells were
treated with 0.5 mg/mL MTT and the graphs represent cell viability (MTT count, %
control). Pvalues were calculated by Student t-test. (F) Indicated cells (LNCaP SCR control
and BRCAZ-gRNA 2) were counted and plated in 96-well plates (2500 cells/well in 100 pL
media) and treated with 0.1 and 1.0 uM concentration of ipatasertib for 7 days. The
equivalent volume of DMSO was used as a placebo treatment. Cells were treated with 0.5
mg/mL MTT, measured in a plate reader at 570 nM and represented in the form of a bar
graph. Pvalues were calculated by Student t-test. (G) Samples from patients in The Cancer
Genome Atlas (TCGA) Firehose Legacy cohort were divided into 4 quartiles based on levels
of phospho-SRC at Y416, reverse-phase protein arrays (RPPA). Kaplan-Meier curves were
used to compare disease-free survival. Log-rank test was performed to examine significance.
(H) Volcano plot shows genes that are altered in phospho-SRC Y416 high (upper quartile
RPPA value) cases compared to samples with phospho-SRC Y416 low (lower quartile RPPA
value). The bar graph to the right of the volcano plot shows the oncogenic pathways that are
altered in phospho-SRC Y416 high vs low localized PC tumors of The Cancer Genome
Atlas (TCGA) Firehose Legacy cohort. Pathway analyses were performed using GSEA (c6
oncogenic signature). The altered (based on normalized enrichment score [NES]) pathways
are shown.
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Figure 3. Synergistic effect of dasatinib and PARPi on BRCA2-null prostate cancer cell viability
(A,B) PC3M and LNCaP-abl cells were treated with indicated drugs alone or in combination

for 4 days. Drug synergy was calculated using Chou-Talay Method/Compusyn. Left, graphs

show the combination index (CI) plot for dasatinib with olaparib/talazoparib combination

obtained from Compusyn. Right, tables show dose-dependent CI and average effect (Fa)

values. (C,D) LNCaP SCR controls and BRCAZ2-gRNA 2 cells were counted and plated in
96-well plates (2500 cells/well in 100 pL media). Cells were treated with dasatinib (0.3 pM)
and olaparib (3 pM) alone or in combination. The equivalent volume of DMSO was used as
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a placebo treatment. After indicated days, cells were treated with 0.5 mg/mL MTT. The
graphs represent the inhibition of cell viability by combination treatment. Pvalues were
calculated by Student t-test. (E) MTT-treated LNCaP-BRCAZ-gRNA 2 cells from D were
photographed at 40X magnification. Representative images are shown. (F) LNCaP abl cells
were counted and plated in 96-well plates (2500 cells/well in 100 uL media). Cells were
treated with bosutinib (0.3 uM) and talazoparib (0.03 uM) alone or in combination. The
equivalent volume of DMSO was used as a placebo treatment. After 7 days, cells were
treated with 0.5 mg/mL MTT, measured in a plate reader at 570 nM, and represented as a bar
graph. (G) LNCaP SCR controls and BRCAZ2-gRNA 2 cells were counted and plated in 96-
well plates (2500 cells/well in 100 L media). Cells were treated with dasatinib (0.3 pM)
and cisplatin (0.1 pM; dissolved in DMSF) alone or in combination. The equivalent volume
of DMSO was used as a placebo treatment. After the indicated number of days, cells were
treated with 0.5 mg/mL MTT. The graph represents the inhibition of cell viability by single
and combination treatment. Pvalues were calculated by Student t-test. (H) MTT-treated
cells from G (DMSO and combination treatment) were photographed at 40X magnification.
Representative images are shown.
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Figure 4. Dasatinib induces DNA damage in BRCA2 null prostate cancer cells
(A) PC3M cells treated with dasatinib (0.3 uM) for 24 hours. The equivalent volume of

DMSO was used as a placebo treatment. Left, dot plots show the percentage of cells with
phospho-ATM, phospho-H2A.X, and both phospho-ATM and phospho-H2A.X. Right, bar
graphs compare the percentages of cells between DMSO- and dasatinib-treated conditions (+
SD). DSB (double-strand break) represents the percentage of cells with dual activation of
ATM and H2A.X. Total DNA damage represents the percentage of cells with either activated
ATM, activated H2A. X, or dual activation. Pvalues were calculated by Student t-test. (B
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& C) LNCaP SCR-gRNA and BRCA2-gRNAZ2 cl7 cells were treated with dasatinib (0.3 pM)
for 24 hours. The equivalent volume of DMSO was used as a placebo treatment. Left, dot
plots show the percentage of cells with phospho-ATM, phospho-H2A.X, and both phospho-
ATM and phospho-H2A.X. Right, total DNA damage represents the percentage of cells with
either activated ATM, activated H2A.X, or dual activation. Pvalues were calculated by
Student t-test. (D) Representative immunohistochemistry (IHC) images of paraffin-
embedded sections of normal prostate from wild-type C57BL/6J mice and localized prostate
tumors from PB-Tag mice. Sections were stained immunohistochemically with indicated
antibodies (Brown). Nuclei were co-stained with hematoxylin (blue). The micrographs were
captured in 200x magnification. Note that prostate tumors of PB-Tag mice exhibit higher
DNA damage (increased phosphorylation of yH2AX) and Src activation (Src y416
phosphorylation) compared to normal mice prostate. (E & F) TRAMP-C2 cells (2500 cells/
well in 100 uL media) were treated with dasatinib/bosutinib (0.3 uM) and talazoparib (0.03
UM) alone or in combination for 7 days. DMSO was used as a placebo treatment. Cell
viability (= SD) was measured by MTT assay. (G) TRAMP-C2 cells were treated with
dasatinib (0.3 uM) and cisplatin (0.1 uM; dissolved in DMSF) alone or in combination for 5
and 8 days. The equivalent volume of DMSO was used as a placebo treatment. After
indicated number of days, cells were treated with 0.5 mg/mL MTT. The graphs represent the
inhibition of cell viability by single and combination treatment. 2values were calculated by
Student t-test.
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Figure 5. SRC activation leadsto PARPI resistance
A) Viability (£ SD) of 22RV1 cells treated with dasatinib (0.3 uM) * olaparib (3.0 uM) as

assessed by MTT assay. DMSO was used as a placebo control. (B) Viability (+ SD) of
PC3M cells subject to periodic treatment with talazoparib followed by dasatinib or vice
versa, as assessed by MTT assay. DMSO was used as a placebo control. See Supplementary
Fig. S5A for experimental schematic. Pvalues were calculated by Student t-test. (C& D)
PC3M cells were incubated in either olaparib (3.0 uM) or talazoparib (0.03 uM)
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were counted and treated with dasatinib (see Supplementary Fig. S5B for experimental
schematic). Cell viability was assessed by MTT assay. Viability (+ SD) of PC3M cells after
7 days of dasatinib treatment is shown in C. Representative images of MTT-treated cells are
shown in D. Pvalues were calculated by Student t-test. (E) SRC or scrambled SMARTpool
siRNA-transfected PC3M cells were cultured in olaparib (3.0 uM) or talazoparib (0.03 uM)
supplemented medium for 4 days post-transfection. The equivalent volume of DMSO was
used as a placebo treatment. Cell viability (+ SD) was measured by MTT assay. P values
determined by Student’s t-test. (F) PC3M cells that transiently overexpressed Y527F SRC
(constitutively active SRC) were treated with olaparib (3.0 uM) or talazoparib (0.03 uM) for
7 days. Control cells were transfected with GFP expressing empty vector. Viability (+ SD) of
cells at 7 days as determined by MTT assay is shown. Pvalues determined by Student’s t-
test.
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Figure 6. Synergistic effect of dasatinib and PARPI on 3D prostate cancer organoid growth
(A) PC3M cells (108 cells/well) were mixed with Matrigel, and 3D cell cultures (organoids)

were grown in growth factor—enriched media. (See Supplementary Fig. S6A for schematic
representation.) The number of 3D organoids (>200 pM diameter, + SD) is shown. Each
point represents the number of organoids (A) and average diameter of PC3M 3D organoids
in (B) grown from 103 cells in each well. Pvalue determined by Student’s t-test. (B) Top,
images of wells plate at Day 21. Middle, organoids at 40X magnification. Bottom, organoids
at 100X magnification. Cells invading through Matrigel are indicated by arrows. (C)
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Average number of 3D organoids (> 100 UM diameter, + SD) derived from LNCaP-abl cells
(plated at 5x103 cells/well). Pvalue determined by Student’s t-test. (D) Activation of SRC-
FAK pathway in mCRPC-derived organoids (MSKPCal-3) were analyzed by western blot
using indicated antibodies. Lysate from parental LNCaP cells was used as cell line control.
RhoGDI was used as loading control (E) Organoids (MSKPCal [bottom] and MSKPCa 3
[top]) were counted and plated to collagen-coated (Collagen I 50 pug/ml) 96-well plates
(5000 cells/well in 100 pL media) and treated with dasatinib (0.3 M) and talazoparib (0.03
uM) alone or in combination. The equivalent volume of DMSO was used as a placebo
treatment. After 10 days, cells were treated with 0.5 mg/mL MTT. The graphs represent the
inhibition of cell viability by single and combination treatment. P values were calculated by
Student t-test. (F) MSKPCa3 cells (5x 103 cells/well) were mixed with Matrigel, and 3D
cell cultures (organoids) were grown in growth factor—enriched media and treated with
dasatinib (0.3 uM) and talazoparib (0.03 pM) alone or in combination. Left, images of
MSKPCas3 cell-derived 3D organoid in 24-well plate at Day 21. Right, organoids at 200X
magnification. Cells invading through Matrigel are indicated by arrows. (G) The number of
3D organoids (>150 uM diameter, + SD) derived from MSKPCa3 (top) and MSKPCal
(bottom) are shown. Each point represents the number of organoids grown from 5x102 cells
in each well of 24-well plate (after 4 weeks of plating the cells). £ value determined by
Student’s t-test.
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