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Abstract 34 
35 

Current targeted cancer therapies are largely guided by mutations of a single gene, which 36 
overlooks concurrent genomic alterations. Here, we show that RNASEH2B, RB1, and BRCA2, 37 
three closely located genes on chromosome 13q, are frequently deleted in prostate cancer 38 
individually or jointly. Loss of RNASEH2B confers cancer cells sensitivity to poly(ADP–ribose) 39 
polymerase (PARP) inhibition due to impaired ribonucleotide excision repair and PARP trapping. 40 
When co-deleted with RB1, however, cells lose their sensitivity, in part, through E2F1-induced 41 
BRCA2 expression, thereby enhancing homologous recombination repair capacity. Nevertheless, 42 
loss of BRCA2 re-sensitizes RNASEH2B/RB1 co-deleted cells to PARP inhibition. Our results 43 
may explain some of the disparate clinical results from PARP inhibition due to interaction 44 
between multiple genomic alterations and support a comprehensive genomic test to determine 45 
who may benefit from PARP inhibition. Finally, we show that ATR inhibition can disrupt E2F1-46 
induced BRCA2 expression and overcome PARP inhibitor resistance caused by RB1 loss. 47 

48 
Teaser 49 

50 
PARP inhibitor sensitivity may depend on interaction between multiple genomic alterations. 51 

52 
53 
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MAIN TEXT 54 
55 

Introduction 56 
57 

Alterations of DNA damage response (DDR) are associated with genomic instability, a 58 
hallmark of cancer, including prostate cancer (PCa). Genomic studies have revealed that 59 
approximately 10% primary and 27% metastatic prostate tumors have genomic loss (mutation or 60 
deletion) of at least one gene involved in DDR with BRCA2 being the most frequently mutated 61 
gene (1, 2). These alterations have been correlated with therapeutic vulnerabilities in PCa cells. 62 
Specifically, defects in homologous recombination repair (HRR) would predict the response to 63 
Poly (ADP-ribose) polymerase (PARP) inhibition. PARP is a family of enzyme involved in 64 
various cellular processes, notably DNA damage repair and genomic stability. PARP inhibitors 65 
(PARPis) are a new type of targeted therapy, which works by preventing PARP1 and PARP2 66 
from repairing DNA single-strand breaks and resulting in stalled replication fork by trapping 67 
PARP1 and PARP2 on the DNA breaks (3, 4). These effects contribute to accumulation of DNA 68 
double-strand breaks (DSBs) that HRR-deficient cells cannot repair efficiently, causing 69 
overwhelming DNA damage and apoptotic cell death. The BRCA1 and BRCA2 genes encode 70 
proteins essential for HRR. Cancer cells lacking BRCA1/2 depend instead on PARP-regulated 71 
DNA repair and are highly sensitive to PARP inhibition (5, 6). Four PARPis (olaparib, 72 
NCT02987543; rucaparib, NCT02975934; niraparib, NCT02854436; and talazoparib, 73 
NCT03148795) are under clinical investigation in PCa, leading to regulatory approvals of 74 
olaparib and rucaparib for the treatment of metastatic castration-resistant prostate cancer 75 
(mCRPC) patients with HRR deficiencies or BRCA1/2 mutations (7-12). While the results from 76 
these clinical trials have shown that patients with tumors harboring BRCA1/2 mutations benefit 77 
from PARP inhibition with a high response rate, the degree to which patients with non-BRCA 78 
genomic alterations respond to PARPis remains unclear after gene-by-gene analysis. 79 

To expand the efficacy of PARPis to tumors with non-BRCA alterations, efforts have been 80 
made to find new vulnerabilities for PARP inhibition in different cell models. Clustered regularly 81 
interspersed short palindromic repeat (CRISPR)/Cas9 loss-of-function genetic screen is a 82 
powerful approach to identify genes that once deleted, make cells more sensitive to PARP 83 
inhibition. Using this approach, recent studies have discovered that inactivation of enzymes 84 
involved in excision of genomic ribonucleotides or aberrant nucleotides may create vulnerability 85 
of cancer cells to PARP trapping (13, 14). The alteration of genes encoding these enzymes are 86 
potential genomic biomarkers or actionable targets for PARPis. RNASEH2B is one of these 87 
genes, which is particularly intriguing for PCa because it’s frequently deleted in both primary and 88 
metastatic prostate tumors. The protein encoded by RNASEH2B is one of the three subunits 89 
comprising ribonuclease (RNase) H2 complex that cleaves the RNA strand of RNA:DNA 90 
heteroduplexes, as well as single ribonucleotides embedded in DNA and plays an important role 91 
in DNA replication (15). It has been reported that inactivation of RNase H2 confers sensitivity to 92 
olaparib due to its function in ribonucleotide excision repair, loss of which leads to PARP 93 
trapping on DNA lesions (13). However, after investigating the publicly available PCa genomic 94 
data, we have found that RNASEH2B is commonly co-deleted with two physically close genes 95 
RB1 and BRCA2. While deletion of RNASEH2B may confer PCa cells sensitive to PARP 96 
inhibition, the response may vary when RB1 and BRCA2 are co-deleted. 97 

Targeted cancer therapies are increasingly being guided by tumor DNA sequencing. 98 
However, current genomically-driven clinical decision making is largely based on mutations of a 99 
single gene. The potential impact of concurrent genomic alterations on therapeutic response has 100 
been overlooked. We speculate that combinatorial effects of compound genomic alterations may 101 
sway the synthetic lethality of a single gene deletion with PARP inhibition. Here, we investigate 102 
PARPi response of PCa cells after RNASEH2B deletion and co-deletion with RB1 and BRCA2 in 103 
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preclinical models. Our study demonstrate that concurrent genomic deletions may have opposing 104 
impacts on PARPi response, supporting the utility of a comprehensive genomic test instead of a 105 
single gene-based prediction in future clinical practice.   106 

107 
Results 108 

109 
Compound deletions of RNASEH2B, RB1, and BRCA2 genes in PCa 110 

To determine genes associated with PARPi response, we analyzed five publicly available 111 
datasets of genome-wide CRISPR/Cas9 screens under the treatment with olaparib in hTERT-112 
RPE1, HELA and SUM cells (13, 16, 17). We found a total of 79 genes common in at least two 113 
screens (Fig. 1A; table S1), loss of which sensitize cells to olaparib. We analyzed these genes for 114 
Gene Ontology (GO) term enrichment using a web-based gene annotation tool, DAVID 6.8 (18). 115 
As expected, DNA repair processes were over-represented with “double-strand break via 116 
homologous recombination” being the most significantly enriched function (Fig. 1B). Out of this 117 
list, 13 genes are common to four screens, among which RNASEH2B is the most frequently 118 
deleted in both primary (17% homozygous deletion) and metastatic (12% homozygous deletion) 119 
prostate tumors (Fig. 1C), followed by FANCA, ATM, and BRCA1 in primary tumors and ATM, 120 
RAD51B, and BARD1 in metastatic tumors, respectively. The frequency of these genomic 121 
alterations was markedly increased when heterozygous deletions were counted as well (fig. S1A). 122 
The proteins encoded by RNASEH2A, 2B and 2C are three subunits of the RNase H2 enzyme 123 
complex (19). Deletion of any single subunit sensitizes cells to olaparib due to impaired RNase 124 
H2 function in ribonucleotide excision repair creating PARP-trapping lesions (13). While all three 125 
subunits are required for the function of the RNase H2 enzyme, the prevalence of RNASEH2B 126 
deletion make it an attractive biomarker to predict PARPi response in PCa. 127 

RNASEH2B resides on chromosome13q14, which is a genomic region with frequent focal 128 
and arm-level deletion or loss of heterozygosity in PCa (20-22). In primary prostate tumors from 129 
the TCGA cohort (23, 24), we found that RNASEH2B is often co-deleted with a well-known 130 
tumor suppressor gene RB1 proximally located within a distance of 2.5 Mb (Fig. 1D; fig. S1B). In 131 
a small fraction of tumors, RNASEH2B and RB1 are co-deleted together with BRCA2, which is 132 
located about 18.5 Mb from RNASEH2B on chromosome 13q. In metastatic prostate tumors from 133 
the SU2C/PCF cohort (25), compound genomic alterations comprise single deletions and 134 
double/triple co-deletions of these three genes. In addition, we observed a positive correlation of 135 
the copy number values between these three genes in the TCGA cohort (fig. S2). An almost 136 
perfect correlation between RNASEH2B and RB1 genes indicated a potential focal deletion on 137 
chromosome13q14. Furthermore, we found that tumors with RNASEH2B and RB1 heterozygous 138 
or homozygous deletions exhibit significantly lower transcript levels in comparison with the wild-139 
type tumors (Fig. 1E). It should be noted that lower levels of mRNA molecules detected in tumors 140 
with RNASEH2B and RB1 homozygous deletion are likely from surrounding non-cancerous cells 141 
due to imperfect tumor purity. Interestingly, the decrease of mRNA levels was not observed in 142 
tumors with BRCA2 deletion, indicating more complex transcriptional regulation at the BRCA2 143 
locus. 144 

145 
Deletion of RNASEH2B renders PCa cells sensitive to PARP inhibition 146 

While previous studies have demonstrated that RNASEH2B genetic deletion sensitizes cells 147 
to PARP inhibition (13), to what extent loss of RNASEH2B increases PARPi response in PCa 148 
cells remain unclear. Using CRISPR/Cas9 gene editing, we deleted RNASEH2B in PCa cell lines 149 
LNCaP, C4-2B, 22Rv1, PC-3, and DU145. Two different single guide RNAs (sgRNAs) were 150 
used for RNASEH2B knockout (KO) in each cell line, and two sgRNAs against adeno-associated 151 
virus integration site 1 (AAVS1) were used to generate corresponding control cell lines. 152 
RNASEH2B deletion was confirmed by Western blot (Fig. 2A). Genetic deletion of RNASEH2B 153 
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significantly increased cell sensitivity to olaparib across all five cell lines, more so in androgen 154 
receptor (AR)-positive LNCaP, C4-2B and 22Rv1 cells in contrast to AR-negative PC-3 and 155 
DU145 cells. The sensitivity was assessed by the half-maximal inhibitory concentration (IC50) 156 
(table S2). We observed 253-, 30-, and 103-fold change in LNCaP, C4-2B, and 22Rv1 cells in 157 
contrast to 3- and 8-fold change in PC-3 and DU145 cell, respectively. Deletion of RNASEH2B 158 
had a more modest effect on PARPi response in PC-3 and DU145 cells likely due to their unique 159 
genetic background. Similarly, not all BRCA1/2-mutant tumors respond to PARP inhibition. 160 
However, increased sensitivity to olaparib after RNASEH2B deletion is comparable to that after 161 
BRCA2 deletion in C4-2B cells (fig. S3), indicating a similar impact of both genes on PARPi 162 
response. Importantly, we showed that PARPi sensitivity was significantly reduced when 163 
RNASEH2B was reintroduced into RNASEH2B-deleted C4-2B and 22Rv1 cells (fig. S4), 164 
indicating the response to PARP inhibition is specifically due to RNASEH2B loss. Previous 165 
studies have revealed that loss of RNASEH2B creates more DNA lesions for PARP trapping (13). 166 
We examined PARP1 protein levels in both nuclear soluble and chromatin fractions after olaparib 167 
treatment. We observed increased PARP1 protein trapped onto the chromatin in RNASEH2B-KO 168 
C4-2B and 22Rv1 cells compared to AAVS1 control cells (Fig. 2B). Furthermore, we found that 169 
RNASEH2B-KO cells were also sensitive to PARPis rucaparib and talazoparib [with strong 170 
trapping ability (3, 26)], but to a lesser extent, to veliparib (with poor trapping ability) (fig. S5). 171 
These results suggest that PARP-trapping ability is critical for PARPi-mediated cell death in PCa 172 
cells with RNASEH2B deletion. 173 

174 
Loss of RB1 diminishes the sensitivity of RNASEH2B-deleted PCa cells to PARP inhibition 175 

To determine whether co-deletion of RNASEH2B and RB1 impacts PARPi response, we 176 
deleted the RB1 gene in RNASEH2B single gene KO (SKO) LNCaP, C4-2B and 22Rv1 cells to 177 
generate RNASEH2B/RB1 double gene KO (DKO) cells (Fig. 2C). We found that the sensitivity 178 
of SKO cells to olaparib was completed abolished by concurrent RB1 deletion. In colony 179 
formation assays, we also observed that co-deletion of RB1 and RNASEH2B in C4-2B and 180 
22Rv1 cells significantly reduced cell sensitivity to olaparib (Fig. 2D). DKO cells showed 181 
significantly increased proliferation in comparison to SKO cells under olaparib treatment (Fig. 182 
2E). Notably, deletion of RB1 alone reduced parental C4-2B cell sensitivity to olaparib (fig. S6). 183 
Conversely, overexpression of RB1 increased PCa cell sensitivity to olaparib (fig. S7), suggesting 184 
a potential intrinsic PARPi resistance mechanism rising from RB1 loss.   185 

Since PARP inhibition has become a therapeutic option for mCRPC patients, we next carried 186 
out functional assays largely in CRPC C4-2B and 22Rv1 cells. Using immunofluorescence 187 
analysis of γ-H2AX foci, a marker for DNA DSBs, we detected significantly increased DNA 188 
damage in the nucleus of SKO C4-2B and 22Rv1 cells after olaparib or talazoparib treatment for 189 
24 hours compared to their corresponding control cells (Fig. 3A). The increase of DNA DSBs was 190 
not observed in DKO cells. Accordingly, the cleaved-PARP was also increased in SKO cells 191 
compared to control and DKO cells, indicating undergoing apoptosis in RNASEH2B-deleted cells 192 
after olaparib or talazoparib treatment (Fig. 3B). Olaparib-induced DNA damage and apoptosis 193 
were confirmed independently in SKO cells compared to DKO cells, both of which were 194 
generated with a different set of sgRNAs (fig. S8, A and B). Increased apoptosis in SKO cells was 195 
further confirmed using Caspase3/7 activity assay (fig. S9). 196 

We next asked whether HRR function was enhanced after RB1 loss in DKO cells. RAD51 is 197 
central to HRR, as it mediates DNA homologous pairing and strand invasion (27). We assessed 198 
the formation of RAD51 foci, a marker for HRR competence (28), using immunofluorescence 199 
staining. We found that RAD51 foci were slightly increased after olaparib or talazoparib 200 
treatment for 24 hours in SKO C4-2B and 22Rv1 cells as well as in their corresponding AAVS1 201 
control cells (Fig. 3C; fig. S8C), indicating activation of HRR not affected by RNASEH2B 202 
deletion. However, this preserved baseline HRR function in SKO cells was not sufficient to repair 203 
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DNA DSBs as we observed accumulation of γ-H2AX foci (Fig. 3A; fig. S8A). On the other hand, 204 
we detected significantly increased RAD51 foci and less DNA DSBs in DKO cells, indicating 205 
much improved HRR capacity after RB1 loss. These results suggest that PCa cells become 206 
insensitive to PARP inhibition likely due to more efficient DNA damage repair after RB1 loss. 207 

208 
Loss of RB1 upregulates HRR gene expression through E2F1 activation 209 

We next investigated the mechanism by which HRR function was enhanced after RB1 loss. It 210 
is well-known that active form of RB1 interacts with transcription factor E2F1 and restrains its 211 
transcription activity (29). Loss of RB1 derepresses E2F1 activity and induces the expression of 212 
E2F1 target genes involving cell cycle progression and DNA repair (30). Therefore, we 213 
speculated that HRR gene expression might be upregulated through E2F1 transcriptional 214 
activation, which in turn enhanced HRR function and rendered cells resistance to PARP 215 
inhibition. In line with previous studies (31), we found that the transcript level of E2F1 itself was 216 
upregulated in primary and metastatic prostate tumors with RNASEH2B/RB1 co-deletion (Fig. 217 
4A), likely due to a positive feedback loop. This was supported by the data from publicly 218 
available E2F1 chromatin immunoprecipitation sequencing (ChIP-seq) data (32, 33), showing 219 
strong E2F1 binding at its own promoter region (fig. S10). Using an E2F1 reporter assay, we 220 
detected significantly higher E2F1 transcriptional activity in RNASEH2B/RB1 DKO cells 221 
compared to RNASEH2B SKO cells (Fig. 4B). The E2F1 transcriptional activity remained at a 222 
high level after olaparib treatment. We further analyzed publicly available E2F1 ChIP-seq data 223 
and found strong E2F1 binding at the promoter regions of BRCA1/2 and RAD51 genes in PCa 224 
LNCaP cells (Fig. 4C). Notably, robust E2F1 ChIP-seq peaks are located immediately upstream 225 
of the transcription start sites, indicating a direct transcriptional regulation. Furthermore, the 226 
E2F1-mediated BRCA1/2 and RAD51 transcriptional regulation appears to be conserved across 227 
different cell types (fig. S11). We then performed E2F1 ChIP combined with quantitative 228 
polymerase chain reaction (ChIP-qPCR) and detected enriched E2F1 binding at the promoter 229 
regions of BRCA1/2 and RAD51 genes in parental C4-2B and 22Rv1 cells (Fig. 4D). To further 230 
demonstrate E2F1-mediated upregulation of BRCA1/2 and RAD51 in DKO cells, we knocked 231 
down E2F1 expression using RNA interference and observed significantly decreased BRCA1/2 232 
and RAD51 protein levels (Fig. 4E). In addition, treatment of DKO cells with a pan-E2F inhibitor 233 
HLM006474 reduced BRCA1/2 and RAD51 protein expression. We next compared gene 234 
expression changes in RB1-deleted DKO cells relative to RB1-intact SKO. We found that the 235 
mRNA levels of BRCA1/2 and RAD51 were significantly upregulated in DKO cells compared to 236 
SKO and corresponding control cells (Fig. 4F). We further compared their protein levels in the 237 
absence and presence of olaparib (Fig. 4G). We detected much higher protein levels of BRCA1/2 238 
in DKO cells, while the RAD51 protein level remained unchanged, indicating post-transcriptional 239 
regulation involved after RB1 loss in these cells. Notably, olaparib treatment suppressed 240 
BRCA1/2 expression in SKO cells, which might contribute to PARPi response in these cells. This 241 
is in agreement with the results from previous studies, showing PARP1 functions as a E2F1 co-242 
factor and regulates DNA repair gene expression (34-36). Nevertheless, BRCA1/2 protein levels 243 
were restored and remained at a high level after olaparib treatment in DKO cells. Considering the 244 
role of RB1/E2F1 signaling in cell cycle regulation (33), we performed cell cycle analysis and 245 
found a negligible change across AAVS1 control, SKO and DKO cells (Fig. 4H). Therefore, 246 
upregulation of BRCA1/2 expression is largely due to transcriptional regulation rather than cell 247 
cycle alteration after RB1 loss, although BRCA1/2 expression is cell cycle dependent. Finally, in 248 
the SU2C/PCF cohort, we observed that metastatic prostate tumors with homozygous RB1 249 
deletions had significantly higher transcript levels of BRCA1/2 (Fig. 5A), which might have the 250 
potential to repair damaged DNA more effectively and survive PARP inhibition. Taken together, 251 
our results suggest that loss of RB1 upregulates BRCA1/2 gene expression through E2F1 252 
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transcriptional activation. The expression of BRCA1/2 remains at a high level after PARP 253 
inhibition, leading to proficient DNA DSB repair and PARPi resistance. 254 

255 
PCa cells with co-loss of RNASEH2B/RB1/BRCA2 are sensitive to PARP inhibition 256 

While BRCA1 is critical in HRR, genomic alterations in PCa involve BRCA2 more 257 
commonly than BRCA1. Clinical next-generation sequencing analyses of both primary and 258 
metastatic prostate tumors have revealed that BRCA2 is co-deleted with RNASEH2B and RB1 in 259 
a small portion of patients (Fig. 1D). Importantly, our data have suggested that upregulation of 260 
BRCA2 through the RB1/E2F1 pathway likely contributes to PARPi resistance in RB1-deleted 261 
cells. We next asked whether deletion of BRCA2 can re-sensitize DKO cells to PARP inhibition. 262 
Here, we knocked down BRCA2 expression in RNASEH2B/RB1 DKO C4-2B and 22Rv1 cells 263 
using RNA interference. Three different siRNAs against BRCA2 completely abolished BRCA2 264 
protein expression determined by Western blot (Fig. 5B). We found that depletion of BRCA2 265 
renders DKO C4-2B and 22Rv1 cells sensitivity to olaparib, indicating that elevated BRCA2 266 
expression after RB1 loss is likely one of the mechanisms for PARPi resistance. Importantly, 267 
RNASEH2B/RB1 DKO cells also respond to other PARPis (veliparib, rucaparib, and talazoparib) 268 
following BRCA2 depletion (fig. S12). These results suggest that BRCA2-deficient tumors may 269 
respond to PARPis regardless RB1 status. 270 

271 
ATR inhibition overcomes PARPi resistance of PCa tumors with RNASEH2B/RB1 co-272 
deletion 273 

Since PCa cells with RNASEH2B single gene deletion or RNASEH2B/RB1/BRCA2 three 274 
gene co-deletion are sensitive to PARP inhibition, we next asked how to overcome PARPi 275 
resistance for cells with RNAEH2B/RB1 co-deletion. Patients with tumors harboring 276 
RNASEH2B/RB1 co-deletion account for 10.6% and 3.2% in all primary and metastatic PCa 277 
cases, respectively (Fig. 1D). Emerging evidence has shown that PARP inhibition may activate 278 
ATR, which phosphorylates and activates CHK1 and allows cells to survive PARPi-induced 279 
replication stress (37). Previous studies have also demonstrated that ATR-CHK1 signaling 280 
controls E2F-dependent transcription of HRR genes (38-40). Here, we found that ATR activity 281 
was elevated in RNASEH2B/RB1 DKO cells after olaparib treatment, as evidenced by increased 282 
CHK1 phosphorylation in a dose-dependent manner (Fig. 6A). We hypothesized that DKO cells 283 
relied on ATR activity to survive PARPi-induced DNA damage. We therefore sought to 284 
investigate the effect of PARPi and ATR inhibitor (ATRi) either alone or in combination on the 285 
growth of DKO cells. To achieve ATR inhibition, we utilized a clinically used ATRi VE-822. 286 
Both SKO and DKO cells failed to show increased response to VE-822 as a single agent in 287 
comparison to AAVS1 control cells (Fig. 6B). We treated PARPi-insensitive DKO cells with 288 
olaparib combined with VE-822 and found co-treatment diminished the growth of these cells 289 
(Fig. 6C). We observed that DKO C4-2B and 22Rv1 cells were re-sensitized to olaparib in the 290 
context of ATR inhibition (Fig. 6D). Using the Loewe and Bliss Synergy analysis (41, 42), we 291 
found a synergistic interaction between olaparib and VE-822, with a high synergy score for DKO 292 
22Rv1 (Loewe: 13.263; Bliss: 16.347) and C4-2B (Loewe: 8.314; Bliss: 13.502) cells (Fig. 6E). 293 
Synergistic effects were also observed in the same cells using colony formation assay (Fig. 6F). 294 

Next, we tested combination treatment in vivo using PARPi-insensitive DKO 22Rv1 cells. 295 
After xenograft tumors established in immunodeficient mice, animals were divided into four 296 
group and treated with vehicle, olaparib, VE-822, or olaparib in combination with VE-822 for 3 297 
cycles as indicated (Fig. 7A). We found that tumor growth was significantly inhibited by 298 
combination treatment, while both olaparib and VE-822 had little effect as a single agent. No 299 
significant mouse weight loss was observed in all four groups, indicating the combination 300 
treatment is tolerable. 301 
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We then asked whether the combination of PARP and ATR inhibition affects E2F1-mediated 302 
BRCA1/2 and RAD51 expression and HRR function. Using an E2F1 reporter assay, we observed 303 
significantly decreased E2F1 activity in DKO C4-2B and 22Rv1 cells after the combination 304 
treatment (Fig. 7B).  The protein expression levels of BRCA1/2 and RAD51 were also decreased 305 
after combination treatment (Fig. 7C). Finally, we examine HRR function in DKO cells using 306 
RAD51 foci formation assay. We observed increased RAD51 foci after olaparib treatment, which 307 
was diminished by combined treatment with VE-822 (Fig. 7D). The loss of RAD51 foci after 308 
ATR inhibition is likely due to reduced BRCA1/2 expression (Figure 7C) and disrupted BRCA-309 
independent RAD51 loading to DSBs as previously reported (43). Taken together, our results 310 
support the notion that the combined therapy with PARP and ATR inhibitors may overcome 311 
PARPi resistance in PCa cells with RNASEH2B/RB1 co-deletion through inhibition of E2F1-312 
mediated augmentation of HRR capacity. 313 

314 
Discussion 315 

316 
It has been a great challenge to determine which patients are most likely to benefit from 317 

PARP inhibition. Clinical investigation has demonstrated that CRPC patients with tumors 318 
harboring deleterious germline or somatic BRCA1/2 alterations have a high likelihood of 319 
response to PARPis. However, alterations in other HRR genes [known as BRCAness genes (44)], 320 
such as ATM and CHEK2, are not associated with response to the same extent. Furthermore, 321 
PARPi response for tumors harboring genomic alterations in non-HRR DDR genes remains 322 
largely unknown. RNASEH2B is not a BRCAness gene. Instead, it is one of three genes encoding 323 
RNase H2 protein complex, which is critical in ribonucleotide excision repair. In this study, we 324 
show that RNASEH2B is frequently deleted in both primary and metastatic prostate tumors, 325 
which creates DNA lesions and increases PARP trapping after the treatment with PARPis, leading 326 
to accumulation of DNA DSBs and apoptotic cell death. While RNASEH2B deletion is an 327 
attractive biomarker to predict PARPi response in PCa, co-deletion with RB1 counteracts the 328 
cytotoxic effect of PARP trapping, at least in part, by upregulation of E2F1-mediated BRCA1/2 329 
expression, thereby enhancing HRR capacity (Fig. 7E). Subsequently, we show that deletion of 330 
BRCA2 re-sensitizes RNASEH2B/RB1 co-deleted cells to PARPis. We further demonstrate that 331 
the combination of PARP and ATR inhibition can overcome intrinsic PARPi resistance rising 332 
from RB1 loss. Given the interaction between multiple genomic alterations in tumors, these 333 
results provide a basis of clinical application of PARPi either alone or in combination with ATRi 334 
in PCa. Patients will likely benefit from PARP inhibition if their tumors harbor RNASEH2B 335 
singe gene deletion or RNASEH2B/RB1/BRCA2 co-deletion, whereas patients with tumors 336 

337 harboring RNASEH2B/RB1 co-deletion may respond to combined PARP and ATR 
inhibition. Loss of RB1 has been shown to be strongly associated with poor clinical outcomes 

in 
338 

advanced PCa by facilitating lineage plasticity in the context of concurrent loss of TP53 (45-48). 339 
RB1/TP53-deficient tumors are resistant to a wild range of single agent therapeutics, including 340 
PARPis (31). These results are consistent with our finding of relatively lower PARPi sensitivity in 341 
PC-3 and DU145 cells despite RNASEH2B deletion since PC-3 cells do not express p53 (p53-342 
null) and DU145 cells have dominant-negative TP53 mutations and  RB1 loss (49, 50). 343 
Furthermore, studies have shown that the combination of PARP inhibition and RB1-associated 344 
CDK inhibition may be a viable strategy for neuroendocrine PCa treatment (51), supporting an 345 
important role of RB1 in PARP inhibition. Our present work does not exclude the possibility that 346 
PARPi resistance results from lineage plasticity driven by epigenetic reprogramming or 347 
alterations in cell metabolism after RB1 loss (52, 53). Nevertheless, tumors with RB1 loss express 348 
significantly higher levels of E2F1, which directly upregulates HRR genes, most notably 349 
BRCA1/2. The RB1/E2F1-mediated HRR gene expression pathway is highly conserved across 350 
different cell types based on the E2F1 ChIP-seq results from multiple databases. Accordingly, our 351 
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data strongly supports the notion that RB1 loss renders PARP inhibition inefficient for tumors 352 
with non-BRCA genomic alterations, because E2F1-induced BRCA1/2 expression enhances HRR 353 
capacity. Considering that RB1 loss is commonly observed as a late subclonal event in mCRPC 354 
(54), this may partially explain why mCRPC patients with tumors harboring alterations in non-355 
BRCA HRR genes have a lower response rate. On the other hand, tumors with BRCA1/2 356 
alterations remain sensitive to PARP inhibition regardless of RB1 status (55). While PCa cells 357 
with RB1 loss are resistant to PARPis, their response to other DNA damaging agents or radiation 358 
therapy may vary. Indeed, it was reported that loss of RB1 conferred radiosensitivity to PCa cells 359 
(56). Further investigations are needed to understand agent-specific sensitivity and resistance 360 
mechanisms beyond HRR capacity. 361 

The landscapes of cancer gnome are complex including base changes, indels, copy number 362 
changes, and structural rearrangements. Genomic deletion is common in cancer and ranges from 363 
focal deletions affecting a few genes to arm-level deletions affecting hundreds to thousands of 364 
genes (57). Little is known about the functional consequences of large-scale genomic deletions, 365 
and it is difficult to determine the specific genes responsible for the biological effects. One of the 366 
limitations in our studies is that we didn’t test whether co-deletions of other protein-coding genes, 367 
let alone non-coding RNAs, on chromosome 13q may also influence PARPi sensitivity. While 368 
CRISPR screens have not identified any proximal genes at the RNASEH2B/RB1/BRCA2 loci, 369 
which when deleted, alter PARPi response, a further investigation is needed by creating isogenic 370 
cell lines with engineered large-scale deletions instead of a gene-by-gene approach. Accordingly, 371 
there is a rationale for examining copy number changes and structural rearrangements of PCa 372 
tumors, which are not captured by targeted next-generation sequencing tests being implemented 373 
in current clinical practice. 374 

The mechanisms of acquired PARPi resistance has been heavily studied in BRCA-deficient 375 
cells. A key mechanism appears to be the restoration or bypass of HRR and fork protection 376 
functions, which can be overcome by ATR inhibition (43). In this study, we propose an intrinsic 377 
resistance mechanism through the RB1-E2F1-BRCA pathway in non-BRCA deficient cells. We 378 
demonstrate that ATR inhibition may impair E2F1-induced BRCA1/2 expression and re-sensitize 379 
cells to PARPis. The combination therapy with PARPi and ATRi is being evaluated in clinical 380 
trials for mCRPC patients (NCT03787680). Therefore, it is conceivable to develop predictive 381 
biomarkers based on a comprehensive genomic test and explore the combination of PARP and 382 
ATR inhibition as a promising strategy for advanced PCa patients when a single agent fails. 383 

384 
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Materials and Methods 385 
386 

Cell lines and materials 387 
Human PCa cell lines LNCaP, C4-2B, 22Rv1, PC-3, and DU145 (American Type Culture 388 

Collection, ATCC) were cultured in RPMI1640 medium (Thermo Fisher Scientific), while 293FT 389 
cells (Thermo Fisher Scientific) were maintained in DMEM medium (Thermo Fisher Scientific). 390 
Media were supplemented with 10% fetal bovine serum (Sigma-Aldrich), 1% 391 
penicillin/streptomycin (Sigma-Aldrich), and 1% HEPES (Sigma-Aldrich). All cell lines were 392 
authenticated using high-resolution small tandem repeats (STRs) profiling at Dana-Farber Cancer 393 
Institute (DFCI) Molecular Diagnostics Core Laboratory and were tested mycoplasma-free before 394 
experiments. The small molecule inhibitors are listed in table S3.  395 

396 
Establishment of CRISPR/Cas9 KO cell lines 397 

CRISPR guides targeting RNASEH2B were cloned into lentiGuide-Puro vector (#52963, 398 
Addgene), while CRISPR guides targeting RB1 were cloned into lenti-sgRNA hygro vector 399 
(#104991, Addgene). The lentiCas9-Blast vector that expresses Cas9 was obtained from Addgene 400 
(#52962). Lentiviruses were generated using packaging vectors pMD2.G (#12259, Addgene) and 401 
psPAX2 (#12260, Addgene) with LipofectamineTM 3000 Transfection Reagent (#L3000015, 402 
Invitrogen) in 293FT cells. PCa cells were initially infected with lentiviruses of Cas9 and selected 403 
with Blasticidin (10 µg/ml) for two weeks. Polybrene was added at a final concentration of 8 404 
ug/ml to increase transduction efficiency. To generate RNASEH2B-KO cells, PCa cells were 405 
infected with lentiviruses containing specific sgRNAs and selected with puromycin (3 µg/ml) for 406 
two weeks. The RNASEH2B-KO cells were infected with lentiviruses with RB1 sgRNAs to 407 
generate RNASEH2B/RB1 co-deletion cells. Cells were further selected using hygromycin (300 408 
µg/ml) for 2 weeks. sgRNA sequences are listed in table S3. 409 

410 
Cell viability assay 411 

PCa cells were seeded in 96-well plates (1-2 x 103 cells/well) and treated with inhibitors as 412 
indicated. Cell viability was measured using alamarBlue Cell Viability Reagent (DAL1100, 413 
Thermo Fisher Scientific) according to the manufacturer’s instructions. 414 

415 
Colony formation assay 416 

PCa cells were seeded in 12-well plates (3000 cells/well) at low density to avoid contact 417 
between clones. Subsequently, cells were treated with inhibitors as indicated 18 hours after 418 
attachment and allowed to grow for additional 14 days. Colonies were fixed with 419 
paraformaldehyde (4%) for 10 minutes and stained with crystal violet (1%) for 15 minutes. 420 
Colony images were quantified using ImageJ software (National Institutes of Health). 421 

422 
Western blot assay 423 

PCa cells were treated as indicated and harvested for protein extraction. Cells were rinsed 424 
with phosphate-buffered saline (PBS), scaped and lysed in cold RIPA Lysis and Extraction Buffer 425 
(#89900, Thermo Fisher Scientific) containing Protease and Phosphatase Inhibitor Cocktail 426 
(#78447, Thermo Fisher Scientific). Protein concentration was quantified using Pierce BCA 427 
Protein Assay Kit (#23225, Thermo Fisher Scientific) and measured with a spectrophotometer. 428 
Western blot was performed as previously described (58), and repeated at least two times. 429 
Molecular weight markers were used to determine the size of proteins. Protein bands were 430 
quantified using ImageJ software. Antibodies were listed in table S3. 431 

432 
ChIP-qPCR assay 433 
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ChIP experiments were performed as previously described (59). Briefly, PCa cells were 434 
grown in RPMI1640 medium with 10% fetal bovine serum for 2 days prior to ChIP. Cells were 435 
cross-linked by formaldehyde (1%) at room temperature (RT) for 10 minutes. After washing with 436 
ice-cold PBS, cells were collected and lysed. The soluble chromatin was purified and fragmented 437 
by sonication. Immunoprecipitation (IP) was performed using normal IgG or E2F1 antibody (2 438 
µg/IP). ChIP DNA was extracted and analyzed by qPCR using iTaq Universal SYBR Green 439 
Supermix (#1725120, Bio-Rad). The antibodies and primer sequences are listed in Table S3. 440 

441 
RT-qPCR assay 442 

Total RNA was extracted using Trizol Reagent (#15596026, Thermo Fisher Scientific) 443 
according to the manufacturer's protocol. RT-qPCR assay were performed as previously described 444 
(59). Primer sequences are listed in table S3. 445 

446 
Caspase-3/7 activity assay 447 

PCa cells were seeded in 96-well plates and treated with DMSO or specific inhibitors as 448 
indicated. Caspase-3/7 activity was measured using Caspase-Glo 3/7 Assay Systems (G8091, 449 
Promega) according to the manufacturer's protocol. 450 

451 
E2F1 reporter activity assay 452 

The E2F1 luciferase reporter plasmid was described previously (58). The reporter construct 453 
contains three tandem E2F1 consensus elements - TGCAATTTCGCGCCAAACTTG - (60), 454 
subcloned into SacI/XhoI sites of the pGL4.26 vector (Promega) upstream of a minimal promoter. 455 
Cells (1 x 104 cells/well) were seeded in 96-well plates and transfected with E2F1 luciferase 456 
reporter plasmids (50 ng/well) using X-tremeGENE HP DNA Transfection Reagent 457 
(#06366236001, Sigma-Aldrich). After 12 hours, cells were treated with DMSO or specific 458 
inhibitors as indicated for additional 24 hours. The luciferase activity was measured using One-459 
Glo Luciferase Assay System (E6110, Promega) according to the manufacturer's protocol. 460 

461 
RNA interference 462 

PCa cells were transfected with siRNAs at a final concentration of 10 nM using 463 
Lipofectamine RNAiMAX Transfection Reagent (#13778150, Thermo Fisher Scientific) 464 
according to the manufacturer’s instructions. All siRNAs were purchased from Sigma-Aldrich 465 
and listed in table S3. Cell viability and Western blot assays were performed 2 days after siRNA 466 
transfection. 467 

468 
Gene overexpression 469 

PCa cells were seeded in 6-well (1 x 106 cells/well) or 96-well (5 x 103 cells/well) plates for 470 
24 hours. Subsequently, cells were transfected with pEGFP-RNASEH2B (#108697, Addgene) or 471 
GFP-RB FL (#16004, Addgene) plasmids using LipofectamineTM 3000 Transfection Reagent 472 
(L3000015, Thermo Fisher Scientific) according to the manufacturer’s instructions. For Western 473 
blot, cells were harvested from 6-well plates 24 hours after plasmid (2.5 µg/well) transfection. For 474 
cell viability assay, cells in 96-well plates were treated with olaparib for additional 72 hours after 475 
plasmid (0.1 µg/well) transfection, followed by alamarBlue cell viability assay. 476 

477 
Immunofluorescence staining 478 

PCa cells were seeded onto the Millicell EZ SLIDE 4-well glass slides (PEZGS0496, 479 
Millipore) pre-coated with Poly-L-lysine (P4707, Sigma-Aldrich) and then processed with 480 
treatments as indicated. After 24 hours, cells were washed with PBS and fixed in 4% 481 
formaldehyde at RT for 10 minutes. Fixed cells were washed with PBS for 3 times and extracted 482 
with 0.2% Triton X-100 for 10 minutes. Subsequently, cells were blocked in blocking buffer (5% 483 
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bovine serum albumin in PBS) for 1 hour and incubated with the primary antibody RAD51 484 
(ab133534, Abcam) or phospho-Histone H2AX (#05-636, Sigma-Aldrich) at 1:200 dilution. 485 
Following an overnight incubation at 4°C, slides were washed with PBS and incubated with 486 
Alexa Fluor 488-conjugated anti-mouse (A28175, Life Technologies) or anti-rabbit (A27034, 487 
Life Technologies) secondary antibody at 1:1000 dilution at RT for 1 hour. After washing, the 488 
Mounting Medium with DAPI (ab104139, Abcam) was applied onto the slides. The slides were 489 
imaged under fluorescence microscope and quantified using ImageJ software. γ-H2AX was 490 
quantified by counting the number of foci per cell, while RAD51 was quantified by scoring the 491 
percentage of cells with ³ 5 foci/cell. Each experiment was performed in triplicate, and at least 50 492 
cells were counted for each replicate under each condition. Immunofluorescence staining was 493 
performed in two sets of KO cell lines (sg1 and sg2) independently by two investigators in a blind 494 
manner.  495 

496 
Xenograft tumor assay 497 

RNASEH2B/RB1 DKO 22Rv1 cells were used to generate xenograft tumors. Cells (2.5 ´ 106 498 
cells/50μL/mouse with additional 50μL Matrigel) were subcutaneously injected into the right 499 
flank of male ICR-SCID mice (Taconic Laboratories) at the age of 4-5 weeks. All procedures 500 
were performed in compliance with the guidelines from the Institutional Animal Care and Use 501 
Committee (IACUC) at the Brigham and Women's Hospital. The tumor growth and mouse body 502 
weight were monitored twice a week.  Tumor volume was measured using a vernier caliper and 503 
calculated according to the formula: volume = ½(length×width2). Mice bearing about 150 mm3 504 
tumors were randomized into four groups and treated with vehicle, olaparib (50 mg/kg), VE-822 505 
(25 mg/kg), or the combination of olaparib and VE-822. Olaparib was formulated in 5% 506 
dimethylacetamide/10% Solutol HS 15/85% PBS; VE-822 was formulated in 10% Vitamin E d-507 
alpha tocopheryl polyethylene glycol 1000 succinate (TPGS). Both drugs were administered by 508 
oral gavage once a day, with olaparib five days on/two days off and VE-822 four consecutive 509 
days a week starting next day after olaparib treatment. Animals were euthanized after 3-week 510 
drug treatment, or when tumors exceeded 1000 mm3. 511 

512 
Statistical analysis 513 

Quantitative measurements are presented as mean ± standard deviation (SD) from at least three 514 
biological replicates unless stated otherwise. Statistical analyses were performed using an unpaired 515 
two-tailed Student’s t test or a two-way ANOVA with a post-hoc Tukey’s honest significant 516 
difference (HSD) test when comparing at least three groups. P-values of less than 0.05 were 517 
considered as statistically significant. 518 

519 
Clinical cohort analysis 520 

Bioinformatic analysis of genomic deletion, mRNA expression and copy number variations 521 
of related genes were performed using publicly available clinical datasets in cBioPortal (23, 24). 522 
Statistical analyses were performed using an unpaired two-tailed Student’s t test. 523 

524 
525 
526 

. 527 
528 
529 
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Figure 1. 692 

Fig.1. Identification of RNASEH2B loss as a potential biomarker to predict PARPi response 693 
in PCa. (A) Venn diagram showing the overlap between identified genes from five CRISPR/Cas9 694 
screens with olaparib treatment. (B) Gene Ontology (GO) terms enriched among identified genes 695 
common in at least two CRISPR/Cas9 screens. (C) Homozygous deletion frequency of 13 696 
identified genes common in at least four CRISPR/Cas9 screens in primary (TCGA cohort) and 697 
metastatic (SU2C/PCF cohort) prostate tumors. (D) Genomic alterations of RNASEH2B, RB1 698 
and BRCA2 genes on chromosome 13q in primary (TCGA cohort) and metastatic (SU2C/PCF 699 
cohort) prostate tumors. The RNASEH2B/RB1 co-deletion accounts for 10.6% and 3.2% of cases 700 
in each cohort, respectively. (E) The mRNA levels of RNASEH2B, RB1 and BRCA2 in primary 701 
prostate tumors (TCGA cohort) harboring wildtype RNASEH2B, heterozygous (Hetloss) and 702 
homozygous (Homdel) RNASEH2B deletions. P-values were determined by two-tailed t test. 703 
**** p<0.0001 and not significant (ns). 704 
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Figure 2. 705 

706 
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Fig.2. Impacts of RNASEH2B deletion or RNASEH2B/RB1 co-deletion on PCa cell response 707 
to PARP inhibition. (A) The RNASEH2B gene was deleted in LNCaP, C4-2B, 22Rv1, PC-3, 708 
and DU145 cells using two different sgRNAs (sg1 and sg2). Corresponding control cell lines 709 
were established using two sgRNAs against AAVS1 (sg1 and sg2). Western blots are showing 710 
RNASEH2B protein levels in knockout (KO) and control cells. b-tubulin serves as a loading 711 
control. Cells were treated with the indicated doses of olaparib for 7 days. Cell viability was 712 
determined using alamarBlue assay (mean ± SD; n=3). (B) The protein level of PARP1 in nuclear 713 
soluble and chromatin-bound fractions of RNASEH2B-KO and AAVS1 control cells after 714 
olaparib treatment was determined by Western blot. (C) AAVS1 control, RNASEH2B single gene 715 
KO (SKO) and RNASEH2B/RB1 double gene KO (DKO) LNCaP, C4-2B and 22Rv1 cells were 716 
treated with the indicated doses of olaparib for 7 days. Cell viability was determined using 717 
alamarBlue assay (mean ± SD; n=3). Western blots are showing RNASEH2B and RB1 protein 718 
levels in AAVS1 control, SKO, and DKO cells. b-tubulin serves as a loading control. (D) The 719 
growth of AAVS1 control, SKO, DKO C4-2B and 22Rv1 cells were determined using colony 720 
formation assay after olaparib treatment for 14 days. (E) AAVS1 control, SKO, DKO C4-2B and 721 
22Rv1 cells were treated with olaparib for the indicated days. Cell proliferation was determined 722 
using alamarBlue assay. P-values were determined by two-tailed t test or two-way ANOVA. * 723 
p<0.05, ** p<0.01, *** p<0.001, and not significant (ns). 724 

725 
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Figure 3. 726 

727 
Fig.3. Impacts of RNASEH2B deletion and RNASEH2B/RB1 co-deletion on DNA damage, 728 
apoptotic cell death, and HRR function in PCa cells. (A) Representative images of 729 
immunofluorescence staining for γ-H2AX foci in AAVS1 control, SKO, and DKO C4-2B and 730 
22Rv1 cells after olaparib (10µM) or talazoparib (20nM) treatment for 24 hours. KO cell lines 731 
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were established using sgRNA #1 (sg1) for both RNASEH2B and RB1 genes. γ-H2AX foci were 732 
counted in at least 50 cells under each condition. Three independent experiments were performed. 733 
Scale bar = 10µm. (B) PARP and cleaved PARP protein levels were determined using Western 734 
blot in AAVS1 control, SKO and DKO cells after olaparib or talazoparib treatment as indicated 735 
for 24 hours. (C) Representative images of immunofluorescence staining for RAD51 foci in 736 
AAVS1 control, SKO, and DKO cells after olaparib (10µM) or talazoparib (20nM) treatment for 737 
24 hours. RAD51 foci were counted in at least 50 cells for each replicate under each condition 738 
(n=3 biological replicates). Scale bar = 20µm. P-values were determined by two-tailed t test. * 739 
p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, and not significant (ns). 740 

741 
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Figure 4. 742 

743 
Fig.4. RB1 loss upregulates HRR gene expression through activating E2F1 transcriptional 744 
activity. (A) The comparison of E2F1 transcript levels between RNASEH2B/RB1 co-wild-type 745 
(co-WT) and co-deletion (co-DEL) tumors in three PCa clinical cohorts in cBioPortal. (B) The 746 
comparison of E2F1 transcriptional activity between SKO and DKO cells in the presence or 747 
absence of olaparib as indicated for 24 hours using E2F1 luciferase reporter assay. (C) Publicly 748 
available E2F1 ChIP-seq data showing E2F1 binding capacity at the promoters of BRCA1/2 and 749 
RAD51 genes in LNCaP cells. The E2F1 ChIP-seq peaks were observed in the UCSC Genome 750 
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Browser. Red arrows indicate the qPCR regions. (D) E2F1 binding was determined by ChIP-751 
qPCR at the promoters of BRCA1/2 and RAD51 genes in C4-2B and 22Rv1 cells. An irrelevant 752 
genomic region was used as a control. Normal IgG and anti-E2F1 antibody were used for 753 
immunoprecipitation. (E) Western blots are showing protein levels of indicated genes in DKO 754 
C4-2B and 22Rv1 cells after E2F1 siRNA knockdown or the treatment with pan-E2F inhibitor 755 
HLM006474 for 24 hours. b-actin serves as a loading control. The intensity of protein bands was 756 
quantified using ImageJ software. The first band was defined as 1. (F) BRCA1/2 and RAD51 757 
mRNA levels were determined by RT-qPCR in DKO C4-2B and 22Rv1 cells in comparison to 758 
control and SKO cells. (G) Western blots are showing protein levels of BRCA1/2 and RAD51 in 759 
SKO and DKO cells after olaparib treatment for 24 hours. Western blot quantification is 760 
described in (E). (H) Cell cycle distribution was analyzed in AAVS1 control, SKO and DKO C4-761 
2B and 22Rv1 cells under regular cell culture condition. P-values were determined by two-tailed t 762 
test. * p<0.05, ** p<0.01, *** p<0.001, and **** p<0.0001. 763 

764 
765 
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Figure 5. 766 

767 
Fig.5. Loss of BRCA2 re-sensitizes RNASEH2B/RB1 DKO cell to PARP inhibition. (A) 768 
mRNA expression levels of BRCA1/2 and RAD51 in metastatic prostate tumors (SU2C/PCF 769 
cohort) harboring wild-type RB1, heterozygous (Hetloss), and homozygous (Homdel) RB1 770 
deletions. Tumors with BRCA1/2 and RAD51 deletions were excluded in each analysis, 771 
respectively. P-values were determined by two-tailed t test. **** p<0.0001 and not significant 772 
(ns). (B) RNASEH2B/RB1 DKO C4-2B and 22Rv1 cells were transfected with three different 773 
BRCA2 siRNA or a negative control (NC) siRNA at a final concentration of 10 nM for 2 days, 774 
followed by the treatment with the indicated doses of olaparib for additional 7 days. Cell viability 775 
was determined using alamarBlue assay (mean ± SD; n=3). Western blots are showing BRCA2 776 
protein levels 48 hours after siRNA transfection. P-values were determined by two-way ANOVA. 777 

778 
779 
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Figure 6. 780 

781 
Fig.6. ATR inhibition overcomes PARPi resistance in RNASEH2B/RB1 DKO cells. (A) 782 
Western blots are showing phosphorylated CHK1 and total CHK1 protein levels in RNASEH2B 783 
SKO and RNASEH2B/RB1 DKO cells after the treatment with the indicated doses of olaparib for 784 
24 hours. (B) Cell viability of AAVS1 control, SKO and DKO cells was determined using 785 
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alamarBlue assay after the treatment with ATR inhibitor VE-822 as indicated for 7 days. (C)786 
RNASEH2B/RB1 C4-2B and 22Rv1 DKO cells were treated with olaparib, VE-822, olaparib + 787 
VE-822 as indicated. Cell proliferation was determined using alamarBlue assay. (D) 788 
RNASEH2B/RB1 DKO cells were treated with olaparib alone or in combination with VE-822 as 789 
indicated for 7 days. Cell viability was determined using alamarBlue assay. (E) The synergistic 790 
score between olaparib and VE-822 was determined using Loewe and Bliss Synergy analysis. (F) 791 
The growth of RNASH2B/RB1 DKO cells after the treatment with olaparib and/or VE-822 for 14 792 
days was determined using colony formation assay. Colony number was quantified using ImageJ 793 
software. P-values were determined by two-tailed t test. ** p<0.01, *** p<0.001, and **** 794 
p<0.0001. 795 

796 
797 
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Figure 7. 798 

799 
Fig.7. Combination therapy with ATR and PARP inhibition suppresses RNASEH2B/RB1 800 
DKO cell growth in vivo. (A) RNASEH2B/RB1 DKO 22Rv1 cells were injected subcutaneously 801 
into ICR-SCID mice. Mice were randomly assigned into four groups (n=5 animals/group) and 802 
treated with vehicle, olaparib (50 mg/kg), VE-822 (25 mg/kg), or olaparib in combination with 803 
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VE-822 for 3 cycles as indicated. Both drugs were administered by oral gavage (OG) once a day. 804 
Tumor volume and mouse weight were recorded and analyzed across four groups as indicated. 805 
(B) DKO C4-2B and 22Rv1 cells were treated with DMSO, olaparib, VE-822 or olaparib + VE-806 
822 for 24 hours. E2F1 activity was detected using E2F1 luciferase reporter assay. (C) Western 807 
blots are showing protein levels of BRCA1/2 and RAD51 in DKO cells after the treatment with 808 
DMSO, olaparib, VE-822 or olaparib + VE-822 for 24 hours. The intensity of protein bands was 809 
quantified using ImageJ software. The first band was defined as 1. (D) Representative images of 810 
immunofluorescence staining for RAD51 foci in DKO C4-2B and 22Rv1 cells after the treatment 811 
with DMSO, olaparib (10µM), VE-822 (1000nM) or olaparib + VE-822 for 24 hours. RAD51 812 
foci were counted in at least 50 cells for each replicate under each condition (n=3 biological 813 
replicates). Scale bar = 20µm. (E) Schematic model depicting the mechanism by which 814 
concurrent deletions of RNASEH2B, RB1, and BRCA2 genes impact the response to PARP 815 
inhibition. P-values were determined by two-tailed t test. * p<0.05, ** p<0.01, *** p<0.001, **** 816 
p<0.0001, and not significant (ns). 817 
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Figure S1. 

Fig. S1. The frequency of homozygous and heterozygous deletions for genes identified from 

CRISPR/Cas9 screens. (A) The frequency of homozygous (Homdel) and heterozygous 

(Hetloss) deletions for 13 common genes identified from CRISPR/Cas9 screens in the TCGA 

and SU2C/PCF cohorts. (B) the frequency of RNASEH2B and RB1 homozygous and 

heterozygous deletions in the TCGA and SU2C/PCF cohorts.  
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Figure S2. 

Fig. S2. Correlation of copy numbers between RNASEH2B, RB1, and BRCA2 genes. (A) 

Correlation of copy numbers between RNASEH2B and RB1 genes in the TCGA cohort. (B) 

Correlation of copy numbers between RNASEH2B and BRCA2 genes in the TCGA cohort. (C) 

Correlation of copy numbers between RB1 and BRCA2 genes in the TCGA cohort. All data 

were obtained from cBioPortal (www.cbioportal.org).  
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Figure S3 

Fig. S3. BRCA2 deletion increases C4-2B cell sensitivity to olaparib. The BRCA2 gene was 

deleted in C4-2B cells using CRISPR/Cas9 gene editing. The knockout (KO) efficiency was 

determined by Western blot. BRCA2-KO (with sgRNA #1) and corresponding AAVS1 control 

(with sgRNA #2) C4-2B cells were treated with olaparib as indicated for 7 days. Cell viability 

was measured using alamarBlue assay. Olaparib sensitivity (determined by IC50) was increased 

23-fold after BRCA2 deletion. P-value was determined by two-way ANOVA.
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Figure S4. 

Fig. S4. Restoration of RNASEH2B expression reduces RNASEH2B-deleted PCa cell 

sensitivity to olaparib. The GFP-RNASEH2B-expressing plasmid was transiently transfected 

into AAVS1 control and RNASEH2B-KO C4-2B and 22Rv1 cells. The endogenous and 

exogenous RNASEH2B expression levels were determined by Western blot 24 hours after 

plasmid transfection. Cells were treated with olaparib as indicated for additional 3 days. Cell 

viability was measured using alamarBlue assay. P-value was determined by two-way ANOVA 

between RNASEH2B-sg1/Vector and RNASEH2B-sg1/GFP-RNASEH2B cells. Restoration 

of RNASEH2B expression in RNASEH2B-deleted cells partially rescued its function and 

significantly reduced PCa cell sensitive to olaparib. Overexpression of RNASEH2B in 

RNASEH2B-intact AAVS1 control cells did not alter cell response to olaparib. 
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Figure S5 

Fig. S5. RNASEH2B-KO cells respond to PARP inhibitors with trapping ability. 

RNASEH2B-KO and corresponding AAVS1 control C4-2B and 22Rv1 cells were treated with 

talazoparib, rucaparib and veliparib as indicated for 7 days. Cell viability was measured using the 

alamarBlue assay. Two RNASEH2B-KO cell lines (sg1 and sg2) and one AAVS1 control cell 

line (sg1) were used. P-values were determined by two-way ANOVA. 
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Figure S6. 

Fig. S6. RB1 deletion reduces C4-2B cell sensitivity to olaparib. The RB1 gene was deleted in 

C4-2B cells using CRISPR/Cas9 gene editing. Two different single guide RNAs (sg1 and sg2) 

were used to generate the KO cell lines. KO efficiency was determined by Western blot. RB1-

KO and corresponding AAVS1 control C4-2B cells were treated with olaparib as indicated for 7 

days. Cell viability was measured using alamarBlue assay. P-value was determined by two-way 

ANOVA. 
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Figure S7. 

Fig. S7. Overexpression of RB1 increases PCa cell sensitivity to olaparib. The GFP-RB1-
expressing plasmid was transiently transfected into AAVS1 control and RNASEH2B-KO C4-2B 
and 22Rv1 cells. The endogenous and exogenous RB1 expression levels were determined by 
Western blot 24 hours after plasmid transfection. Cells were treated with olaparib as indicated 
for additional 3 days. Cell viability was measured using alamarBlue assay. P-value was 
determined by two-way ANOVA between AAVS1-sg1/Vector and AAVS1-sg1/GFP-RB1 cells. 
RNASEH2B-KO cells were highly sensitive to olaparib and overexpression of RB1 did not 

further increase their sensitivity. 
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Figure S8. 

Fig. S8. Impacts of RNASEH2B deletion and RNASEH2B/RB1 co-deletion on DNA 

damage, apoptotic cell death, and HRR function in PCa cells. (A) Representative images of 

immunofluorescence staining for γ-H2AX foci in AAVS1 control, RNASEH2B single knockout 

(SKO), and RNASEH2B/RB1 double knockout (DKO) C4-2B and 22Rv1 cells after olaparib 
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(10M) treatment for 24 hours. KO cell lines were established using sgRNA #2 (sg2) for both 

RNASEH2B and RB1 genes. γ-H2AX foci were counted in at least 50 cells under each 

condition. Three independent experiments were performed. Scale bar = 10m (B) PARP and 

cleaved PARP protein levels were determined using Western blot in AAVS1 control, SKO and 

DKO cells after olaparib treatment as indicated for 24 hours. -actin serves as a loading control. 

(C) Representative images of immunofluorescence staining for RAD51 foci in AAVS1 control, 
SKO, and DKO cells after olaparib (10M) treatment for 24 hours. RAD51 foci were counted in 
at least 50 cells for each replicate under each condition (n=3 biological replicates). Scale bar = 
20m. P-values were determined by two-tailed t test. * p<0.05, ** p<0.01, *** p<0.001, **** 
p<0.0001, and not significant (ns).
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Figure S9. 

Fig. S9. RNASEH2B deletion increase PCa cell apoptosis after olaparib treatment. 

Caspase3/7 activity was measured in AAVS1 control, RNASEH2B SKO, and RNASEH2B/

RB1 DKO C4-2B and 22Rv1 cells after olaparib treatment as indicated for 24 hours. P-values 

were determined by two-tailed t test. * p<0.05, ** p<0.01, *** p<0.001.  
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Figure S10. 

Fig. S10. E2F1 transcription factor binds the E2F1 promoter in ChIP-seq. Publicly available 

E2F1 ChIP-seq data showing E2F1 binding capacity at the E2F1 promoter. The E2F1 ChIP-seq 

peaks were observed in the UCSC Genome Browser. 

Ramos-Montoya et al., EMBO Mol Med 6, 651-661 (2014). 

McNair et al., J Clin Invest 128, 341-358 (2018). 
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Figure S11. 

Fig. S11. E2F1 transcription factor binds the promoters of BRCA1/2 and RAD51 genes in 

ChIP-seq. Publicly available E2F1 ChIP-seq datasets were analyzed (5-9). The E2F1 ChIP-

seq peaks were observed in the UCSC Genome Browser, showing E2F1 binding capacity at 

the promoters of BRCA1/2 and RAD51 genes in six different cell lines. 

Sokolova et al., Cell Cycle 16, 189-199 (2017). 

Pope et al., Nature 515, 402-405 (2014). 

Cao et al., J Biol Chem 286, 11985-11996 (2011). 

Donato et al., Leukemia 31, 479-490 (2017). 

Gallenne et al., Oncotarget 8, 20572-20587 (2017). 
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Figure S12. 

Fig. S12. BRCA2 deletion re-sensitizes RNASEH2B/RB1 DKO cells to PARP inhibitors 

(PARPis). BRCA2 was deleted in DKO C4-2B and 22Rv1 cells using RNA interference with 

three different siRNAs. After 48 hours, BRCA2 knockdown cells and control cells were treated 

with talazoparib, rucaparib and veliparib as indicated for additional 7 days. Cell viability was 

measured using alamarBlue assay. P-value was determined by two-way ANOVA. 
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Table S1. Genes identified from CRISPR/Cas9 screens 

79 common genes Number of CRISPR screens 

RNASEH2A 5 

ATM 5 

RNASEH2B 5 

MUS81 5 

LIG1 5 

FANCA 4 

RNASEH2C 4 

CHD1L 4 

BRCA1 4 

BARD1 4 

AUNIP 4 

RAD51B 4 

XRCC3 4 

EME1 3 

PPP1R8 3 

C19orf40 3 

PALB2 3 

RAD51C 3 

FANCE 3 

PSMC3IP 3 

RAD51D 3 

BRCA2 3 

TRAIP 3 

RAD51 3 

SWI5 3 

PPP2R4 2 

CDK5 2 

TRAPPC4 2 

XKR7 2 

WDR48 2 

KDM8 2 

FANCM 2 

ZNF574 2 

PHF12 2 

SACM1L 2 

SF3B5 2 

DDX46 2 

SARS 2 

NUP62 2 

SF3B3 2 

LRWD1 2 

ARGLU1 2 

CREM 2 

SMC6 2 

C11orf30 2 

FANCD2 2 
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HUS1 2 

PNKP 2 

ZNF512B 2 

COMMD1 2 

TSC1 2 

ANAPC2 2 

CHRAC1 2 

CENPW 2 

TONSL 2 

SRSF11 2 

RBBP8 2 

ATR 2 

PGD 2 

GTF2B 2 

FANCC 2 

CTDP1 2 

UBE2T 2 

HJURP 2 

XRCC2 2 

POLR2B 2 

MRE11A 2 

ESCO2 2 

TIPRL 2 

URB1 2 

SNRNP200 2 

RNF168 2 

SPACA4 2 

HELLS 2 

EPN1 2 

BRD8 2 

NBN 2 

CHTF8 2 

XRCC1 2 
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Table S2. IC50 of olaparib 

Cell lines LNCaP C4-2B 22Rv1 PC-3 DU145 

AAVS1-sg1 (µM) 4.222 2.475 6.378 2.265 49.94 

AAVS1-sg2 (µM) 4.585 2.926 4.968 2.255 55.36 

RNASEH2B-sg1 (µM) 0.03039 0.02061 0.0383 0.5466 5.038 

RNASEH2B-sg2 (µM) 0.004479 0.1612 0.07162 0.7888 8.001 

AAVS1 Average 4.4035 2.7005 5.673 2.26 52.65 

RNASEH2B-KO Average 0.0174345 0.090905 0.05496 0.6677 6.5195 

Fold change 252.6 29.7 103.2 3.4 8.1 
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Table S3. List of reagents 

Small molecule inhibitors 

Name Company Cat # 

VE-822 Selleck Chemicals S7102 

olaparib Selleck Chemicals S1060 

veliparib Selleck Chemicals S1004 

rucaparib MedChemExpress HY-10617 

talazoparib MedChemExpress HY-16106 

Antibodies 

Name Company Cat # 

PARP Santa Cruz Technology sc-7150 

β-Tubulin Santa Cruz Technology sc-80011 

β-Actin Sigma-Aldrich A5441 

normal rabbit IgG Santa Cruz Technology sc-2027 

E2F1 Cell Signaling Technology 3742 

RNASEH2B Sigma-Aldrich HPA040084 

RB1 Cell Signaling Technology 9309 

BRCA1 Santa Cruz Technology sc-6954 

BRCA2 Cell Signaling Technology 10741 

RAD51 Abcam ab133534 

phospho-Histone H2A.X Millipore 05-636

phospho-CHK1 (Ser345) Cell Signaling Technology 2348 

CHK1 Cell Signaling Technology 2360 

Histone H3 Abcam ab1791 

siRNA sequences 

Name Company Sequence (5' - 3') 

siNC Sigma-Aldrich 
MISSION siRNA Universal Negative Control #2 

(#SIC001) 

siBRCA2 #1 Sigma-Aldrich SASI_Hs01_00121791 

siBRCA2 #2 Sigma-Aldrich SASI_Hs01_00121794 

siBRCA2 #3 Sigma-Aldrich CCGAUUACCUGUGUACCCU 

siE2F1 #1 Sigma-Aldrich SASI_Hs01_00162220 

siE2F1 #2 Sigma-Aldrich SASI_Hs01_00162222 

RT-qPCR primer sequences 

Name Sequence (5' - 3') 

BRCA1-Forward GACTGTTTATAGCTGTTGGAAG 

BRCA1-Reverse TTTTGGAAGTGTTTGCTACC 

BRCA2-Forward AATGTCAGACAAGCTCAAAG 

BRCA2-Reverse TCATGTATTTTTCAGGTGGC 

RAD51-Forward CAGATTGTATCTGAGGAAAGG 

RAD51-Reverse ATGATTCAGTCTTTGGCATC 

GAPDH-Forward GTCATGGGTGTGAACCATGAGA 

GAPDH-Reverse GGTCATGAGTCCTTCCACGATAC 
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guide RNA sequences 

Name Sequence (5' - 3') 

RNASEH2B-sg1: Forward CACCGTCATAGGTTAATCAAACTG 

RNASEH2B-sg1: Reverse AAACCAGTTTGATTAACCTATGAC 

RNASEH2B-sg2: Forward CACCGAGTGGAGAAGCAGAAATAG 

RNASEH2B-sg2: Reverse AAACCTATTTCTGCTTCTCCACTC 

RB1-sg1: Forward CACCGTGCTCGCTCACCTGACGAG 

RB1-sg1: Reverse AAACCTCGTCAGGTGAGCGAGCAC 

RB1-sg2: Forward CACCGCACCTCGAACACCCAGGCG 

RB1-sg2: Reverse AAACCGCCTGGGTGTTCGAGGTGC 

AAVS1-sg1: Forward CACCGTCACCAATCCTGT 

AAVS1-sg1: Reverse AAACACAGGATTGGTGAC 

AAVS1-sg2: Forward CACCGGACTTCCCAGTGT 

AAVS1-sg2: Reverse AAACACACTGGGAAGTCC 

BRCA2-sg1: Forward CACCGAAAGCGATGATAAGGGCAG 

BRCA2-sg1: Reverse AAACCTGCCCTTATCATCGCTTTC 

ChIP-qPCR primer sequences 

Name Sequence (5'-3') 

BRCA1 promoter-Forward CTGTAATTCCCGCGCTTT 

BRCA1 promoter-Reverse CCTCCCATCCTCTGATTGTA 

BRCA2 promoter-Forward CCGCTTTATTCGGTCAGATAC 

BRCA2 promoter-Reverse GCGGGTATTTCTCAGTGTG 

RAD51 promoter-Forward CCAGAGACCGAGCCCTAA 

RAD51 promoter-Reverse GCTTACGCTCCACTTCTCTAC 

Control region-Forward AATGCTGGGCTTCCAAGGA 

Control region-Reverse GACCTTGGTGACTGTTGAGGAAAC 


