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SUMMARY

Since the discovery of BRCAI and BRCA2 mutations as cancer risk factors, we have gained
substantial insight into their role in maintaining genomic stability through homologous
recombination (HR) DNA repair. However, upon pan-cancer analysis of tumors from The Cancer
Genome Atlas (TCGA), we found that mutations in BRCA1/2 and other classical HR genes only
identified 10-20% of tumors that display genomic evidence of HR deficiency (HRD), suggesting
that the cause of the vast majority of HR defects in tumors is unknown. As HRD both predisposes
individuals to cancer development and leads to therapeutic vulnerabilities, it is critical to define
the spectrum of genetic events that drive HRD. Here, we employed a network-based approach
leveraging the abundance of molecular characterization data from TCGA to identify novel drivers
of HRD. We discovered that over half of putative genes driving HRD originated outside of
canonical DNA damage response genes, with a particular enrichment for RNA binding protein
(RBP)-encoding genes. These novel drivers of HRD were cross-validated using an independent
ICGC cohort, and were enriched in GWAS loci associated with cancer risk. Experimental
approaches validated over 90% of our predictions in a panel of 50 genes tested by siRNA and 31
additional engineered mutations identified from TCGA patient tumors. Moreover, genetic
suppression of identified RBPs or pharmacological inhibition of RBPs induced PARP inhibition.
Further mechanistic studies indicate that some RBPs are recruited to sites of DNA damage to
facilitate repair, whereas others control the expression of canonical HR genes. Overall, this study
greatly expands the repertoire of known drivers of HRD and their contributions to DNA damage
repair, which has implications for not only future mechanistic studies, but also for genetic

screening and therapy stratification.
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HIGHLIGHTS

The majority of HR deficiencies detected cannot be directly attributed to aberrations in
canonical HR genes.

Integrated network analysis identifies RNA binding proteins (RBPs) as a novel driver of
HR deficiency in patient tumors.

RBP dysfunction can produce HR deficiencies through both dysregulation of canonical HR

genes and action at sites of DNA damage.
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INTRODUCTION

Genomic instability is a hallmark of cancer (Hanahan and Weinberg, 2011), with implications both
for treatment strategies as well as cancer screening and prevention. As normal healthy cells have
largely intact DNA damage response (DDR) pathways, therapeutic avenues that selectively target
tumor cells with DNA repair defects have emerged as a promising treatment strategy (Pilié et al.,
2018). For instance, Poly (ADP-ribose) polymerase (PARP) inhibitors have emerged as a powerful
approach to treat patients with defects in BRCAI or BRCA2, genes involved in homologous
recombination (HR) repair, a process that faithfully repairs DNA double strand breaks (DSBs)
(Brown et al., 2016; Livraghi and Garber, 2015; Pili¢ et al., 2018). Similarly, microsatellite
instability, caused by defects in DNA mismatch repair (MMR), was recently approved as a
biomarker for response to immune checkpoint blockade, marking the first approval of tumor type

agnostic biomarker by the U.S. Food and Drug Administration (FDA) (Lemery et al., 2017).

Although these DNA repair defects in either the HR or MMR pathways may provide treatment
options, non-functional variants of BRCAI/BRCA2 or genes involved in the MMR pathway are
also primary drivers in familial cancers (Garber and Offit, 2005). A large fraction (50%) of known
drivers of hereditary cancers are genes involved in DNA repair and genome maintenance (Garber
and Offit, 2005). In the case of breast cancer, women with a mother, sister, or daughter with breast
cancer have a two-fold higher risk of developing breast cancer (Beral et al., 2001); however, only
15-25% of patients with hereditary breast/ovarian cancers have BRCAI or BRCA2 mutations and
the majority of hereditary drivers have not yet been identified (Couch et al., 2014; Nielsen et al.,
2016). Incomplete knowledge of genetic risk factors hinders approaches for effective cancer

screening and prevention. A better understanding of these genetic risks could identify which
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90 patients require more aggressive risk reduction approaches, and minimize use of aggressive risk
91 reduction interventions in patients who lack pre-disposition genes (Nelson et al., 2014).
92
93  Thus, there exists a critical need to understand molecular alterations associated with genomic
94  instability and the specific genes that can drive DNA repair defects. In order to comprehensively
95 identify tumors with HR defects, we utilized a genomic scar HRD score. This score allows us to
96 detect genomic lesions left by HRD and identify tumors with HRD regardless of the genetic event
97  which caused the HRD (Telli et al., 2016). HRD scores calculated across tumors from The Cancer
98 Genome Atlas (TCGA) revealed numerous molecular alterations associated with HRD.
99  Surprisingly, approximately 75% of tumors that scored positive for HRD exhibited no known
100  molecular HRD driver. Using an integrated network-based approach, we identified nearly 100
101  novel candidate HRD drivers, with a particular enrichment for genes involved in RNA processing.
102  Candidate HRD drivers had over a 90% experimental validation rate. Mechanistic studies indicated
103  that that the RNA binding proteins we identified may influence HR either by modulating
104  expression of canonical DNA repair genes, or by directly acting directly at sites of DNA damage.

105

106 RESULTS

107  HRD scores vary across tumor types and patient demographics.

108  HRD leaves a quantifiable genomic scar allowing the calculation of an HRD score, defined as the
109  combination of three measures of genomic instability: loss of heterozygosity (LOH), telomeric
110  allelic imbalance (TAI), and large-scale transitions (LST) (Fig. 1A) (Telli et al., 2016). We
111 determined the HRD score across tumors from all patients within TCGA, and found high HRD

112 scores for basal-like breast cancer and ovarian cancer, both of which are known to have high levels
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113 of HRD (Couch et al., 2014; Konstantinopoulos et al., 2015). Luminal androgen receptor, and
114  luminal A and luminal B breast cancers had low HRD scores (Fig. SIA-B). In addition to basal-
115  like/ovarian cancer, numerous other cancer types not typically associated with HRD exhibited high
116 HRD scores, including lung squamous carcinoma (LUSC), bladder cancer (BLCA), and gastric
117  cancer (STAD) (Fig. 1B). Consistent with early onset of basal/triple-negative breast cancers
118  (TNBC), we found that in tumors from basal breast patients, HRD score was negatively associated
119  with patient age. There were similar trends observed in lung adenocarcinoma (LUAD), head and
120  neck squamous carcinoma (HNSC), and mesothelioma (MESO). Nonetheless, when quantified
121  across all patients, HRD score generally showed a positive relationship with age (P = 5.3x107,
122 Fig. 1B, Fig. S1C). When compared across all cancer types, tumors from male patients tended to
123 have higher HRD scores than female patients (P = 0.04, Fig. 1B, Fig. S1D), and tumors from Asian
124  patients had statistically higher HRD scores than other patients (P = 4.3x103, Fig. 1B, Fig. S1E-
125 F).

126

127  HRD scores are associated with suppression of cell death pathways and activation of DNA
128  damage response checkpoints.

129  To begin to define the molecular changes associated with HRD across cancer types, we performed
130  gene set enrichment analysis (GSEA) (Subramanian et al., 2005) and found that HRD scores were
131  associated with increased expression of cell cycle checkpoint genes and decreased expression of
132 genes associated with caspase activation (Fig. 1C). As shown in Fig. 1D, protein-level analysis
133 using reverse phase protein array (RPPA) data indicated HRD score was positively associated with
134  numerous cell cycle regulators, including the DNA damage checkpoint marker phospho-CHK2,

135  as well as MSHG6 previously implicated non-homologous end-joining outside of its canonical role
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136  in DNA mismatch repair (Shahi et al., 2011). We confirmed the association of HRD score with an
137  increased expression of cell cycle checkpoint proteins in breast tumors using an orthogonal whole-
138  proteome mass spectrometry-based dataset (Fig. 1E) (Mertins et al., 2016). Analysis of
139  microRNAs (miRNAs) again identified numerous miRNAs associated with HRD score (Fig. 1F).
140  We desired to assess which pathways these miRNAs might modulate, but the analysis was
141 complicated: each miRNA can target multiple genes and each gene can be targeted by multiple
142 miRNAs. To address this complication, we calculated a gene-wise miRNA suppression score for
143  each gene, defined as the sum of the miRNA coefficients predicted to target each specific gene.
144  Final miRNA scores for all genes were used for GSEA. We found that miRNAs associated with
145  high HRD scores preferentially suppressed oncogene-induced senescence and apoptotic pathways
146  (Fig. 1G). Taken together, these results indicate that HRD positive tumors tend to have suppressed
147  tumor suppressor pathways and activated DNA damage checkpoint pathways.

148

149  The majority of HRD are of unknown aetiology.

150  In order to bifurcate tumors into HRD positive and HRD negative groups, we took a multi-step
151  approach. We began by analyzing tumors of patients with known deleterious BRCAI or BRCA2
152  germline mutations as a gold standard for HRD positivity. We focused this analysis across breast,
153  ovarian, pancreatic, and prostate cancer where BRCAI or BRCA2 germline mutations are known
154  to promote tumorigenesis. As indicated by the receiver-operator characteristic curve in Figure 2A,
155  HRD score was highly accurate at recovering tumors with deleterious BRCA or BRCA2 germline
156  mutations, demonstrated by an area under the curve (AUC) value of 0.83. Using this data, we
157  determined an optimal HRD threshold score of 32, which identified numerous HRD positive

158  tumors across an array of different cancer types (Fig. 2B). However, an analysis of the genetic


https://doi.org/10.1101/2022.10.01.510467
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.01.510467; this version posted October 5, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

159  events within these tumors indicated that only a small minority (9.7%) displayed alterations
160  (mutation or methylation) in BRCAI/BRCA2. Therefore, we expanded the analysis of genetic
161  events to include HR associated genes from a larger, annotated list (Lord and Ashworth, 2016) but
162  could still only identify potential drivers for roughly 25% of HRD tumors (Fig. 2C).

163

164  The large fraction of HRD positive tumors with causes that could not be attributed to known drivers
165 of HRD may represent false positives, or alternatively, could indicate that the majority of drivers
166  of HRD in patients with cancer are unknown. Based on the strong molecular alterations we
167  observed to be associated with HRD (Fig. 1C-G), we hypothesized that if the HRD of unknown
168  origin were due to true HRD, they would exhibit similar molecular changes to those caused by
169  known drivers such as BRCA1/BRCA2. Analysis of GSEA scores from gene expression data were
170  correlated for two groups: 1) DDR-driven HRD-positive tumors vs. HR-competent tumors, and 2)
171 HRD tumors with unknown causes vs. HR-competent tumors. Both groups demonstrated
172 remarkably concordant changes in gene expression (Fig. 2D). Likewise, correlation analysis
173  performed at the protein level using RPPA data also revealed a robust correlation between protein
174  alterations in HRD positive tumors with known DDR gene alterations and those of unknown origin
175  (Fig. 2E). These data indicate that a large fraction of HRD positive tumors are driven by unknown
176  causes.

177

178  Network-based discovery of novel drivers of HRD.

179  Across all tumor types, approximately 75% of HRD positive tumors had an intact complement of
180  known HR-related genes, indicating that the majority of HRD drivers were of unknown aetiology

181  (Fig. 3A). To define the causes of HRD in these tumors, we developed a network-based algorithm
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182  for identifying novel drivers of HRD (Fig. 3B). We began with a list of verified inducers of HRD.
183  Then we identified genetic events in the genes encoding these inducers in patient tumors. Tumors
184  were considered to have a genetic event if they had either: 1) mutations with high variant allele
185  frequency (VAF), or 2) a methylation event that corresponded with downregulation of the
186  methylated gene. VAF was used for assessment because if a mutation is driving
187  HRD/tumorigenesis, then it should occur in the majority of tumor cells. Next, we assessed whether
188  a genetic event was associated with an increased HRD score based on cancer type. Candidate
189  genetic events that may drive HRD in an individual tumor were assigned based on the degree to
190  which that event increased the HRD score, the number of tumors in which it occurred, and the
191  VATF of the mutation in a given tumor. After assigning the genetic events that may cause HRD to
192  an individual tumor, we hypothesized that proteins that interact with these drivers would also be
193  more likely to cause HRD. Therefore, we used protein-protein interaction (PPI) networks to
194  expand the list of candidate HRD drivers. This prediction algorithm was iterated until convergence,
195  when it could no longer identify additional putative novel HRD driver candidates.

196

197  The final network of predicted HRD drivers (Fig. 3C) could be grouped into three, large protein
198  modules. As anticipated, the largest of these was a DNA damage module, followed by an RNA
199  binding protein (RBP) module, and a smaller protein translation module. Only a small fraction of
200  proteins (< 3%) was not strongly associated with any one of these modules. In total, we identified
201 novel HRD drivers for 626 of 1296 patient tumors displaying HRD but lacking a discernable
202  alteration in a previously defined HR pathway (unexplained HRD), with the largest fraction
203  consisting of RBP genes (Fig. 3D). Identified HRD causes and ontology annotations for each

204  tumor are given in Table S1. Tumors that we failed to identify a putative driver for exhibited

10
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205  significantly lower (P = 5x107!") HRD scores, suggesting these samples may be enriched for false
206  positives. The relative proportion of various HRD drivers varied across tumor types. Ovarian,
207  bladder, and colorectal cancers showed the largest fractions driven by canonical DDR genes,
208  whereas melanoma, lung adenocarcinoma, and pancreatic cancer, showed the largest fractions
209  driven by RBP genes (Fig. 3E). Notably, tumors from men were more likely to have HRD driven
210 by RBP mutations (Fig. 3F). The majority of patients with bladder cancer in the TCGA cohort
211  received cisplatin or similar chemotherapies, and should respond favorably if the tumor is HRD.
212 We found that all identified causes of HRD were associated with good prognosis in bladder cancer,
213  indicating the identified HRD drivers likely contribute to HRD and thus chemosensitivity (Fig.
214 S2).When we analyzed the remaining HRD positive tumors with unexplained HRD, we identified
215  several miRNAs that could suppress the expression of HRD drivers that were up-regulated in HRD
216  positive sarcoma tumors (Fig. S3).

217

218  Functional validation of novel drivers of HRD.

219  We next sought to validate that the novel putative drivers of HRD identified from patient tumors
220  were functionally important in HR and not simply bystander events. To begin to validate the
221  functional relevance of candidate genes, we began by utilizing the DR-GFP reporter assay. In this
222 assay, expression of an eGFP variant can only be restored if it is accurately repaired by HR
223  following cleavage with I-Scel (Pierce et al., 1999). Pladienolide B, which inhibits the core
224  spliceosome RBP SF3BlI, significantly inhibited HR at concentrations as low as 1 nM in U20S
225  cells, suppressing HR comparable to inhibition of the Mrel1-Rad50-Nbs1 complex critical for HR
226 (Ciccia and Elledge, 2010) with 100 uM Mirin (Fig. S4A). For more specific analysis, we utilized

227  two independent siRNAs for 43 of the potential HRD mediators we identified, and found that 95%

11
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228  induced HR defects (Fig. 4A). The two genes that failed to induce HR defects, CEP72 and JMJD6,
229  were both classified as “other.” The genes in this category were only weakly linked to any module,
230 further indicating that our network-based approach increased the robustness of our ability to
231  identify strong candidate drivers. To exclude the potential that reduced HR function is merely an
232 artifact from arresting cell cycle, we analyzed the ability of cells to form irradiation (IR)-induced
233 Rad5l1 foci specifically in cycling cells following suppression of candidate RBPs, revealing highly
234 concordant results (Fig. S4B-C). A complete summary of the results of functional assays are given
235 in Table S2. As depletion of RBP proteins may not be functionally equivalent to the effects of
236  missense mutations, we engineered vectors expressing RBPs with mutations identified from HRD
237  tumors. Cells were transiently transfected with RFP-tagged mutant proteins or wild-type controls,
238  allowing for analysis of HR function in cells expressing the desired constructs. After we profiled
239 29 mutations derived from patient tumors across 10 genes, we found that 28/29 inhibited HR
240  function (Fig. 4B).

241

242  To further validate the role of RBPs in HR, we treated TNBC MDA-MB-231 cells with
243  pladienolide B, and found that it efficiently inhibited the formation of IR-induced Rad51 foci in
244 cycling cells (Fig. 5A-B). As PARP inhibitors are known to preferentially kill HRD cells, we
245  hypothesized that the RNA spliceosome inhibitor pladienolide B would sensitize these cells to
246 PARP inhibitors. Indeed, we found pladienolide B and the PARP inhibitor BMN-673
247  demonstrated synergy in two TNBC cell lines, MDA-MB-231 (Fig. 5C) and BT-549 (Fig. 5D).
248  For more specific analysis, we repeated the IR induced Rad51 foci assay following siRNA-
249  mediated depletion of DDX3X and AQR, two of the most common mutant RBPs in TNBC. We

250  found that both siDDX3X and siAQR both inhibited foci formation across 4 TNBC cell lines (Fig.

12
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251  5E). We further validated that suppression of AQR likewise suppressed HR in ovarian cancer cells,
252  where it was also predicted to be associated with HR function (Fig. S4D). As HR deficient tumors
253 may be therapeutically targeted with PARP inhibitors, we next tested the effects of PARP
254  inhibitors in MDA-MB-231 cells stably expressing shDDX3X, shSF3B3, or shBRCA2. We found
255  that depletion of either of the RBPs DDX3X or SF3B3 increased cell sensitivity to the PARP
256  inhibitors BMN-673 (Fig. 5F) and AZD2281 (Fig. 5G) as well as if not better than depletion of
257 BRCAZ2. Long-term clonogenic assays performed in the presence of BMN-673 confirmed this
258  increased sensitivity to PARP inhibition (Fig. SH). Together, these results indicate that the novel
259  HRD drivers we identified are likely to be functionally relevant for HR repair across multiple cell
260 lines and assays.

261

262  Induction of HR defects may occur by modulation of DDR genes as well as independent
263  pathways.

264  Next, we sought to understand how the newly identified novel drivers of HRD might influence HR
265  repair. We hypothesized that loss of RBPs could interfere with DDR gene expression, by either
266  decreasing mRNA stability or by interfering with splicing, either of which could result in hindered
267  protein function. To test whether RBPs were modulating DDR genes, we performed multiple
268  experimental and computational analyses. First, RNAseq analysis following siRNA-mediated
269  depletion of 17 RBPs in three cell lines to identify differential DDR gene expression relative to
270  either siCTRL, or siBRCA1/siBRCA2. Next, TCGA patient tumors were analyzed to detect
271  decreased DDR gene expression relative to HR competent tumors or tumors with HRD caused by
272 DDR genes. Finally, the same comparisons were made using TCGA alternative splicing analysis

273  rather than gene expression levels. All comparisons were made to both siCTRL/HR competent

13
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274  samples and siDDR/HRD caused by DDR, as we had found that HRD itself can cause
275  transcriptional rewiring (Fig. 1C, 2D). The integration of these results is shown in Fig. 6A, with
276  specific comparisons shown in Fig. S5. We identified DDR genes that were either suppressed or
277  alternatively spliced for 55% (26 out of 47) of the RBPs that are candidates for affecting HR. The
278  largest influence on gene expression was seen for members of the mediator complex (75% of
279  genes), followed by core spliceosome members (61% of genes), with less influence seen by other
280  RNA binding proteins (36% of genes). We validated 10 proteins identified to be modulated at the
281  gene expression level by 3 RBPs at the protein level by western blot, and found all candidates
282  showed lower levels of protein as expected (Fig. S5G-I).

283

284  For those RBPs that did not appear to be directly modulating expression of DDR genes, we
285  hypothesized that they might act directly at sites of DNA damage. To evaluate whether RBPs
286  might act at sites of damage, we tested whether the RBP SNRPE formed foci in response to IR-
287  induced damage. Although at baseline SNRPE is largely nuclear, it is not tightly chromatin bound
288  and most can be extracted (Fig. 6B). Within 1 hour after cells were irradiated, SNRPE became
289  increasingly chromatin bound, and co-localized with the DNA DSB marker YH2AX (Fig. 6C-D).
290  Furthermore, cells over-expressing SNRPE demonstrated quicker DSB repair as quantified by
291 quicker loss of YH2AX foci (Fig. 6E).

292

293  Based on the ability of RBPs to modulate expression of DDR genes, we hypothesized that a similar
294  paradigm may apply to mutations in genes regulating translation by altering protein levels of DDR
295  proteins. However, our analysis of TCGA RPPA data for DDR proteins revealed no significant

296  relationships between mutations in translation genes, such as E4F1, and decreased DDR protein
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297  expression (Fig. S6A-B). Nonetheless, as observed for SNRPE, we were able to detect IR-induced
298  E4F1 foci (Fig. S6C), suggesting that E4AF1 might have a functional role at sites of DNA damage.
299

300 Novel HR drivers generalize to independent cohorts and are associated with cancer risk.
301  While complete validation of all novel HRD drivers would be time prohibitive, to evaluate whether
302  the novel HR drivers we uncovered in the TCGA data might be more broadly applicable to patient
303  tumors in general, we analyzed additional patient cohorts. Interrogation of the International Cancer
304 Genome Consortium (ICGC) breast cancer patient cohort validated that mutations from all
305 identified ontologies were significantly associated with higher HRD scores (Fig. 7A).
306  Furthermore, RBP mutants accounted for a similar fraction of HRD tumors as that observed in the
307 TCGA cohort (Fig. 7B, Fig. 3E). The association of HRD score with candidate drivers was
308  maintained when analyzing TNBC tumor alone (Fig. 7C).

309

310 Asloss of function in genes associated with HR is associated with increased propensity for cancer
311  development, the genes we identified as candidate drivers of HRD should be enriched in genes
312 associated with cancer risk in genome-wide association studies (GWAS). Therefore, we assembled
313  all genes associated with cancer risk from GWAS DB (Li et al., 2016) and looked for the HRD
314  drivers identified through our pipeline. Overall, we found that our identified HRD drivers were
315  significantly enriched for genes associated with cancer risk (Fig. 7D). Analysis of individual gene
316  ontology indicated that this enrichment was largely driven by DDR and RBP genes (Fig. 7E).
317  Mutations in genes associated with cancer risk were detected across numerous cancer types (Fig.
318  7F). These mutations, when occurring in the germline, could provide vital information for genetic

319  counseling to improve cancer screening/prevention.
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320

321  DISCUSSION

322 Our analysis of genomic scars indicative of HRD across tumors in the TCGA indicated that only
323 about 25% of HRD could be attributed to alterations in known drivers of HRD. The remaining
324  75% of HR-deficient tumors had no identifiable defects in known DDR genes. However, these
325  tumors displayed gene and protein expression changes consistent with HRD caused by aberrations
326  in DDR genes known to cause HRD, including activation of cell cycle checkpoints and suppression
327  of senescence/apoptosis pathways. Suppression of senescence/apoptosis pathways may be critical
328  for HRD tumor cells to circumvent tumor-suppressive DDR checkpoints (Bartkova et al., 2006),
329  thus enabling genomically unstable cells to continue proliferating and acquire additional
330  mutations. This transcriptional re-wiring may explain how tumor cells continue to proliferate in
331  absence of BRCAI/BRCA2, whereas depletion of these genes in non-malignant cells often reduces
332 cellular fitness. Using a networks-based approach, we more than doubled (from 462 to 1088) the
333  number of tumors in TCGA with an attributable driver of HRD. Among the novel drivers, we
334 found a particular enrichment for aberrations in genes encoding RNA binding proteins, which
335 represented over half of newly identified drivers of HRD.

336

337  The potential role of RBPs in controlling HR is consistent with limited, previously published
338  reports. For example, genome-wide siRNA depletion screens designed to evaluate HR function
339 identified RBPs, namely RBMX (Adamson et al., 2012) and CDC73 (Herr et al., 2015), as potential
340  drivers of HRD. An orthogonal genome-wide screen for PARP inhibitor sensitivity using CRISPR-
341 mediated deletion also recovered genes consistent with our results, including SF3B3 and SF3B5

342  (Zimmermann et al., 2018). However, in vitro screening approaches do not necessarily correspond
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343 to bona fide drivers of HRD observed in patient tumors. Genes identified as critical for HR through
344  loss of function screens might be essential genes, meaning loss is incompatible with cell viability,
345  or may simply not be mutated at appreciable frequencies in human populations. Additionally, the
346  deletion/depletion of genes may not reflect the phenotypes observed when those same genes are
347  mutated. The disparity between in vitro data and observations in patient tumors is best highlighted
348 by the two aforementioned siRNA screens that identified 6,137 (Adamson et al., 2012) and 10,050
349  (Herr et al., 2015) genes that reduced HR function more than the average reduction observed
350 following loss of canonical HR/BRCAness genes (Lord and Ashworth, 2016). In contrast, our
351  study indicated that only 1.58% of the 6,137 genes and 1.04% of the 10,050 genes may be relevant
352  in tumors from patients with cancer.

353

354  The genomic scar HRD score calculation and corresponding analyses performed in our study are
355  subject to several limitations. The primary limitations are centered around the accuracy of the HRD
356  score itself, as well as the chosen threshold for HRD positive and negative tumors. Although the
357  combination of three different measures of genomic instability offers an improved signal over any
358  single metric, it may still not capture all HRD tumors (Telli et al., 2016). Further, we assumed a
359  constant threshold value for HRD positivity across all tumor types, but the validity of this
360  assumption is unclear. At the molecular level, we observed consistent changes between HRD
361  driven by canonical drivers and those with originally unidentified aetiology, suggesting that HRD
362  score reflects loss of HR function in both contexts and that the HRD positive tumors of unidentified
363  aetiology are not generally false positives. However, at the single tumor level the HRD score is
364  still subject to false positives/negatives. For example, at the optimal threshold identified for

365  bifurcation into HRD positive and negative tumors, roughly 20% of BRCAI/BRCA2 germline
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366  mutations were classified as existing in HR competent tumors. The observed false negative
367 germline BRCAI/BRCA2 mutations could represent actual false negatives, or may represent non-
368  deleterious variants of BRCAI/BRCA2. By enforcing occurrence of genetic events in multiple
369  tumors, we were largely able to avoid the effects of sporadic false positives, as evidenced by the
370  over 90% experimental validation rate.

371

372 The findings presented in this study warrant follow up studies to further elucidate the mechanisms
373 underlying how the newly identified drivers of HRD control HR repair. Previous reports have
374  documented the role of RBPs in controlling expression of DDR factors, for example, RBMX has
375  been shown to be required for BRCA2 expression (Adamson et al., 2012). We likewise detected
376  that 26 and 47 RBPs analyzed may suppress expression of canonical HR genes. Consistent with
377  our observation that ILF2 can modulate multiple DDR genes, ILF2 overexpression facilitates
378  expression of DDR genes leading to resistance to DNA damaging agents in 1q21-amplified
379  multiple myeloma (Marchesini et al., 2017). Following DNA damage, the spliceosome has also
380  been shown to undergo rapid mobilization resulting in alternative splicing that may facilitate repair
381  of DNA lesions (Tresini et al., 2015). Although analysis of Rad51 foci formation indicates RBPs
382  largely induce HR defects at or before Rad51 loading, future studies to elucidate precisely which
383  step(s) of HR putative drivers of HR defects are responsible for are warranted. Alternatively, RBPs
384  may not interact directly with HR proteins but interfere with generation of RNA species required
385  for HR repair. For instance, recent work indicated that DICER and DROSHA RNA products are
386 involved in activation of the DDR, and that DDR foci can be abrogated by RNase A-mediate RNA
387  degradation (Francia et al., 2012). Alternatively, evidence exists that endogenous RNA transcripts

388  may serve as templates for HR repair, and loss of RBPs may have a primary effect on these
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389  template RNA molecules (Keskin et al., 2014). Furthermore, if RBP-deficient HR defective tumors
390 utilize Rad52 for repair as has been documented following loss of canonical HR repair genes such
391 BRCAI,BRCA2,PALB2, and RADS51C (Rossi et al., 2021). Further mechanistic insight into how
392  RBPs and other novel HRD drivers modulate HR repair will advance our understanding of the
393  diverse mechanisms used to promote genomic stability in human cells.

394

395  While PARP inhibitors are gaining FDA approval in a variety of contexts. However, they are most
396 commonly used for treating breast and gynecological cancers, and most on-going PARP inhibitor
397  clinical trials are performed within this context. Across TCGA, we found that men tended to have
398  higher HRD scores, strongly observed in the context of chromophobe kidney cancer, acute myeloid
399  leukemia, pancreatic cancer, head and neck squamous cell carcinoma, and esophageal carcinoma.
400 It is possible that because these cancers are enriched for HRD driven by previously undocumented
401  RBPs that are likely to drive HRD, men with these specific HRD positive cancers may constitute
402  anunderstudied population. Loss of RBPs may promote sensitivity to PARP1 directly via induction
403  of HRD, through secondary mechanisms such as induction of R-loops, or a combination thereof.
404  Use of the HRD score and/or screening for mutations in the novel HRD driver genes we identified
405  may provide biomarkers that could be used to stratify patients based on their predicted response to
406  PARP inhibitors and expand the number of cancers that might benefit from such treatment.
407  Alternatively, pharmacological induction of HRD by inhibiting RBPs may offer a novel approach
408  to sensitize tumor cells to PARP inhibitors.

409

410  The novel drivers of HRD identified here were enriched for loci associated with cancer risk in

411  prior GWAS studies. Risk-reduction surgery for BRCA-related breast cancer can decrease the risk
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412 of developing cancer from 85%-100%, but these surgeries are not without potential risk and should
413  be focused on high-risk individuals (Nelson et al., 2014). Integration of GWAS studies with
414  mechanistic understanding can increase the confidence in the relevance of GWAS-uncovered
415  candidate cancer risk loci. In turn, this could advance cancer prevention programs by improving

416  the genetic information available to genetic counselors and patients.
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417  MATERIALS AND METHODS

418  Further information and requests for resources and reagents should be directed to and will be

419  fulfilled by the Lead Contact, Nidhi Sahni (nsahni@mdanderson.org).

420

421  Data sets utilized and data availability. TCGA RNAseq gene expression, alternative splicing,
422  methylation, copy number, RPPA, and clinical data were downloaded from the GDC data
423  commons (https://portal.gdc.cancer.gov/). TCGA CPTAC data were acquired from the
424  manuscript’s supplemental information (Mertins et al., 2016). ICGC data were downloaded from
425  the ICGC data portal (https://dcc.icgc.org/). GWAS data were downloaded from GWASdb v2
426  (http://jjwanglab.org/gwasdb) (Li et al., 2016). MicroRNA targets were downloaded from miRDB
427  (http://mirdb.org/) (Wong and Wang, 2015). Table S1 contains all HRD tumors, with identified
428  HRD drivers and gene annotations. RNAseq data generated in this manuscript are available at
429  NCBI GEO accession GSE153396.

430

431  Calculation of HRD score. We calculated the genomic scar HRD scores from SNP arrays
432 following the previous published 3 components of HRD score: loss of heterozygosity (LOH)
433 (Abkevich et al., 2012), large scale transitions (LST) (Popova et al., 2012), and telomere allelic
434  imbalance (TAI or NtAI) (Birkbak et al., 2012), and used the sum of all 3 scores as the final HRD
435  score (Knijnenburg et al., 2018; Marquard et al., 2015; Telli et al., 2016).

436

437  Association of molecular data with HRD score. To analyze RNA, miRNA, and proteins that
438  were associated with high HRD scores we performed regression with a generalized linear mixed

439  effects model, taking the tumor type as a random effect. For gene expression changes from
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440  RNAseq data, the resulting regression coefficients were used for gene set enrichment analysis as
441  described (Subramanian et al., 2005). For protein data from RPPA, regression coefficients and
442  corresponding P values were reported directly with false discovery rate determined with
443  Benjamini—Hochberg procedure. For miRNA data, regression coefficients and corresponding P
444  values were reported directly with the FDR determined using Storey’s method. To define those
445  pathways that were preferentially suppressed by miRNAs, we retrieved predicted miRNA gene
446  targets from MicroRNA Target Prediction Database (miRDB). For each significant microRNA,
447  the regression coefficient was added to all candidate target genes, yielding a positive score for
448  genes predicted to be preferentially targeted by microRNAs in HRD tumors. Resulting microRNA
449  scores were utilized for GSEA, and the top 5 significant pathways were reported.

450

451  Threshold score to separate HRD positive vs. negative. To define a gold standard by which to
452  define a threshold to identify HRD positive tumors, we selected breast, ovarian, prostate, and
453  pancreatic tumors that had germline mutations in BRCA 1 or BRCA2. For determining the optimal
454  threshold value, we performed stochastic sub-sampling using 50% of all patients for 1000
455  iterations. For each iteration, we determined a modified Youden’s J statistic defined as J* = 2*true
456  positive rate + true negative rate — 2, with increased weighting on the true positive rate because
457  the definition of true positives was more robust than that of true negatives. The modal threshold
458  value was determined to be 31, which was used to classify tumors as HRD positive or HRD
459  negative.

460

461  Identification of novel candidate HRD drivers. To identify candidate HRD drivers, we initially

462  used canonical DDR genes (Lord and Ashworth, 2016) as well as highly validated candidates from
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463  two previous studies (Adamson et al., 2012; Herr et al., 2015). Genetic events were defined as
464  either mutations or methylation events. Mutation events were constrained to variant allele
465  frequencies (VAF) of at least 0.1. Methylation events were only considered if in the given tumor
466  type methylation significantly correlated with gene expression (r<-0.25), and the specific tumor
467  exhibited both methylation and down-regulation (1 standard deviation) of the candidate gene. To
468  assign genes to individual tumors, a scoring metric of 2*(HRD score, upper tertile) + (HRD score,
469  lower 20™ percentile) — 0.5*(Coefficient of variation) was used to rank genes, with the highest
470  scoring gene being assigned as the cause for a given tumor. To identify novel candidate genes for
471  the next iteration, we first computed an interaction score using a merged protein interaction list
472 from both the BioPlex affinity purification-mass spectrometry network (Huttlin et al., 2015) as
473  well as a literature curated network (Menche et al., 2015). For all genes, we determined the number
474  of interactions with genes identified to be candidate drivers of HR defects, and then z-transformed
475  these values. This z-normalized network score was averaged with a z-normalized score for
476  induction of HR defects from two siRNA screens (Adamson et al., 2012; Herr et al., 2015). All
477  genes that score above the 25" percentile of candidate genes identified in the prior iteration were
478  added for the next iteration. This process was completed until convergence, that is no additional
479  candidate genes were identified.

480

481 DR-GFP HR reporter assay. The DR-GFP reporter assay was performed in U20S cells per
482  previous publications (Pierce et al., 1999). Transfection with siRNA or the RFP-tagged protein of
483  interest was performed 12 hours prior to transfection with I-Scel (Addgene #26477) or GFP control
484  (Addgene #89684). All transfections were performed with Lipofectamine 3000 per the

485  manufacturer’s instructions. Two days after I-Scel/GFP transfection, samples were analyzed by
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486  flow cytometry. After gating for singlets and cell size, GFP positivity was gated based on SSC vs.
487  GFP intensity. All values were normalized to the average of siCTRL and non-transfected controls
488  for siRNA experiments, and RFP-tagged wild-type protein overexpression for analysis of RFP-
489  tagged mutant proteins.

490

491

492  RFP-tagged mutant constructs. To generate point mutations, we implemented a modified high-
493  throughput site-directed mutagenesis pipeline described previously (Sahni et al., 2015; Yi et al.,
494  2017). Briefly, we used the corresponding wild-type reference ORFs from their Entry clones in
495  human ORFeome as template for a 3-step PCR experiment. For a given mutation, PCR cloning
496  consisted of two “primary PCRs” to generate gene fragments, and one “fusion PCR” to obtain the
497  mutated ORF. For the primary PCRs, two universal primers, Tagl-M13F and Tag2-M13R
498  (sequences shown below), and two ORF-specific internal forward and reverse primers were
499  employed. The two universal primers allowed the preservation of the attL sites on both ends of the
500 ORF. The mutation-specific primers (namely MutF and MutR), encompassing the desired single
501 nucleotide change, were designed to have an overlapping region of ~40 base pairs. The two ORF
502  fragments flanking the mutation of a gene were amplified using the primer pair Tagl-M13F and
503 MutR, and the primer pair Tag2-M13R and MutF, respectively. For the fusion PCR, the two
504 primary PCR fragments were fused together using the primer pair Tagl and Tag2 (sequences
505  shown below) to generate the single amino acid change mutation allele. The final product was a
506  full-length ORF harboring the desired mutation. All wild-type and mutant allele clones were

507 transferred by Gateway recombination into a mammalian expression vector containing a C-
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508 terminal RFP tag. For subsequent sequence confirmation, the inserts were PCR amplified with

509 KOD HotStart Polymerase (Novagen) and verified by Sanger sequencing.

510  Primer sequences:

511 e Tagl-MI3F:5-GGCAGACGTGCCTCACTCCCAGTCACGACGTTGTAAAACG-3’
512 e Tag2-MI3R: 5’-CTGAGCTTGACGCATTGCTAGTGTCTCAAAATCTCTGATGTTAC-3’
513 e Tagl:5-GGCAGACGIGCCTCACTACT-3’

514 e Tag2: 5’-CTGAGCTTGACGCATTGCTA-3’

515

516 IR induced foci formation. Cells were grown on glass coverslips, irradiated with either 5 Gy or
517 10 Gy, and incubated as specified. To analyze chromatin bound fractions, the soluble fractionwas
518  extracted prior to fixation, as described (McGrail et al., 2017). For analysis of RFP-tagged protein
519  foci formation, cells were transfected 48 hours prior to irradiation using Lipofectamine 3000 per
520 manufacturer’s instructions prior to fixation and detection of phosphorylated histone variant
521  H2AX using indirect immunofluorescence with anti-yH2AX (clone JBW301, Millipore Sigma).
522 For IR-induced Rad51 foci, cycling cells were pulse labeled with 10 uM EdU prior to irradiation.
523  EdU was labeled with CLICK chemistry as described (Fang et al., 2019). Nuclei and Rad51 foci
524  were segmented, and EdU positivity was determined from integrated intensity in each nuclei
525  compared to a no EdU stained control. Rad51 positivity was analyzed only in EAU positive cells,
526  and defined relative to control cells without irradiation. For siRNA experiments, cells were
527  transfected with siRNA 48 hours prior to irradiation. For Pladienolide B experiments, cells were
528 treated with Pladienolide B (Tocris) 24 hours prior to irradiation. Cells were imaged by

529  fluorescence microscopy (Eclipse TE2000E, Nikon), capturing all images for a given replicate
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530 simultaneously to assure no variances in light intensity. All quantification was performed in
531  Matlab R2016a.

532

533  PARP sensitivity assays. For short term assays, cells were plated in 96 well plates before
534  treatment with specified concentrations of BMN673 (Selleck), AZD2281 (Selleck), Pladienolide
535 B, or vehicle control. Cells were incubated for 5 days, and viability was assessed using PrestoBlue
536  (Invitrogen) relative to vehicle controls (DMSO for BMN673 and AZD2281, ethanol for
537  Pladienolide B). Synergy was assessed using the Chou-Talalay combination index (Chou, 2006).
538  For clonogenic assays, cells were plated in 12 well plates and incubated with drugs for two weeks
539  before fixation and staining with crystal violet. Plates were scanned, and the crystal violet was
540  extracted with 10% acetic acid. Absorbance of solubilized crystal violet was measured at 590 nm
541  using a plate reader, and viability was normalized to a solvent-treated control. For stable sShRNA
542  cells, Dharmacon pGIPZ Lenti shRNA vectors were used including a pGIPZ non-silencing
543  control (RHS4346), shDDX3X (V3LHS 644473, V2LHS 202531), shSF3B3 (V3LHS 644840,
544  V2LHS 43924), and shBRCA2 (V2LHS 89238, V2LHS 89237).

545

546 RNAseq with depletion of RNA binding proteins. Cells (BT-549, MDA-MB-231, or U20S)
547  were transfected with the desired siRNAs (Table S3) using Lipofectamine 3000 48 hours prior to
548 RNA isolation with a Qiagen RNeasy Kit. RNA quality was confirmed using the Agilent
549  TapeStation RNA reagents according to the manufacturer’s protocol. Libraries were prepped using
550 the Lexogen QuantSeq 3’ mRNA-Seq Library Prep Kit FWD for Illumina with 6nt unique dual
551 indexing using. 100ng of RNA was used as input material for an automated protocol adapted for

552 the Perkin Elmer SciClone NGS Workstation. Libraries were analyzed for quality using the
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553  Agilent TapeStation High Sensitivity DNA kit and for quantity using Qubit dsSDNA HS assay, in
554  384-well format, using 20uL reactions in triplicate (19uL working reagent + 1uL sample or
555  standard) with an 11-point standard curve from 0-10ng/uL. Plates were shaken in the plate reader
556  for 5 seconds, then measured for fluorescence (excitation: 480nm, emission: 530nm). Sample
557  concentrations were determined using the standard curve. Libraries made from each RNA sample
558  were then pooled at 25 nM each, denatured with 1M NaOH added to a 0.2M final concentration
559 (5 min at room temperature), and quenched with 200mM Tris HCI1 (pH 7). 1% PhyX spike-in
560  (Illumina) was added then pooled, denatured libraries were run on an Illumina NovaSeq with a
561 NovaSeq 6000 SP Reagent Kit (100 cycles) using 51bp reads, 6bp index reads, and paired-end
562  single read parameters.

563

564  Identification of RNA binding proteins that may modulate DDR genes. To test whether RBPs
565  were modulating DDR genes, we performed multiple analyses. First, RNAseq analysis following
566  siRNA-mediated depletion of 17 RBPs in 3 cell lines was used to identify differential DDR gene
567  expression relative to either siCTRL, or siBRCA1/siBRCA2 by paired t-test. Next, TCGA tumors
568  were analyzed to detect decreased DDR gene expression relative to HR competent tumors or
569  tumors with HRD caused by DDR genes using a generalized linear mixed effects model, taking
570  the tumor type as a random effect. Finally, the same comparisons in TCGA tumors was made using
571 alternative splicing instead of gene expression levels. We considered gene expression changes that
572  caused decreased gene expression with an FDR of less than 10%, or events that were detected in
573  both patient tumors and cell lines with a nominal P value of at least 0.05. For alternative splicing,
574  increased or decreased alternative splicing at 10% FDR was considered an event. The resulting

575 network was visualized in Cytoscape v3.5.1.
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576

577  Statistics. Specific statistical tests are discussed within corresponding sections. In general, pan-
578  cancer associations with HRD score were determined using a generalized linear mixed effects
579  model, taking the tumor type as a random effect. Multiple comparisons were corrected for using
580 either Storey’s method (large number of variables) or the Benjamini—Hochberg procedure (smaller
581  number of variables). Comparisons of normally distributed data were made using either t tests (2
582  groups) or one-way ANOVA (3+ groups) with appropriate post-hoc analysis. Comparisons of non-
583  normally distributed data were made using rank sum test (2 groups) or Kruskal-Wallis (3+ groups)
584  with appropriate post-hoc test. Correlations were assessed using Spearman rank correlation
585  coefficients. Categorical variables were compared using Fisher’s exact test.

586

587  Supplemental Tables.

588  Table S1. Identified causes of HR defects, Related to Figure 3.

589  Table S2. Functional analysis of putative novel drivers of HRD, Related to Figure 4.

590 Table S3. siRNAs used in this study, Related to Materials and Methods
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766
767  Figure 1 | Pan-cancer analysis of HR defects.
768  (A) Schematic describing the HR defect score, defined as the sum of scores for loss of
769  heterozygosity (LOH), telomere allelic imbalance (TAI), and large scale state transitions (LST).
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770  (B) HRD scores across tumor types (top), and associations with various demographic features
771 (bottom). HRD score is plotted as median value with error bars representing interquartile range.
772 Demographic features scale from red (positive association with HRD score) to blue (negative
773 association with HRD score). Black dots represent significant relationships within a given cancer
774  type. Red dots next to demographic categories represent a significant positive association across
775  all cancer types.

776  (C) Gene set enrichment based on relationship with HRD score. A generalized linear mixed model
777  was used to determine the association between RNAseq-derived gene expression levels and HRD
778  scores, taking tumor type as a random effect. The resulting coefficients were used for gene set
779  enrichment analysis.

780 (D) Association between HRD score and protein levels. A generalized linear mixed model was
781  used to determine the association between reverse phase protein array-derived protein levels and
782  HRD scores, taking tumor type as a random effect. FDR was determined using the Benjamini—
783  Hochberg procedure.

784  (E) Pathway enrichment determined from whole-proteome mass spectrometry in breast cancer.
785  Spearman correlation coefficients were determined between proteins and HRD scores. The
786  resulting correlation coefficients were used for gene set enrichment analysis. The five most
787  significantly enriched pathways are shown. NES = normalized enrichment score.

788  (F) Association between HRD score and microRNA levels. A generalized linear mixed model was
789  used to determine the association between microRNA levels and HRD scores, taking tumor type
790  as arandom effect. FDR was determined by the method of Storey.

791  (G) Gene set enrichment of microRNA target genes. For each gene, a score was quantified as the

792 sum of all coefficients for significant (FDR<1%) microRNAs that could target that gene. The
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793  resulting list of scores was used for GSEA. The five most significantly enriched pathways are
794  shown, demonstrating pathways predicted to be suppressed by miRNAs associated with HRD
795  score. NES = normalized enrichment score.

796  See also Figure S1.

797
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798
799  Figure 2 | Most HR deficiencies are of unknown aetiology.
800 (A) Receiver operator characteristic curve (ROC) (blue) demonstrating the ability of the HRD
801  score to predict germline mutations in BRCAI or BRCA2 in the indicated tumor types. AUC is
802  defined as the area under ROC curve. The dotted line represents the expectation due to random
803  assignment. The red dot indicates the calculated optimal threshold value to separate HRD positive
804 (HRD™") and HR competent tumors.
805  (B) Percentage of HRD positive tumors by cancer type.
806  (C) Percentage of HRD positive tumors caused by BRCAI, BRCA2, other canonical DDR genes,
807  and those of unknown aetiology.
808 (D) Correlation of gene set enrichment analysis performed on gene expression changes between
809  DDR-driven HRD positive tumors and HR competent tumors (plotted on x-axis), or HRD positive
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810  tumors of unknown aetiology and HR competent tumors (plotted on y-axis). Spearman correlation
811  coefficient.

812  (E) Correlation of change in RPPA-derived protein levels between DDR-driven HRD positive
813  tumors and HR competent tumors (plotted on x-axis), or HRD positive tumors of unknown

814  aetiology and HR competent tumors (plotted on y-axis). Spearman correlation coefficient.
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816  Figure 3 | Discovery of novel drivers of HRD.
817  (A) Pie chart showing the fraction of HRD positive (HRD+) tumors with known drivers of HRD
818  and those with unknown drivers of HRD.
819  (B) Schematic of the network-driven pipeline used to discover novel drivers of HRD.
820  (C) Resulting protein network modules of identified drivers of HRD in tumors from patients with
821  cancer. The size of nodes represents the number of patients with HRD attributed to a given gene,
822  corresponding to the scale shown in the purple spheres.
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823 (D) Pie chart showing the fractions of previously identified HRD drivers (light red) and newly
824  identified putative drivers.

825  (E) Distribution of HRD driver ontologies by cancer type.

826  (F) Percentage of HR defects driven by RBPs in tumors from male and female patients with cancer.
827  Fisher’s exact test.

828  See also Figure S2-S3 and Table S1.

829
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831  Figure 4 | Validation of novel drivers of HR defects using flow cytometry-based DR-GFP
832  reporter assay.

833  (A) HR repair was measured using a DR-GFP assay and flow cytometry to detect GFP in cell lines
834  following siRNA-mediated knockdown of each of the indicated genes. Relative HR repair is
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835  defined relative to the percentage of GFP positive cells of untransfected and siCTRL-transfected
836  controls. N = 3 per siRNA, 2 siRNAs per gene. Mean + s.e.m.

837  (B) The relative amount of HR repair was measured as in A. Cells were transfected with RFP-
838  tagged wild-type (WT) or mutant protein-expressing constructs 24 hours prior to transfection with
839  an [-Scel expression plasmid. HR repair was measured in RFP+ cells, and defined as mutant
840 relative to WT overexpression. N = 3 per condition. Mean + s.e.m. ANOVA with Dunnett’s post-
841  hoc test. *p<.05, **p<0.01, ***p<0.001, ****p<1x10*

842
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Figure 5 | Control of HR by RNA binding proteins in breast cancer.

(A) Images of cells treated with either 10 nM of the splicing inhibitor pladienolide B or a DMSO

vehicle control, 24 hours prior to irradiation (5 Gy). Images show Rad51 foci indicative of HR
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847  repair (green), as well as proliferating (S phase) cells with EAU (red), and DAPI nuclear stain
848  (blue).

849  (B) Quantification of percentage of cycling (EdU+) cells that exhibit Rad51 foci. N = 3. Student
850  t-test. *p<.05, **p<0.01

851 (C-D) Viability of TNBC cells following a 5-day incubation with the splicing inhibitor
852  pladienolide B (concentration indicated on top x-axis), PARP inhibitor BMN673 (concentration
853 indicated on bottom x-axis), or a combination thereof, relative to a DMSO vehicle control for
854  MDA-MB-231 cells (C) and BT-549 cells (D). Mean + s.e.m. C.I.; Chou-Talalay combination
855 index. N=2.

856  (E) Quantification of IR-induced Rad51 foci in cycling (EdU") TNBC cell lines following siRNA-
857  mediated depletion of the indicated RBPs. N = 2 per cell line.

858  (F) Viability of individual MDA-MB-231 cell lines with stable single knockdowns of RBPs
859 DDX3X and SF3B3, as well as HR protein BRCA2, following a 5-day treatment with BMN673.
860 (G) As in F but following a 5-day treatment with AZD2281.

861  (H) Clonogenic assay with MDA-MB-231 cells with stable knockdown of RBPs DDX3X and
862  SF3B3, following a two-week treatment with BMN673. N = 2, points represent independent
863  biological replicates.

864  See also Figure S4.
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866  Figure 6 | RNA binding proteins control HR repair by multiple mechanisms.
867  (A) RBPs that can modulate DDR gene expression were identified through three approaches: (1)

868  in vitro RNA-seq screening following siRNA-mediated knockdown of selected (N = 17, Table S2)
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869  pipeline-identified RBPs compared to either control siRNA (siCTRL) or siBRCA1 and siBRCA2
870 (siDDR) in isogenic cell lines; (2) identification of down-regulated DDR genes expression levels
871  in TCGA tumors with HRD driven by RBP loss compared to HR competent tumors or tumors with
872  HRD driven by DDR loss; and (3) identification of alternatively spliced DDR genes in TCGA
873  patient tumors with HRD driven by RBP loss compared to HR competent tumors or tumors with
874  HRD driven by DDR loss. The network nodes indicate RBPs (green) identified to modulate DDR
875  genes (red), with edges indicating how the modulation was identified. Genes listed across the
876  bottom were not identified as being modulated by RBPs. The key for the network diagram, with
877  solid arrows representing decreased expression and dotted arrows representing altered splicing, is
878  on the left.

879  (B) IR-induced foci formation showing merged images of co-staining of RFP-SNRPE (red) and
880 yH2AX (green). Total and chromatin-bound proteins prior to irradiation and chromatin-bound
881  proteins at 1, 3, and 6 hours following irradiation (5 Gy). Scale bar = 10 pm.

882  (C) Magnified image of boxed cell indicated in (B) showing single channel SNRPE (top) and
883  yH2AX (middle), and the merged image (bottom). Arrows mark foci with co-localization of RFP-
884  SNRPE and yH2AX.

885 (D) Quantification of fluorescence signal due to chromatin-bound RFP-SNRPE in SNRPE" cells
886  prior to and at 1, 3, and 6 hours following irradiation. Intensity is reported relative to the median
887 total intensity in cells not subjected to extraction.

888  (E) Quantification of the fluorescence signal due to YH2AX prior to and at 1, 3, and 6 hours
889  following irradiation in RFP-SNRPE" and RFP-SNRPE" cells.

890  See also Figure S5-Sé6.

891
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892

893  Figure 7 | External validation of the involvement of RNA binding proteins in HR repair.

894  (A) HRD scores were determined for an independent cohort of tumors from patients with breast
895  cancer from ICGC. Tumors were classified based on their candidate drivers into either Known
896 DDR (pink), novel DDR (red), RBP (green) or other (purple) genes. Kruskal-Wallis with Dunn’s

897  posthoc comparing each group to WT.
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898  (B) Pie chart showing the relative proportions of proposed causes of HRD defects in patient tumors
899  from the ICGC cohort.

900 (C) HRD scores as in (A), but only showing tumors form TNBC patients. Kruskal-Wallis with
901  Dunn’s posthoc.

902 (D) Identified novel drivers of HR defects are enriched for genes associated with cancer risk from
903  genome-wide association studies. The graph shows the distribution of number of genes associated
904  with cancer risk using a random set of genes of equal size. The arrow indicates the actual observed
905 number of genes associated with cancer risk. Empirical P value.

906 (E) Enrichment in genes associated with cancer risk as described in (D), but for individual gene
907 ontologies.

908  (F) Network showing genes identified from the GWAS studies associated with cancer risk as well
909 as the cancer types where mutations in those genes were identified as causing an HR defect. DDR
910 genes (red), RBP genes (green), translation genes (blue), and other (purple).

911  *p<.05, **p<0.01, ***p<0.001, ****p<1x10*

912
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916  Figure S1 | Demographics of HR defects, Related to Figure 1.
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917  (A) HRD score for specific TNBC subtypes, shown as median with interquartile range. Basal-like
918 1 (BLI1), metastatic (M), basal-like 2 (BL2), luminal-androgen receptor (LAR). Kruskal-Wallis
919 test.

920 (B) HRD score in luminal A (LumA) and luminal B (LumB) breast cancer, shown as the median
921  with interquartile range. Rank-sum test.

922  (C-F) Regression coefficients for HRD score with the indicated demographic information. The
923  overall regression coefficient was determined using a generalized, linear mixed model with tumor
924  type as a random effect. (C) Positive coefficient indicates HRD score is higher in tumors from
925  male patients with cancer. (D) Positive coefficient indicates HRD score increases in tumors from
926  patients of older age. (E) Positive coefficient indicates HRD score is increased in tumors from
927  African American patients with cancer. (F) Positive coefficient indicates HRD score is increased

928 in tumors from Asian patients with cancers. *p<0.05, **p<0.01, ***p<0.001.
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931  Figure S2 | Survival of patients with bladder cancer by type of HR defect, Related to Figure
932 3.

933  (A) Genes identified as putative causes of HR defects in tumors from patients with bladder cancer.
934  (B) Kaplan-Meier curves showing overall survival of bladder cancer patients, stratified by general
935 type of putative HR defect compared to patients with HR competent tumors. Log-rank test to assess
936  survival differences.

937  (C) Multivariate survival analysis with Cox proportional hazards model.

938
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941  Figure S3 | MicroRNA control of HR defects in sarcoma, Related to Figure 3.

942 (A) Scatter plot showing an inverse correlation between RBBP8 and hsa-mir-377 expression.
943  Spearman correlation coefficient.

944  (B) Differential expression of hsa-mir-377 in tumors with HRD of unknown cause, HRD in which
945 a candidate driver could be identified, and HR-competent tumors. Kruskal-Wallis with Dunn’s
946  posthoc test.

947  (C) Scatter plot showing an inverse correlation between CDC73 and hsa-mir-543 expression.

948  Spearman correlation coefficient.
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949 (D) Differential expression of hsa-mir-543 in tumors with HRD of unknown cause, HRD in which
950 a candidate driver could be identified, and HR-competent tumors. Kruskal-Wallis with Dunn’s
951  posthoc test.

952  (E) Scatter plot showing an inverse correlation between SON and hsa-mir-222 expression.
953  Spearman correlation coefficient.

954  (F) Differential expression of hsa-mir-222 in tumors with HRD of unknown cause, HRD where a
955  candidate driver could be identified, and HR-competent tumors. Kruskal-Wallis with Dunn’s
956  posthoc test.

957
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958
959  Figure S4 | HR defects associated with loss of RBPs, Related to Figure 3.

960 (A) A DR-GFP HR reporter system was used to measure HR in U20S cells treated with the
961 indicated concentrations of the spliceosome inhibitor pladienolide B, the Mrel1-Rad50—Nbs1
962  (MRN) inhibitor Mirin, or a DMSO vehicle control.

963  (B) Quantification of IR-induced Rad51 foci in cycling (EAU*) U20S cells following siRNA-
964  mediated depletion of the indicated RBPs. Reported as repair relative to control siRNA (siCTRL).

965 N =2 per cell line.
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966  (C) Correlation between relative HR repair by DR-GFP (Figure 4A) and by Rad51 foci in EQU*
967  cells (Figure S4B). Pearson correlation coefficient.

968 (D) Quantification of IR-induced Rad51 foci in cycling (EdU") OVCARS ovarian cancer cells
969 following siRNA-mediated depletion of AQR or siLuciferase (siLUC) control. Reported as repair
970 relative to control siRNA. N = 2 per cell line.

971

972

973

59


https://doi.org/10.1101/2022.10.01.510467
http://creativecommons.org/licenses/by-nc-nd/4.0/

974

975

976

977

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.01.510467; this version posted October 5, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

Cell Line Gene Expression
siRBP vs. siCTRL

4
PRPF31-RUVBL2
PRPF8-BRIP1 ¢
=~ 3. ®-~SON-BARD1
g3 e
@ SON-FANCE o @
= o0
d 2+ 7]
S| ARG PPASprEe
()]
14
Y I 1 I
-2 0 2
log,(Fold Change
B 9a( ge)
Cell Line Gene Expression
4= siRBP vs. siDDR
CDC73-FANCF
= 34 e
g o~ SNRPB-FANCA
K ) STt AT 10% FDR
o 2-|SON-FANCE
S
)
< 1
0 T 1 T
-2 0 2
log,(Fold Change)
NV
G S L L
&F&L
S
& & &
) SNRPB
- =~ | FANCA
_— NBS1
- ERCC1
- == 1 Rad51
———asee | Actin

C
TCGA Gene Expression
8- RBP-HRD vs. HR Intact
® 6+
=]
©
=
QZ 4+ SF3B5-ERCGT
e r2-ATM [
jo] R
S a | 00 o.. . 0. ... .....
T 2- 10% FDR
0 1 1 1
-2 0 2
Regression Coefficient
D
TCGA Gene Expression
6 RBP-HRD vs. DDR-HRD
AQR-RAD51C
L]
g
5 47
> SF3B3-RAD51C
O e @
S 10% FDR
> 2
K]
0 1 1 1
-2 0 2
Regression Coefficient
NV
H > & &
&R
S &K
- PRPF8
- FANCD2
- NBS1
- - ERCC1
-p- - - Rad51
— g e Actin

15 RBP-HRD vs. HR Intact
PRPF6-CDK12-ES: :
.
g
2 10+ :
> o: ;
a . o
=<3 M }
:8, 5-{CDC73-BAP1-IR . e gDCT3BAPTY
' ILF2-RAD51C-§ ¢ g, 10% FDR
o 1 1 T 1
-1.0 -0.5 0.0 0.5 1.0
F Regression Coefficient
TCGA Alternative Splicing
15 RBP-HRD vs. DDR-HRD
T SNW1-FANCD2-5, :
g
10
©
> N
a POLR2G-RAD51ES ]
§ SFIA3-BAPTIR PILF2-H2AFXS
2 57 Y 3
- T . Ly 10% FOR
0 1 1 T 1
-1.0 -0.5 0.0 0.5 1.0
Regression Coefficient
N Y
! S &
NP
¢ & &
- - SF3B3
e Rad51
o ems ess | NBS1

TCGA Alternative Splicing

Figure S5 | Control of DDR gene expression and splicing by RBPs, Related to Figure 5.

Volcano plots showing genes that are either suppressed or alternatively spliced upon RBP loss.

Genes reaching statistically significant changes are highlighted in green. Annotations are listed as
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978  “RBP Gene”-“DDR Gene,” for example, SON-FANCE in panel A indicates SON loss reduces
979  expression of FANCE.

980 (A) DDR gene expression in cells with RBP expression knocked down using siRNA (siRBPs)
981  compared with an siRNA negative control (siCTRL) in U20S, MDA-MB-231, and BT-549 cell
982  lines. RNA-seq was performed in duplicate for each cell line and averaged after log transformation.
983  Significance was determined using a paired t-test with the FDR determined by the method of
984  Storey.

985 (B) DDR gene expression in cells with RBP expression knocked down using siRNAs (siRBPs)
986  compared with knock-down of BRCA1 and BRCA2 with siRNA (siDDR) in U20S, MDA-MB-
987 231, and BT-549 cell lines. RNA-seq was performed in duplicate for each cell line and averaged
988 after log transformation. Significance was determined using a paired t-test with the FDR
989  determined by the method of Storey.

990 (C) DDR gene expression in TCGA patient tumors with HRD attributed to loss of RBPs compared
991 to HR competent-patient tumors using a generalized linear mixed model with tumor type as a
992  random effect. The FDR was determined by the method of Storey.

993 (D) DDR gene expression in TCGA patient tumors with HRD caused by RBP aberrations
994  (mutation or methylation) compared to HRD caused by aberrations DDR gene aberrations
995  determined using a generalized linear mixed model with tumor type as a random effect. The FDR
996  was determined by the method of Storey.

997  (E) Alternative splicing of DDR genes in TCGA patient tumors with HRD putatively caused by
998  RBP aberrations (mutation or methylation) compared to tumors from HR-competent patients using
999  a generalized linear mixed model with tumor type as a random effect. The FDR was determined

1000 by the method of Storey.
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1001  (F) Alternative splicing of DDR genes in TCGA patient tumors with HRD putatively caused by
1002  RBP aberrations (mutation or methylation) compared to HRD caused by DDR gene aberrations
1003  determined using a generalized linear mixed model with tumor type as a random effect. The FDR
1004  was determined by method of Storey.

1005 (G) Validation of depletion of SNRPB causing loss of canonical HR genes FANCA, NBSI,
1006 ERCCI, and Rad51 identified in Figure 6A/S5A-F at the protein level by western blot in BT-549
1007 triple-negative breast cancer cells.

1008  (H) Validation of depletion of PRPF8 causing loss of canonical HR genes FANCD2, NBSI,
1009 ERCCI, and Rad51 identified in Figure 6A/S5A-F at the protein level by western blot in BT-549
1010 triple-negative breast cancer cells.

1011 (I) Validation of depletion of SF3B3 causing loss of canonical HR gene Rad51 identified in Figure
1012  6A/SSA-F at the protein level by western blot in BT-549 triple-negative breast cancer cells.

1013

1014

1015

1016
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1017
1018  Figure S6 | Control of DDR protein expression by translation genes, Related to Figure 5.
1019  (A) DDR protein expression based on RPPA data for TCGA patient tumors with HRD putatively
1020  caused by aberrations in translation genes (Trans.-HRD) compared to tumors from HR-competent
1021  patients using a generalized linear mixed model with tumor type as a random effect. FDR
1022  determined by Benjamini—-Hochberg procedure. Annotations are listed as “Translation Gene”-
1023 “DDR Gene”.

1024  (B) Comparison of DDR protein expression based on RPPA data for TCGA patient tumors with
1025  HRD putatively caused by aberrations (mutation or methylation) in translation genes compared to
1026  HRD caused by aberrations in DDR genes determined using a generalized linear mixed model
1027  with tumor type as a random effect. FDR determined by Benjamini—-Hochberg procedure.

1028  Annotations are listed as “Translation Gene”-“DDR Gene”.
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1029  (C) IR-induced foci of translation factor E4F1-RFP, with co-staining for DNA double-strand
1030  break marker yYH2AX. Soluble protein was extracted prior to fixation.
1031

1032
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