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Comprehensive Molecular Characterization Identifies Distinct Genomic and Immune Hallmarks of Renal Medullary Carcinoma
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Renal medullary carcinoma (RMC) is a highly lethal malignancy that mainly afflicts young individuals of African descent and is resistant to all targeted agents used to treat other renal cell carcinomas. Comprehensive genomic and transcriptomic profiling of untreated primary RMC tissues was performed to elucidate the molecular landscape of these tumors. We found that RMC was characterized by high replication stress and an abundance of focal copy number alterations associated with activation of the stimulator of the cyclic GMP-AMP synthase interferon genes (cGAS-STING) innate immune pathway. Replication stress conferred a therapeutic vulnerability to drugs targeting DNA damage repair pathways. Elucidation of these previously unknown RMC hallmarks paves the way to new clinical trials for this rare but highly lethal malignancy.

INTRODUCTION

Although relatively rare, renal medullary carcinoma (RMC) is the third most common kidney malignancy among adolescents and young adults [START_REF] Cajaiba | The classification of pediatric and young adult renal cell carcinomas registered on the Children's Oncology Group (COG) protocol AREN03B2 after focused genetic testing[END_REF]. It is uniformly associated with sickle hemoglobinopathies [START_REF] Msaouel | A Model Linking Sickle Cell Hemoglobinopathies and SMARCB1 Loss in Renal Medullary Carcinoma[END_REF] and most frequently occurs in young males of African descent at a median age of 28 years old [START_REF] Msaouel | Updated Recommendations on the Diagnosis, Management, and Clinical Trial Eligibility Criteria for Patients With Renal Medullary Carcinoma[END_REF][START_REF] Shah | Management and outcomes of patients with renal medullary carcinoma: a multicentre collaborative study[END_REF]. RMC is resistant to all targeted therapies commonly used against other renal cell carcinomas and is highly aggressive with < 5% of patients surviving longer than 36 months [START_REF] Msaouel | Updated Recommendations on the Diagnosis, Management, and Clinical Trial Eligibility Criteria for Patients With Renal Medullary Carcinoma[END_REF]. In addition, the best available cytotoxic chemotherapy regimens produce a, typically brief, objective response in only 29% of RMC cases [START_REF] Msaouel | Updated Recommendations on the Diagnosis, Management, and Clinical Trial Eligibility Criteria for Patients With Renal Medullary Carcinoma[END_REF][START_REF] Shah | Management and outcomes of patients with renal medullary carcinoma: a multicentre collaborative study[END_REF]. Consequently, effective treatment strategies are urgently needed for this lethal disease, a need that is difficult to address given the dearth of knowledge regarding the molecular landscape of this rare malignancy.

All RMC tumors are characterized by loss, as determined by immunohistochemistry, of the potent tumor suppressor SMARCB1, alternatively known as INI1, hSNF5, or BAF47. SMARCB1 is a subunit of the SWItch/Sucrose Non-Fermentable (SWI/SNF) complex, which hydrolyzes ATP to remodel chromatin structure. Inactivation of SMARCB1 deregulates the activity of SWI/SNF, resulting in aggressive tumors [START_REF] Kadoch | Mammalian SWI/SNF chromatin remodeling complexes and cancer: Mechanistic insights gained from human genomics[END_REF]. In addition to RMC, inactivation of SMARCB1 occurs in the majority of malignant rhabdoid tumors (MRT), atypical teratoid/rhabdoid tumors (ATRT), and epithelioid sarcomas (ES) [START_REF] Fuller | All things rhabdoid and SMARC: An enigmatic exploration with Dr[END_REF].

RMC occurs in approximately 1/20,000 individuals with sickle cell trait [START_REF] Alvarez | Renal medullary carcinoma and sickle cell trait: A systematic review[END_REF][START_REF] Msaouel | A Model Linking Sickle Cell Hemoglobinopathies and SMARCB1 Loss in Renal Medullary Carcinoma[END_REF]. To meet the need for new therapies for this disease, we established and molecularly profiled a multi-institutional patient cohort of previously untreated primary RMC tumor samples.

RESULTS

The Mutational Landscape of RMC Distinguishes It from Other Renal Cell Carcinomas

As is typical of RMC [START_REF] Alvarez | Renal medullary carcinoma and sickle cell trait: A systematic review[END_REF][START_REF] Shah | Management and outcomes of patients with renal medullary carcinoma: a multicentre collaborative study[END_REF], the majority of our cases (68.4%) arose from the right kidney, the median age at diagnosis was 28 years old, 73.7% of patients were men, 65.8% had metastatic stage IV disease at diagnosis, and only 34.2% had an objective, albeit temporary, response to cytotoxic chemotherapy (Figure 1). All RMC samples were confirmed to be SMARCB1 negative by immunohistochemistry (Figure S1A). Overall, rates of single nucleotide variants (SNVs) and insertion and deletion mutations (inDels) were very low for RMC. Whole exome sequencing (WES) landscapes for 31 untreated primary tumor samples and 15 matched normal samples were used to determine SNVs and inDels, with an average mean target sequencing coverage of 73-fold for tumor tissue and 60-fold for matched normal tissue, and a mean estimated tumor purity of 49.1% (range, 24%-98%). A total of 1332 SNVs and inDels in 1165 genes were identified by WES, with a median of 24 per patient (Figure 1 and Supplementary Table 1). Clinical targeted next-generation sequencing of 5/31 untreated primary tumor samples (Figure 1) did not detect additional SNVs and inDels. In two additional patient samples (RMC20T and RMC27T) for which no tissue was available to reliably perform WES, targeted nextgeneration sequencing by FoundationOne CDx did not detect any mutations. The low nonsynonymous mutation load of RMC was similar to that of MRT (which is also characterized by loss of SMARCB1) and lower than most of the tumors sequenced by The Cancer Genome Atlas (TCGA), including other renal cell carcinomas (Figure 2A).

Of the 1165 genes mutated in untreated primary RMC tumors from a total of 31 patients, only 22 were known tumor suppressors or oncogenes listed in the Catalogue of Somatic Mutations in Cancer (COSMIC) database [START_REF] Forbes | COSMIC: somatic cancer genetics at high-resolution[END_REF] (Figure S1B and Supplementary Table 1). An additional 10 genes were previously identified as splicing factors linked to other cancer types [START_REF] Seiler | Somatic Mutational Landscape of Splicing Factor Genes and Their Functional Consequences across 33 Cancer Types[END_REF] (Figure S1B and Supplementary Table 1). Figure S1C shows the mutational signature patterns of RMC samples compared with matched normal samples. The protein classes encoded by the 1165 genes were determined using the PANTHER classification system [START_REF] Mi | PANTHER in 2013: modeling the evolution of gene function, and other gene attributes, in the context of phylogenetic trees[END_REF] (Figure S1D and Supplementary Table 1). SETD2 was mutated in 2/31 (6.5%) of RMC tumors and was the only established gene driver of other renal cell carcinomas [START_REF] Brugarolas | Molecular genetics of clear-cell renal cell carcinoma[END_REF] to be altered in RMC (Figure 1 and Supplementary Table 1).

RMC is Characterized by 8q Gain and Focal Chromosomal Alterations

SMARCB1 is located on chromosome 22, which was lost in 40% of RMC tumors (Figure 2B). Whereas other SMARCB1-deficient malignancies, such as the rhabdoid tumors MRT and ATRT, harbor a simple genome with very few CNAs other than 22q11.23 loss [START_REF] Acquisition | MRT and ATRT sequencing data were generated by[END_REF][START_REF] Hasselblatt | High-resolution genomic analysis suggests the absence of recurrent genomic alterations other than SMARCB1 aberrations in atypical teratoid/rhabdoid tumors[END_REF][START_REF] Lee | A remarkably simple genome underlies highly malignant pediatric rhabdoid cancers[END_REF](Figure S1E), RMC had recurrent focal chromosomal amplifications and deletions in addition to 22q11.23 loss (Figures 2C,2D,and S2). Our analysis of previously published WES from MRT and ATRT samples [START_REF] Lee | A remarkably simple genome underlies highly malignant pediatric rhabdoid cancers[END_REF] revealed a much lower number of focal CNAs (Figure 2E) compared with RMC (Figure 2D). Chromosome 8q gain was noted in 46.7% of RMC tumors, and 21.1% of genes in that chromosome arm were significantly upregulated (FDR < 0.1) per RNA-seq in RMC tumors compared with adjacent normal kidney (Supplementary Table 2). None of the MRT and ATRT tumors harbored an 8q gain (Figure S1E). The genome plots of all seven RMC samples harboring 8q gain are shown in Figure S2. No other recurrent whole or arm-level chromosome gains or losses were found, and approximately half of all RMC tumors (46.2%) were diploid (Figures 2C and S2). Significant focal copy number changes as quantified by GISTIC analysis are shown in Figure 2D, including recurrent deletions in and around the SMARCB1 locus (22q11.23). Using previously published genomic coordinates [START_REF] Durkin | Chromosome fragile sites[END_REF][START_REF] Kumar | HumCFS: a database of fragile sites in human chromosomes[END_REF], we found that 32.5% of recurrent CNAs in RMC tissues were in chromosomal fragile sites (Supplementary Table 2), suggesting that these alterations are not randomly distributed across the genome. To investigate the biological role of the recurrent focal CNAs found in RMC (Supplementary Table 2) we performed Gene Ontology (GO) analysis, which revealed that genes within the recurrent focal CNAs were enriched for GO terms (Figure 2F) related to histone deacetylation (p < 0.001), lipid metabolism and biosynthesis (p = 0.024), response to ammonium ions and acetylcholine (p = 0.024), DNA transcription (p = 0.028), and cytoskeleton-dependent cytokinesis (p = 0.031).

The most common focal deletion in both RMC and rhabdoid tumors was in the SMARCB1 locus 22q11.23 found in 9/15 (60%) RMC tumors and in 28/35 (80%) rhabdoid tumors. In contrast to RMC, focal amplifications were rare in rhabdoid tumors (Figure 2E) and none were found in more than 15% of rhabdoid tumors. The most common focal amplification, found in 9/15 (60%) RMC tumors, was in the 11q14.3 region (Supplementary Table 2). Furthermore, we found amplification of NOTCH2 in 6/15 (40%) RMC tumors, with 4/15 (26.7%) demonstrating concurrent deletion of NOTCH1 and NOTCH3 and amplification of NOTCH2, a distinct pattern also found in the basal subtype of bladder urothelial carcinoma (BLCA) and associated with increased cell-cycle progression and epithelial-mesenchymal transition (EMT) [START_REF] Hayashi | Not all NOTCH Is Created Equal: The Oncogenic Role of NOTCH2 in Bladder Cancer and Its Implications for Targeted Therapy[END_REF]. Our transcriptomic analysis (see below) further revealed significant upregulation of genes associated with the Notch pathway in RMC compared with adjacent normal kidney (Figures S3A) and with kidney MRT (Figure S3B). By integrating our genomic and RNA-seq data we identified 341 genes (Supplementary Table 2) in areas of recurrent focal copy number gain or loss that were significantly (FDR < 0.1) upregulated or downregulated, respectively, in RMC tumors compared with adjacent normal kidney. The reliability of our CNA analyses of WES data was confirmed in sample MED1T by array CGH (Figure 3A), which detected the presence of the focal amplification on chromosome 2p, large amplification of chromosome 8, monosomy of chromosomes 4 and 22, large deletions of chromosomes 15 and 16, and a focal deletion of chromosome 17p13.1 (TP53 gene region), which were also found by WES (Figure S2).

Structural alterations such as recurrent loss of chromosome 22 (Figure 2B) and focal deletions of the SMARCB1 locus 22q11.23 (Figure 2D) were far more common than SMARCB1 SNVs (Figure 1). To further elucidate the molecular events leading to SMARCB1 loss in RMC, we employed a combination of fluorescence in situ hybridization (FISH), exome DNA sequencing (WES and targeted sequencing), and multiplex ligationdependent probe amplification (MLPA) in untreated primary RMC tumor samples (Figures 1,3B,3C,and 3D;Supplementary Table 3). Using this comprehensive approach, we identified a genetic SMARCB1 loss in 32/38 (84.2%) patients with RMC (Figure 1). The most common molecular alteration, noted in 20/38 cases (52.6%), was inactivating translocation of one SMARCB1 allele and deletion of the second allele. Less frequent were deletion of both SMARCB1 alleles (6/38 patients; 15.8%), deletion of one SMARCB1 allele and inDel of the second SMARCB1 allele (5/38 patients; 13.2%), and deletion of one SMARCB1 allele and truncating nonsense mutation of the second SMARCB1 allele (1/38 patients; 2.6%). These results are consistent with two previous studies in a total of 25 patients with RMC that found SMARCB1 to be inactivated via translocation combined with hemizygous deletion in 15/25 (60%) cases and by homozygous deletions in 7/25 (28%) cases [START_REF] Calderaro | Balanced Translocations Disrupting SMARCB1 Are Hallmark Recurrent Genetic Alterations in Renal Medullary Carcinomas[END_REF][START_REF] Carlo | Genomic Characterization of Renal Medullary Carcinoma and Treatment Outcomes[END_REF][START_REF] Jia | Distinctive mechanisms underlie the loss of SMARCB1 protein expression in renal medullary carcinoma: morphologic and molecular analysis of 20 cases[END_REF]. In addition, we determined that this pattern for SMARCB1 inactivation (inactivating translocation combined with hemizygous deletion) occurred not only in primary tumors but also in lymph node and liver mestastases of patients RMC38 and RMC32, respectively. Sanger sequencing confirmed that both the primary kidney tumor and the liver metastasis of patient RMC32 harbored the same translocation between the SMARCB1 and MYOM1 genes (Figures 3E and 3F). We performed DNA methylation analysis in 3 out of the 4 RMC samples that had no detectable genetic SMARCB1 loss (Figure 1) and found no evidence of increased methylation in and around the SMARCB1 promoter (Supplementary Table 3). Of note, due to lack of available tissue, these four RMC samples did not undergo multiplatform interrogation by all three assays (WES, FISH, and MLPA), and a potential genetic cause of SMARCB1 loss may thus have been missed. RNA-seq (see below) of 5 samples (RMC32T, RMC36T1, MED1T, MED2T, MED5T) that harbored inactivating translocations identified SMARCB1 fusion transcripts in 2/5 cases (RMC32T and MED1T) as shown in Figure 3E. Both of the SMARCB1 fusion products are predicted to be functionally inactive as they lack all of the known protein interaction domains of this member of the SWI/SNF complex (Figure 3G). Additionally, we interrogated our RNA-seq data for evidence of infection by oncogenic human viruses (complete list in the STAR Methods section) and detected no viral genomes in any RMC samples, indicating that viral genomic integration did not contribute to RMC pathogenesis.

Transcriptomic Signature Distinguishes RMC from Other Renal Malignancies

We compared the protein-coding and long non-coding RNA (lncRNA) gene expression profiles of eleven untreated primary RMC tumors to other malignancies arising in or near the renal medulla: CDC and UTUC. As shown in the heat map in Figure 4A, RMC harbored a distinct signature that clustered more closely to CDC than to UTUC (Figures 4A andS3C. The RMC36T1 sample that clustered within the CDC samples in our unsupervised analysis of protein-coding gene expression (Figure 4A) was confirmed to be RMC as the patient had sickle cell trait by hemoglobin electrophoresis (Figure 1) and the tumor was negative for SMARCB1 by immunohistochemistry (Figure S1A). Additional comparisons with other cancers arising from the kidney (Figures 4B andS3D) again confirmed that RMC is most closely related to CDC and is clearly distinct from kidney MRT, the second most common SMARCB1-deficient malignancy arising from the kidney. Notably, all five renal cell carcinomas formed a separate cluster from kidney MRT (Figures 4B andS3D), consistent with the distinct morphological appearance of kidney MRT from carcinomas [START_REF] Pawel | SMARCB1-deficient Tumors of Childhood: A Practical Guide[END_REF].

The distinct gene expression profiles of RMC compared with kidney MRT, despite their common renal origin and shared etiology of SMARCB1 inactivation, led us to explore the nephron site of origin of these malignancies. Using an external gene expression data-set of normal tissue microdissected from various nephron regions [START_REF] Cheval | Of mice and men: divergence of gene expression patterns in kidney[END_REF], the gene expression profiles of RMC, CDC, ccRCC, papillary renal cell carcinoma (PRCC), chromophobe renal cell carcinoma (ChRCC), and kidney MRT were globally compared by supervised analysis with that of each sample in the nephron atlas (Figure 4C). RMC mRNA expression demonstrates a high degree of correlation with the collecting duct, which is also the putative site of origin for CDC, whereas there was no correlation between the transcriptome of kidney MRT and the collecting duct, suggesting that RMC and kidney MRT have a different origin in the nephron (Figure 4C). As expected [START_REF] Young | Single-cell transcriptomes from human kidneys reveal the cellular identity of renal tumors[END_REF], the transcriptomes of ccRCC and PRCC indicate an origin from more proximal (cortical) regions of the nephron.

Supplementary Table 4 lists the protein-coding genes differentially expressed between untreated primary RMC tumors samples (n = 11 cases) and adjacent control kidney (n = 6 cases). We noted that genes associated with replication stress and innate immune responses were predominantly upregulated in RMC compared with normal kidney (Figure 4D). This was confirmed by GSEA analysis, which revealed that biological pathways upregulated in untreated primary RMC compared with adjacent normal kidney were enriched for genes involved in inflammatory/immune responses, DNA repair, and c-MYC signaling (Figure S3E). Several metabolic pathways were downregulated in RMC (Figure S3E), and Figure 4E shows a metabolic pathway diagram of the individual genes altered in RMC compared with adjacent normal kidney. Genes related to the tricarboxylic acid (TCA) cycle and oxidative phosphorylation were decreased in RMC, whereas genes involved in fatty acid synthesis were increased. Interestingly, given the hypoxic nature of the renal medulla, RMC displayed increased expression of genes associated with hypoxia and hypoxia-induced EMT (Figure 4F). RMC and CDC demonstrated similar core metabolic and hypoxia-associated gene expression patterns (Figures S4A and S4B). Conversely, when comparing RMC with MRT, genes related to the TCA cycle and fatty acid synthesis were upregulated in RMC, whereas genes involved in oxidative phosphorylation were downregulated in RMC (Figures S4C and S4D).

In addition to protein-coding genes, we identified lncRNAs differentially expressed between RMC and normal kidney (Figure S4E and Supplementary Table 4). The highest upregulated lncRNA was urothelial cancer associated 1 (UCA1), which showed a 305-fold increase in RMC tumors. UCA1 is also dramatically upregulated in urothelial carcinoma and was previously considered to be highly specific for urothelial carcinoma [START_REF] Wang | Rapid identification of UCA1 as a very sensitive and specific unique marker for human bladder carcinoma[END_REF]. UCA1 levels in RMC tumors were similar to those in UTUC and significantly higher than in CDC or other carcinomas of the kidney (Figure S4F). Four other lncRNAs previously shown to be associated with cancer [START_REF] Arun | Therapeutic Targeting of Long Non-Coding RNAs in Cancer[END_REF] were upregulated in RMC: GAS5, HOTAIR, PVT1, and H19. There was no copy number gain noted at the genomic loci of the five cancer-associated lncRNAs upregulated in RMC (Supplementary Table 2).

RMC Has a Distinct Immune Profile

The inflammatory/immune response gene expression signature of RMC led us to next characterize the immune cell infiltration of these tumors. Deconvolution of tissue-infiltrating immune and stromal populations revealed that RMC harbored an abudance of fibroblasts (Figure 5A and Supplementary Table 5) consistent with the prominent stromal desmoplasia that is characteristic of this tumor [START_REF] Gupta | Carcinoma of the collecting ducts of Bellini and renal medullary carcinoma: clinicopathologic analysis of 52 cases of rare aggressive subtypes of renal cell carcinoma with a focus on their interrelationship[END_REF]. Notably, the abundance of stromal cells in the tumor microenvironment of RMC was similar to that of CDC and very distinct from kidney MRT (Figure S5A). RMC had a paucity of endothelial cells relative to ccRCC (Figure 5A), consistent with the prominent angiogenesis induced by VHL loss in ccRCC [START_REF] Choueiri | Systemic Therapy for Metastatic Renal-Cell Carcinoma[END_REF].

RMC contains a similarly high number of T cells and cytotoxic lymphocytes compared to those of ccRCC (Figure 5A), a kidney malignancy known to be susceptible to immune checkpoint therapies [START_REF] Choueiri | Systemic Therapy for Metastatic Renal-Cell Carcinoma[END_REF]. However, in contrast to ccRCC, RMC tumors harbor an abundance of myeloid dendritic cells, neutrophils, and B lineage cells (Figure 5A). Immune suppression can involve multiple immune checkpoints, many of which were found to be upregulated in RMC tissues which showed increased expression of immune checkpoint receptors such as PD-1, CTLA-4, and LAG3 (Figure 5B). We validated these transcriptomic findings by immunohistochemistry (IHC), which confirmed that RMC tissues contain high levels of CD3 + T cell lymphocytes, CD4 + helper T cells, CD8 + cytotoxic T cells, FOXP3 + regulatory T cells, CD68 + macrophages, CD20 + B cell lymphocytes, and the PD-1 immune checkpoint, whereas the staining pattern of the PD-L1 immune checkpoint was heterogeneous with some RMC tumors demonstrating increased PD-L1 expression on both tumor cells and surrounding immune cells (Figures 5C,S5B, S5C, S5D, and Supplementary Table 5).

Focal CNAs such as deletions, duplications, and translocations are associated with increased cytosolic DNA leakage leading to upregulation of the cyclic GMP-AMP synthase-stimulator of interferon genes (cGAS-STING) cytosolic double-stranded DNA-sensing anti-viral innate immune pathway [START_REF] Bakhoum | Chromosomal instability drives metastasis through a cytosolic DNA response[END_REF][START_REF] Tijhuis | The emerging links between chromosomal instability (CIN), metastasis, inflammation and tumour immunity[END_REF]. Accordingly, in regard to the differential gene expression between RMC and normal kidney (Supplementary Table 4), we noted upregulation of the MB21D1 gene encoding cGAS (8.84-fold increase, FDR < 0.001) and the TMEM173 gene encoding STING (3.2-fold increase, FDR < 0.001), with associated enrichment for pathways related to cytosolic DNA sensing and innate immunity (Figures S5E and S5F). CDC also harbors multiple recurrent CNAs [START_REF] Becker | Collecting duct carcinomas represent a unique tumor entity based on genetic alterations[END_REF] and demonstrated similar levels of cGAS and STING gene expression (Supplementary Table 4). Furthermore, when compared with kidney MRT, a much more chromosomally stable disease (Figures 2E andS1E), RMC expressed significantly higher STING mRNA levels (4.2-fold increase, FDR < 0.001) and enrichment for cytosolic DNA sensing and innate immune pathways (Figures S5E andS5F). IHC confirmed the substantially higher presence of cytoplasmic STING in RMC compared with adjacent normal kidney and with kidney MRT tissues (Figures 5D and5E).

DNA Replication Stress is a Hallmark of RMC

SMARCB1 in the SWI/SNF complex is known to antagonize c-MYC function by directly interacting with c-MYC target gene promoters [START_REF] Stojanova | MYC interaction with the tumor suppressive SWI/SNF complex member INI1 regulates transcription and cellular transformation[END_REF][START_REF] Weissmiller | Inhibition of MYC by the SMARCB1 tumor suppressor[END_REF]. Our GSEA analysis (Figure S3E) revealed that SMARCB1-deficient RMC tissues showed enrichment for multiple hallmark pathways associated with cell cycle progression and DNA replication and repair, including the G2-M checkpoint, c-MYC and E2F target genes, and TP53 and DNA repair pathways, consistent with these tumors having a replication stress phenotype [START_REF] Zhang | Targeting DNA Replication Stress for Cancer Therapy[END_REF]. Furthermore, RMC tumors exhibited an enrichment for expression of genes upregulated in response to activation of the ATR DNA damage repair pathway triggered by replication stress (Figure 6A). Kidney MRT tumors demonstrate a similar signature for MYC-induced replication stress and DNA damage repair (Figures S6A,S6B,and S6C). Furthermore, we found that gene sets associated with MYCinduced replication stress were upregulated in RMC (SMARCB1-negative) compared with CDC (SMARCB1-positive) tumors (Supplementary Table 4 andFigures 6B, 6C, andS6D). The c-MYC gene is located on chromosome 8q which we found to be gained in almost half of RMC tumors (Figures 2B andS2), with associated upregulation of MYC and other established regulators of the oncogenic MYC network such as PVT1 [START_REF] Tseng | PVT1 dependence in cancer with MYC copy-number increase[END_REF] and ATAD2 [START_REF] Ciro | ATAD2 is a novel cofactor for MYC, overexpressed and amplified in aggressive tumors[END_REF] (Supplementary Table 2).

In the mutational landscape of RMC we noted that the most common substitutions in most RMC tumors were C > T transitions (Figure 1), which are linked to the process of cytosine deamination often associated with age or DNA replication stress [START_REF] Cescon | DNA replication stress: a source of APOBEC3B expression in breast cancer[END_REF]. However, patient age did not strongly correlate with the number of C > T mutations (Spearman rank correlation = 0.395, p = 0.145), suggesting that they are instead caused by replication stress in the setting of high cell turnover. Furthermore, the predominant mutational signature pattern in RMC tumors was Signature 1 (Figure S1C), which consists mainly of C > T transitions at CpG dinucleotide motifs and is known to be associated with age and/or high number of mitoses [START_REF] Alexandrov | Clock-like mutational processes in human somatic cells[END_REF]. Again, however, there was no correlation between patient age and Signature 1 in our RMC samples (Spearman rank correlation = 0.167, p = 0.568). Thus, the genomic profile of RMC demonstrates mutational patterns compatible with replication stress.

SMARCB1 Loss Promotes MYC-induced Replication Stress

To perform in vitro functional experiments, we generated a new cell line (RMC2C) from the untreated primary tumor sample (RMC2T) of a male patient with RMC. The cell line grew in adherent monoculture (Figure S6E) with a doubling time of 32 hours for >40 passages. Spectral karyotyping (SKY) for this cell line revealed multiple CNAs as shown in Figure S6F. The near-tetraploid karyotype of RMC2C was not observed in the original RMC2T tumor (Figure S2). FISH demonstrated that both RMC2C and RMC2T harbored centromeric deletions of both SMARCB1 alleles and no inactivating translocations (Supplementary Table 3). MLPA confirmed the absence of the SMARCB1 gene in RMC2C cells (Figure S6G). We additionally used a previously established established RMC cell line (RMC219) [START_REF] Dong | Tumor Xenografts of Human Clear Cell Renal Cell Carcinoma But Not Corresponding Cell Lines Recapitulate Clinical Response to Sunitinib: Feasibility of Using Biopsy Samples[END_REF], which is also negative for inactivating SMARCB1 translocations and harbors centromeric deletions of both SMARCB1 alleles (Supplementary Table 3 andFigure S6H). Karyotyping revealed loss of one copy of chromosome 22, gain of one copy of chromosome 8, as well as gain of two more 8q copies via two der(7)t(7q;8q) derivative chromosomes (Figure S6I). Supplementary Table 6 lists all RMC2C and RMC219 mutations detected by WES. From these cell lines, we also generated tet-inducible rescue lines capable of re-expressing SMARCB1 at near-endogenous levels (Figure S6J) and showed that exogenous SMARCB1 was incorporated into SWI/SNF complexes (Figure S7A).

As shown using our two RMC cell lines and two other SMARCB1-negative cell lines (MRT line G401 and epitheliod sarcoma line VA-ES-BJ) in Figure 6D, high c-MYC levels correlated with expression of the DNA damage marker γH2AX, expression of DNA damage repair enzymes Poly-(ADP-ribose) polymerase (PARP) and ataxia-telangiectasia and Rad3related (ATR), ATR activation via phosphorylation at serine 428, upregulation and phosphorylation at serines 4 and 8 of the RPA32 subunit of human replication protein A (a marker of DNA damage response), upregulation of FANCD2 (which protects cells from replication stress), phosphorylation of CDK1 at tyrosine 15 (which regulates the G2-M checkpoint), as well as phosphorylation of TP53 at serine 15, a marker specific to DNA damage response and not to other stimuli such as hyper-proliferation [START_REF] Loughery | Critical role for p53-serine 15 phosphorylation in stimulating transactivation at p53-responsive promoters[END_REF]. Re-expression of SMARCB1 in all four lines decreased c-MYC activity and the resulting replication stress (Figure 6D). Similarly to rescue of SMARCB1, direct inhibition of c-MYC also reversed the replication stress cascade in these cells (Figure 6E). Conversely, SMARCB1 knockout by CRISPR/Cas9 in human embryonic kidney (HEK-293FT) cells increased c-MYC and the resulting replication stress (Figures S7B andS7C). Figure S7D demonstrates the significant downregulation of γH2AX in the nuclei of RMC2C and RMC219 cells following rescue of SMARCB1.

We interrogated previously published chromatin immunoprecipitation sequencing (ChIP-Seq) data of c-MYC [START_REF] Weissmiller | Inhibition of MYC by the SMARCB1 tumor suppressor[END_REF] and found that tet-inducible re-expression of SMARCB1 in G401 MRT cells resulted in significant decrease (FDR < 0.05) of peaks at the promoter regions of genes associated with replication stress (Figures 6F andS7E). SMARCB1-negative G401 cells showed c-MYC enrichment at the promoter regions of genes associated with multiple hallmark pathways related to cell cycle progression and DNA replication and repair (Figure S7F). Similarly, we found that SMARCB1 re-expression in our RMC2C cells resulted in significant decrease of c-MYC enrichment at the promoters of genes associated with cell cycle progression and DNA replication (Figure 6G). We performed DNA fiber assays to directly explore the effect of SMARCB1 loss on DNA replication fork dynamics. SMARCB1 knockout significantly accelerated replication fork progression (Figure 6H), an established general mechanism of replication stress and associated DNA damage response [START_REF] Moudry | High speed of fork progression induces DNA replication stress and genomic instability[END_REF]. Collectively, our findings suggest that SMARCB1 loss increases c-MYC binding to the promoters of downstream genes associated with DNA replication and cell cycle progression, and induces replication stress by increasing the speed of replication fork progression with resultant upregulation of DDR pathways.

RMC is Vulnerable to Drugs Targeting Replication Stress In Vitro and In Vivo

Tumors with high levels of replication stress depend on intact DDR pathways for survival [START_REF] Zhang | Targeting DNA Replication Stress for Cancer Therapy[END_REF]. We reasoned that as a result of this dependence, SMARCB1-negative tumors such as RMC would be vulnerable to direct targeting of DDR pathways such as the PARP and ATR pathways, or to targeting of cell cycle regulators such as the WEE1 kinase which suppresses replication stress [START_REF] Beck | Regulators of cyclin-dependent kinases are crucial for maintaining genome integrity in S phase[END_REF]. We first queried the Genomics of Drug Sensitivity in Cancer database (GDSC; release 7.0) [START_REF] Yang | Genomics of Drug Sensitivity in Cancer (GDSC): a resource for therapeutic biomarker discovery in cancer cells[END_REF] and found that the PARP inhibitor olaparib, clinically approved for use in breast and ovarian cancer, induces a more potent antiproliferative response in the SMARCB1-negative MRT cell line G401 than that seen in BRCA1-mutant cell lines such as HCC1395 and HCC1937 or most other breast and ovarian cancer cell lines (Supplementary Table 7). Subsequently, we confirmed in vitro using two separate PARP inhibitors (olaparib and niraparib) that, compared with three SMARCB1-positive renal cell carcinoma cell lines, SMARCB1negative cell lines are sensitive to targeting of the PARP pathway (Figure 7A). We also found that SMARCB1-negative cell lines are sensitive to the ATR inhibitors VX970 and AZD6738 and to the WEE1 inhibitor adavosertib (Figure 7B). Rescuing of SMARCB1 or directly inhibiting c-MYC reversed the sensitivity of SMARCB1-negative cells to PARP, ATR, and WEE1 inhibitors (Figures 7C and7D). Collectively, these data demonstrate that SMARCB1 loss sensitizes cancer cells to pharmacologic perturbation of the DDR and cell cyle checkpoint pathways. Sensitivity to platinum salts such as cisplatin and carboplatin, DNA synthesis inhibitors such as gemcitabine, and topoisomerase inhibitors such as doxorubicin is a hallmark of tumors with high levels of replication stress because these drugs can induce or augment DNA damage, which can overwhelm DDR pathways thus leading to insurmountable genomic instability and cell death [START_REF] Zhang | Targeting DNA Replication Stress for Cancer Therapy[END_REF]. We accordingly found that the sensitivity of RMC cell lines to these agents is significantly reduced by either rescuing of SMARCB1 or direct inhibition of c-MYC (Figures S7G andS7H).

To investigate the in vivo antitumor effect of targeting DDR pathways in RMC, we used a subcutaneous patient-derived xenograft (PDX) model (RMC2X) generated from the untreated primary tumor sample (RMC2T) of a male patient with RMC. Mice harboring RMC2X tumors (n = 5 per group; average tumor volume of 158 mm 3 at treatment initiation) were randomly assigned to receive niraparib, AZD6738, the combination of niraparib with AZD6738, or vehicle control for a total of 25 days. One mouse in the control group died on day 8 after treatment initiation, whereas all mice in the three treatment groups were alive by the end of treatment. As shown in Figure 7E, treatment with niraparib led to significantly lower tumor volume compared with vehicle control (p = 0.0196). Conversely, treatment with AZD6738 did not significantly reduce tumor volume compared with vehicle control (p = 0.54), and its combination with niraparib did not produce a stronger antitumor effect compared with niraparib alone (p = 0.868). The treatments were well-tolerated, with no significant reduction in animal body weight compared with vehicle control (Figure S7I). The addition of niraparib to cisplatin produced higher antitumor efficacy than either agent alone (Figure 7F). These findings suggest the potential therapeutic value of targeting the PARP pathway alone or in combination with platinum chemotherapy in RMC.

DISCUSSION

In contrast to the low number of focal CNAs found in MRT and ATRT [START_REF] Chun | Genome-Wide Profiles of Extra-cranial Malignant Rhabdoid Tumors Reveal Heterogeneity and Dysregulated Developmental Pathways[END_REF][START_REF] Hasselblatt | High-resolution genomic analysis suggests the absence of recurrent genomic alterations other than SMARCB1 aberrations in atypical teratoid/rhabdoid tumors[END_REF][START_REF] Takita | Genome-wide approach to identify second gene targets for malignant rhabdoid tumors using high-density oligonucleotide microarrays[END_REF], we found that RMC harbors a much more complex genome with high levels of focal CNAs with approximately one-third mapped to chromosomal fragile sites. This is consistent with our previously hypothesized model of RMC pathogenesis whereby red blood cell sickling in individuals with sickle cell trait induces chromosomal structural alterations in renal medullary cells, particularly in hotspots for chromosomal rearrangements [START_REF] Msaouel | A Model Linking Sickle Cell Hemoglobinopathies and SMARCB1 Loss in Renal Medullary Carcinoma[END_REF]. We found that one copy of chromosome 22, which harbors SMARCB1, is lost in over a third of RMC tumors. The only other recurrent arm-level CNA, observed in approximately half of RMC tissues, was 8q gain where the c-MYC gene is located. In addition, we found that RMC tumors contain recurrent focal CNAs in regions of genes related to cell proliferation, including a distinct CNA pattern that results in Notch pathway activation and is also found in the basal subtype of BLCA [START_REF] Hayashi | Not all NOTCH Is Created Equal: The Oncogenic Role of NOTCH2 in Bladder Cancer and Its Implications for Targeted Therapy[END_REF].

We found that a notable distinction between RMC and CDC is that SMARCB1 loss in RMC activates the c-MYC pathway and subsequently induces high levels of DNA replication stress resulting in the upregulation of DDR and cell cycle checkpoint pathways compared with CDC. CNAs in chromosomal fragile sites such as those noted in RMC can be both a source and a consequence of DNA replication stress in cancer cells [START_REF] Zeman | Causes and consequences of replication stress[END_REF]. Therefore, the abundance of chromosomal alterations in RMC may confer a higher sensitivity to therapies that harness replication stress compared with SMARCB1-negative malignancies with more simple genomes such as MRT and ATRT. Platinum-based chemotherapy is currently the recommended standard of care therapy for RMC [START_REF] Msaouel | Updated Recommendations on the Diagnosis, Management, and Clinical Trial Eligibility Criteria for Patients With Renal Medullary Carcinoma[END_REF]. Furthermore, the combination of gemcitabine with doxorubicin, targeting replication stress, is one of the most clinically active cytotoxic chemotherapy regimens used for the treatment of RMC [START_REF] Shah | Management and outcomes of patients with renal medullary carcinoma: a multicentre collaborative study[END_REF]. Aberrant c-MYC activity in the setting of SMARCB1 loss also upregulates the unfolded protein response (UPR), thus making cells susceptible to agents that induce proteotoxic stress such as ixazomib [START_REF] Carugo | p53 Is a Master Regulator of Proteostasis in SMARCB1-Deficient Malignant Rhabdoid Tumors[END_REF][START_REF] Genovese | Synthetic vulnerabilities of mesenchymal subpopulations in pancreatic cancer[END_REF]. We have accordingly activated an ongoing clinical trial (NCT03587662 at clinicaltrials.gov) testing the efficacy of ixazomib in combination with gemcitabine and doxorubicin in patients with RMC. We further identified and demonstrated both in vitro and in vivo that RMC is vulnerable to direct targeting of DDR pathways. Of note, the combination of niraparib to platinum produced significantly better in vivo antitumor responses. PARP inhibitors such as olaparib, niraparib, and rucaparib have now been clinically approved for the treatment of multiple malignancies as single-agent therapies or in sequence with cytotoxic chemotherapy [START_REF] Cook | PARP Inhibitors and the Evolving Landscape of Ovarian Cancer Management: A Review[END_REF]. The extensive clinical experience with these agents and the efficacy shown in our preclinical models makes clinical testing of PARP inhibitors in patients with RMC a logical next step.

SMARCB1 loss was recently shown to induce interferon-mediated immunogenicity in rhabdoid tumors [START_REF] Leruste | Clonally Expanded T Cells Reveal Immunogenicity of Rhabdoid Tumors[END_REF]. The highly inflamed phenotype of RMC in the setting of low tumor mutational burden and high number of focal CNAs and replication stress led us to identify the cGAS-STING pathway as a distinct source of pro-inflammatory signaling in this malignancy. We have activated an ongoing biopsy-driven clinical trial (NCT03274258 at clinicaltrials.gov) to better delineate how the distinct immune profile of RMC affects the efficacy of currently approved immune checkpoint therapies. Figure 7G depicts our schematic model of the inflammatory responses and replication stress induced by the crosstalk between SMARCB1 loss and CNAs in RMC. It should be noted that our genomic sequencing lacked the sensitivity to detect rare subclonal alterations and further studies will be needed to delineate the intratumoral mutational and copy number heterogeneity of RMC.

In summary, our study has revealed several insights into the molecular foundations of RMC. We found that RMC is defined by a high number of focal CNAs and harbors a distinct immune microenvironment compared with other renal cell carcinomas paving the way for future studies assessing the role of the cGAS-STING pathway in the immunotherapy of RMC. Furthermore, we identified the importance of SMARCB1 loss as a major recurrent genetic alteration in RMC and found that it confers replication stress-induced vulnerabilities that can be therapeutically targeted. These results highlight a potential opportunity to utilize agents targeting replication stress pathways alone or in combination with other therapies to yield deep and durable therapeutic responses.

STAR METHODS

Lead Contact and Materials Availability

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Pavlos Msaouel (pmsaouel@mdanderson.org).

Experimental Models and Subject Details

Tumor samples-Tumor samples were obtained from 38 patients with RMC, 9 patients with CDC, and 22 patients with UTUC using endoscopic biopsy or surgical resection. Histology slides were reviewed by a genitourinary pathology expert (Priya Rao) and the RMC samples were all confirmed to be SMARCB1 negative by immunohistochemistry using purified mouse anti-BAF47 Clone 25/BAF47 (BD Biosciences) as shown in Figure S1A. CDC samples were all SMARCB1 positive by the same immunohistochemical assay and were derived from untreated primary tumors. Sickle cell status was determined by hemoglobin electrophoresis. Figure 1 lists patient characteristics and also provides RMC sample annotation, clinical details, and the assays performed on each sample. This study was performed under Institutional Review Board-approved protocols (PA11-1045 and PA19-0250) and conducted in accordance with the principles of the Declaration of Helsinki.

Generation and authentication of new RMC cell line-

The new RMC cell line RMC2C was derived from the untreated primary nephrectomy specimen (corresponding to the RMC2T tumor sample) of a 35-year-old African American male patient with sickle cell trait using previously reported methodology [START_REF] Karam | Development and characterization of clinically relevant tumor models from patients with renal cell carcinoma[END_REF]. Cell line authentication was performed by short tandem repeat (STR) DNA profiling [START_REF] Kerrigan | Authentication of human cell-based products: the role of a new consensus standard[END_REF]) in direct comparison with the primary patient-derived tissue. RMC2C was cultured at 37°C in minimum essential medium (MEM) supplemented with MEM non-essential amino acids, EGF (5 μg/mL), 100 U/mL penicillin-streptomycin, and 10% heat-inactivated fetal bovine serum. Cell line doubling time was calculated as: duration of culture * ln(2) / ln(final cell number -initial cell number).

Commercial and other cell lines-G401, CHLA-06-ATRT, VA-ES-BJ, A-498, and 786-O were purchased from American Type Culture Collection (ATCC, Manassas, VA). HEK-293FT were purchased from Thermo Fisher Scientific (Waltham, MA). All cell lines were grown at 37 °C in media recommended by ATCC in a humidified atmosphere of 5% CO 2 . The RCC4 cell line was purchased from the European Collection of Authenticated Cell Cultures (ECACC, Porton Down, Salisbury, United Kingdom) and was grown at 37 °C in the medium recommended by ECACC in a humidified atmosphere of 5% CO 2 . The RMC219 cell line (also designated as JHRCC219) was established from a previously described patient-derived xenograft [START_REF] Dong | Tumor Xenografts of Human Clear Cell Renal Cell Carcinoma But Not Corresponding Cell Lines Recapitulate Clinical Response to Sunitinib: Feasibility of Using Biopsy Samples[END_REF] derived from the bone metastasis of a 39 year old African American male patient with sickle cell trait who was previously treated with 5 cycles of gemcitabine and carboplatin for metastatic RMC. RMC219 was cultured at 37°C in Ham's F-12 medium supplemented with 1% essential amino acids, 1% sodium pyruvate, and 1% L-glutamine. All media contained 100 U/mL penicillin-streptomycin and were supplemented with 10% heat-inactivated fetal bovine serum. We monitored all cell lines for mycoplasma every 3 months using the Universal Mycoplasma Detection Kit by ATCC (Manassas, VA). All cell lines were refreshed from frozen early-passage stock after approximately 20 passages.

Generation of RMC PDX model-The new RMC2X PDX model was derived from the untreated primary nephrectomy specimen (corresponding to the RMC2T tumor sample) of a 35-year-old African American male patient with sickle cell trait. The banked RMC2X tumor was implanted into the subcutaneous tissue of immunodeficient female CB17/lcr-Prkd scid / lcrlcoCrl mice aged 6-9 weeks old using previously reported methodology [START_REF] Kim | Generation of orthotopic and heterotopic human pancreatic cancer xenografts in immunodeficient mice[END_REF]. PDX authentication was performed by short tandem repeat (STR) DNA profiling [START_REF] Kerrigan | Authentication of human cell-based products: the role of a new consensus standard[END_REF] in direct comparison with the primary patient-derived tissue.

Mouse Studies

Female CB17/lcr-Prkd scid /lcrlcoCrl mice were obtained by Charles River. Mice aged 6-9 weeks old were used for all PDX transplantation studies. All animal studies and procedures were approved by the UTMDACC Institutional Animal Care and Use Committee (protocols 00001200 and 00000884). All experiments conformed to the relevant regulatory standards and overseen by the institutional review board.

Method Details

WES and targeted DNA sequencing-Genomic DNA was isolated from formalinfixed paraffin-embedded (FFPE) samples using QIAamp DNA FFPE Tissue kit (Qiagen) and from fresh frozen tissue using the AllPrep DNA/RNA Mini Kit (Qiagen). Figure 1 lists the patient samples where fresh frozen tissue (tumor tumor and, where available, adjacent normal kidney) was available for WES. Illumina-compatible exome libraries were prepared from 200 ng of Bioruter Ultrasonicator (Diagenode) sheared RNase treated gDNA using the Agilent SureSelectXT Reagent Kit (Agilent Technologies). Libraries were uniquely indexed and prepared for capture with 8 to 11 cycles of PCR amplification, then assessed for size distribution on 4200 TapeStation High Sensitivity D1000 ScreenTape (Agilent Technologies) and quantified using the Qubit dsDNA HS Assay Kit (ThermoFisher Scientific). Exon target capture was performed using the Agilent SureSelectXT Human All Exon V7 Target Enrichment Baits. Following capture, the exon-enriched libraries were amplified using nine cycles of PCR, then assessed for size distribution using the Agilent TapesStation and quantified using the Qubit dsDNA HS Assay Kit. Libraries were multiplexed with eight samples per pool and the pools were quantified by qPCR using the KAPA Library Quantification Kit (Roche). The pool was sequenced in one lane of the HiSeq 4000 sequencer using the paired-end format.

To minimize sequence artifacts from FFPE-derived DNA, all tissue samples were less than one year old and were first reviewed by a genitourinary pathology expert (Priya Rao) to identify tumor-rich areas (or adjacent normal kidney where applicable) prior to proceeding with DNA isolation. We removed formaldehyde-induced crosslinks using a heat treatment step prior to sequencing as described in the QIAamp DNA FFPE Tissue kit (Qiagen). We followed rigorous quality control methods and used a high-fidelity capture-based sequencing approach using the Agilent SureSelectXT Human All Exon V7 Target Enrichment Baits known to perform well with FFPE samples [START_REF] Do | Sequence artifacts in DNA from formalin-fixed tissues: causes and strategies for minimization[END_REF]. Baseline noise during sequencing of FFPE samples is in large part due to cytosine deamination. This usually occurs in one strand and not both DNA strands [START_REF] Do | Sequence artifacts in DNA from formalin-fixed tissues: causes and strategies for minimization[END_REF]. Thus, we required that each specific mutant allele had to be detected in both strands in order to be called positive. This restriction allowed us to reliably distinguish true mutations from sequence artifacts.

The average mean target WES coverage was 73-fold for RMC tumor tissues and 60-fold for matched normal tissue, with a mean estimated tumor purity of 49.1% (range, 24%-98%). Previous benchmarking [START_REF] Cibulskis | Sensitive detection of somatic point mutations in impure and heterogeneous cancer samples[END_REF] has demonstrated that our approximately 70fold mean WES depth provided a >97% sensitivity to detect somatic mutations present in as low as 20% of sequenced cells, representing an expected mutation allele fraction of 0.1 (assuming that heterozygous mutations are present in a diploid region). However, more rare somatic mutations such as those present in 8% of sequenced cells would be detected with a sensitivity of approximately 53%. Thus, although our WES had high sensitivity to detect dominant clonal or subclonal RMC tumor mutations, it would be less likely to detect more rare subclonal alterations.

Confirmatory Sanger sequencing was performed at the MD Anderson Cancer Center Sequencing and Microarray Facility using Big Dye terminator cycle sequencing chemistry. We additionally performed hybrid capture-based targeted DNA sequencing in FFPE samples using FoundationOne CDx [START_REF] Frampton | Development and validation of a clinical cancer genomic profiling test based on massively parallel DNA sequencing[END_REF] for untreated primary tumor samples from patients RMC5, RMC18, RMC20, and RMC27, as well as PCR-amplicon-based target capture using Oncomine [START_REF] Luthra | A Targeted High-Throughput Next-Generation Sequencing Panel for Clinical Screening of Mutations, Gene Amplifications, and Fusions in Solid Tumors[END_REF] for samples RMC4, RMC16, and RMC22. Gene Ontology analysis was carried out using DAVID release 6.8 with default parameters for biological processes (GOTERM_BP_FAT) (Huang da et al., 2009a;Huang da et al., 2009b).

Somatic mutation detection from whole exome sequencing-The raw paired-end (PE) reads in FASTQ format were aligned to the human reference genome (hg19), using the MOSAIK alignment software [START_REF] Lee | MOSAIK: a hashbased algorithm for accurate next-generation sequencing short-read mapping[END_REF]. We then analyzed the resulting alignments with PCR duplicate removal using the Bayesian model-based software GigaBayes/ FreeBayes [START_REF] Marth | A general approach to single-nucleotide polymorphism discovery[END_REF], which enables efficient analysis of billions of aligned shortread sequences. The program evaluates each aligned base and its base quality value at each position to indicate putative single-nucleotide variations (SNVs) and short insertions/ deletions (inDels), and their corresponding SNV probability value (P SNV ). Base quality values are converted to base probabilities corresponding to every one of the four possible nucleotides. Using a Bayesian formulation, a P SNV (or inDel probability value, as appropriate) is calculated as the likelihood that multiple different alleles are present between the reference genome sequence and the reads aligned at that position. If the probability value exceeds a pre-specified threshold, the SNV or inDel candidate is reported in the output. We used a P SNV cutoff value of 0.9 to define a high-confidence SNV or short inDel candidate.

We also filtered out all known SNVs/inDels in UCSC dbSNP 142 (human). Furthermore, we required that a specific mutant allele had to be detected at least 6 times, and in both strands at least once, in order to be considered an SNV or inDel candidate. We then determined the somatic status of each SNV (or inDel) by comparing the genotypes and their likelihood in matched tumor and germline samples when available. The somatic status of a specific SNV/ inDel was reported once the matched germline had wild allele-based homozygous genotype and the tumor had heterozygous or mutant allele-based homozygous genotype with a certain cutoff of genotype likelihood/p value of 0.99. Each somatic mutation or inDel was annotated with functional effect by SIFT [START_REF] Vaser | SIFT missense predictions for genomes[END_REF] to determine if a mutation candidate was synonymous or non-synonymous.

To maximize specificity in mutational signature analysis, we only used the 15 RMC samples with available germline tissue to calculate mutational signature weights. Sample RMC36T1 was excluded from further analysis because it lacked SNVs. All SNVs in a sample can be allocated to one of 96 "bins" according to the "before/after" status of the initial pyrimidine and the nucleotides on either side. The final vector of 96 bin counts defines a "mutational context histogram" (MCH) characterizing that sample. Particularly common MCH patterns can be used to define mutational "signatures" which may be indicative of modes of mutagenesis. The Sanger institute maintains a canonical set of 30 mutational signatures (http://cancer.sanger.ac.uk/cosmic/signatures) identified by applying non-negative matrix factorization (NMF) to the MCHs of thousands of tumors [START_REF] Alexandrov | Signatures of mutational processes in human cancer[END_REF]. Taking these signatures as given, we can "score" the MCH of a new sample for the relative contributions of each signature using quadratic programming. We obtained the neighboring bases of each SNV using the R package, BSgenome.Hsapiens.UCSC.hg19 (version:1.4.0) (The Bioconductor Dev Team, 2014).

Comparison of non-synonymous mutation load per genome for different tumor types (shown in Figure 2A) was performed using our sequencing data from RMC as well as previously published DNA sequencing data [START_REF] Chun | Genome-Wide Profiles of Extra-cranial Malignant Rhabdoid Tumors Reveal Heterogeneity and Dysregulated Developmental Pathways[END_REF] from 34 patients with MRT originating from the kidney, as well as tumors sequenced by The Cancer Genome Atlas (TCGA; http:// cancergenome.nih.gov/). Tumors were abbreviated as per the following: ACC, adrenocortical carcinoma; BLCA, bladder urothelial carcinoma; BRCA, breast invasive carcinoma; ccRCC, clear cell renal cell carcinoma; CESC, cervical squamous cell carcinoma & endocervical adenocarcinoma; ChRCC, chromophobe renal cell carcinoma; COAD, colon adenocarcinoma; GBM, glioblastoma; HNSC, head & neck squamous cell carcinoma; LAML, acute myeloid leukemia; LGG, low grade glioma; LIHC, hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; MRT, malignant rhabdoid tumor of the kidney; OV, ovarian serous cystadenocarcinoma; PAAD, pancreatic adenocarcinoma; PCPG, pheochromocytoma & paraganglioma; PRAD, prostate adenocarcinoma; PRCC, papillary renal cell carcinoma; READ, rectal adenocarcinoma; RMC, renal medullary carcinoma; SKCM, skin cutaneous melanoma; STAD, stomach adenocarcinoma; THCA, papillary thyroid carcinoma; UCEC, uterine corpus endometrial carcinoma; UCS, uterine carcinosarcoma.

Identification of copy number alterations-Copy number analyses were performed on WES data of the 15 RMC samples with available germline tissue to improve the specificity of our results. The aligned reads were processed by our inhouse R package, ExomeCN [START_REF] Zhang | Intratumor heterogeneity in localized lung adenocarcinomas delineated by multiregion sequencing[END_REF], followed by Circular Binary Segmentation [START_REF] Olshen | Circular binary segmentation for the analysis of array-based DNA copy number data[END_REF]. ExomeCN is a modified version of HMMcopy [START_REF] Ha | Integrative analysis of genome-wide loss of heterozygosity and monoallelic expression at nucleotide resolution reveals disrupted pathways in triple-negative breast cancer[END_REF] tuned for our data. Sequenza [START_REF] Favero | Sequenza: allele-specific copy number and mutation profiles from tumor sequencing data[END_REF] with default parameters was used to estimate cellularity and ploidy and to identify and visualize copy number alterations (CNAs) per sample. Recurrent focal somatic CNAs were detected and localized using GISTIC2.0 [START_REF] Mermel | GISTIC2.0 facilitates sensitive and confident localization of the targets of focal somatic copy-number alteration in human cancers[END_REF]) [START_REF] Beroukhim | The landscape of somatic copy-number alteration across human cancers[END_REF] with the thresholds of copy number amplifications/deletions being equal to ± 0.15 and q-value threshold being equal to 0.2. For comparison, we performed GISTIC2 analyses using the same parameters in previously published WES results from 35 patients with MRT and ATRT [START_REF] Lee | A remarkably simple genome underlies highly malignant pediatric rhabdoid cancers[END_REF], comprised of 22 cases of ATRT, 4 cases of kidney MRT, and 9 cases of MRT arising from other soft tissues. Arm-level copy number alterations are defined by GISTIC as those exceeding half the length of a chromosome arm, whereas focal copy number alterations are those shorter than half the length of a chromosome arm. Using cytoband data from hg19 (http://hgdownload.cse.ucsc.edu/ goldenpath/hg19/database), we defined 8q gain as a gain in the following genome coordinates of chromosome 8: 45,600,000 to 146,364,022. Using these coordinates, a total of 376 protein-coding genes and 334 lncRNA genes from our RNA-seq profiling were mapped to the chromosome 8q arm.

Validation of WES copy number findings was performed using high-resolution oligonucleotide comparative genomic hybridization (CGH) arrays using standard operating procedures from Agilent Technologies (Agilent Oligonucleotide Array-Based CGH for Genomic DNA Analysis G4410-90010). Double enzymatic digestion (Alu I + Rsa I) was used to fragment 500 ng of DNA which was then evaluated with LabOnChip (2100 Bioanalyzer System; Agilent Technologies) prior to labeling and hybridization. Control DNA was used from Promega (Human Genomic DNA Female N 30742202/Male N 30993901). DNA was labeled by random priming with CY5-dCTPs (tumor DNA) and CY3-dCTPs (control DNA), and was hybridized to 4×180K whole-genome Agilent arrays (G4448A). Agilent G2565BA DNA Microarray Scanner was used to scan the chips. Image analysis and fluorescent signal acquisition were performed using the Feature-Extraction V9.1.3 software (Agilent Technologies).

RNA sequencing-RNA was extracted from fresh frozen RMC (n = 11 cases), CDC (n = 9 cases), UTUC (n = 22 cases), and adjacent normal kidney (n = 6 patients with RMC) tissue samples using the RNeasy Kit (Qiagen) according to the manufacturer's instructions. Normal kidney tissues were obtained from locations at least 2 cm away from the primary tumors and the absence of metastatic cells was confirmed by a genitourinary pathology expert (Priya Rao). As a comparator, we used previously published RNA sequencing data [START_REF] Chun | Genome-Wide Profiles of Extra-cranial Malignant Rhabdoid Tumors Reveal Heterogeneity and Dysregulated Developmental Pathways[END_REF] from 56 patients with MRT originating from the kidney (Supplementary Table 4). As an additional control we randomly selected a dataset from The Cancer Genome Atlas (TCGA), comprised of ccRCC (n = 20 cases) (Cancer Genome Atlas Research, 2013), PRCC (n = 20 cases) [START_REF] Genome | Comprehensive Molecular Characterization of Papillary Renal-Cell Carcinoma[END_REF], and ChRCC (n = 20 cases) [START_REF] Davis | The somatic genomic landscape of chromophobe renal cell carcinoma[END_REF] listed in Supplementary Table 4.

After controlling for the quality of the initial samples, rRNA depletion was performed for the total RNA for each sample, followed by random-primed and stranded cDNA preparation and quality control. Total RNA was converted into a library of template molecules for sequencing on Illumina HiSeq2000, with a paired-end read length of 100 to 125 nt. The quality of the FASTQ reads was evaluated using the FastQC software [START_REF] Andrews | FastQC A Quality Control tool for High Throughput Sequence Data[END_REF]. The raw reads in FASTQ format were aligned to the reference human genome, hg19, using the MOSAIK alignment software [START_REF] Lee | MOSAIK: a hashbased algorithm for accurate next-generation sequencing short-read mapping[END_REF]. Gap alignment was performed using the Smith-Waterman algorithm in MOSAIK. Gene-level annotation was carried out using the GENCODE annotation, which was downloaded from the GENCODE project [START_REF] Harrow | GENCODE: the reference human genome annotation for The ENCODE Project[END_REF]. The overlaps between aligned reads and annotated genes were counted using HTSeq software [START_REF] Anders | HTSeq--a Python framework to work with high-throughput sequencing data[END_REF]. Gene counts were normalized using the scaling factor method. If the number of overlapped reads of any given gene was less than one per million total mapped reads for all samples, this gene was excluded from further analysis. Hierarchical clustering analyses were performed using the Pearson correlation coefficient as the distance metric and the ward's linkage rule. Principle component analyses (PCA) were also performed to explore the multi-gene structure. A negative binomial model was fit to the read counts of each gene. Then a Wald test was used to test the null hypothesis of no difference in gene expression between two conditions, e.g., tumor vs normal samples. The Benjamini & Hochberg (BH) method was used to control false discovery rate (FDR). These methods were implemented in the DESeq2 [START_REF] Love | Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2[END_REF] run on R version 3.2.3. Pathway diagram templates were taken from Chen et al. [START_REF] Chen | Pan-Cancer Molecular Classes Transcending Tumor Lineage Across 32 Cancer Types, Multiple Data Platforms, and over 10,000 Cases[END_REF].

Virus integration analyses-The VirusSeq algorithmic method (http:// odin.mdacc.tmc.edu/~xsu1/VirusSeq.html) was used to identify, as previously described [START_REF] Chen | VirusSeq: software to identify viruses and their integration sites using next-generation sequencing of human cancer tissue[END_REF], the following viruses and their integration sites from RNA-seq data: BK polyomavirus, cytomegalovirus, Epstein-Barr virus, hepatitis B virus, hepatitis C virus, human herpesvirus 1, human T-lymphotropic virus, human polyomavirus 2 (JC virus), Kaposi's sarcoma-associated herpesvirus, as well as human papillomavirus strains 6, 16, 18, 26, 30, 31, 33, 34, 35, 45, 52, 56, 58, 59, 68, 69, and 70.

Analysis of kidney nephron atlas expression data-We used the gene expression

profiles from different nephron sites (both human and mouse) obtained from the study by Cheval et al [START_REF] Cheval | Of mice and men: divergence of gene expression patterns in kidney[END_REF]. For each gene in our kidney cancer dataset (combined RMC, CDC, ccRCC, PRCC, ChRCC, and kidney MRT) we centered expression values on the mean centroid of these malignancies. Within each of the human and mouse datasets from the Cheval et al study, we centered values on the median across samples. Using the centered datasets for each kidney malignancy and the Cheval et al mRNA profile, we computed the global inter-profile correlation (by Pearson's), using all ~4000 genes in common, as previously described [START_REF] Davis | The somatic genomic landscape of chromophobe renal cell carcinoma[END_REF].

Gene set enrichment analysis (GSEA)-We performed GSEA [START_REF] Subramanian | Gene set enrichment analysis: a knowledgebased approach for interpreting genome-wide expression profiles[END_REF] of RNA-seq data using the R-GSEA script run in R version 3.2.3 using the following gene sets collected at the Molecular Signatures Database (MSigDB) (http:// software.broadinstitute.org/gsea/msigdb/collections.jsp): (i) Fifty hallmark gene sets, which summarize and represent specific well-defined biological states or processes and display coherent expression. These gene sets were generated by a computational methodology based on identifying overlaps between gene sets in other MSigDB collections and retaining genes that display coordinate expression [START_REF] Liberzon | The Molecular Signatures Database (MSigDB) hallmark gene set collection[END_REF]; (ii) Canonical pathway gene sets curated from online databases including BIOCARTA, KEGG, and REACTOME; (iii) Gene Ontology (GO) gene sets.

Deconvolution of tissue-infiltrating immune and stromal cell populations-We used the Microenvironment Cell Populations-counter (MCP-counter) method (MCPcounter 1.1.0 package run on R version 3.2.3) to deconvolute and quantify eight immune and two stromal cell populations from RNA-seq data. The resulting scores for each cell type were then Z-transformed. For each sample, MCP-counter produces an abundance score for CD3 + T cells, CD8 + T cells, cytotoxic lymphocytes, NK cells, B lymphocytes, monocytic lineage cells, myeloid dendritic cells, neutrophils, endothelial cells, and fibroblasts. Because MCPcounter scores are independently computed for each individual sample, they can be used for direct comparisons of cell type abudance across different samples [START_REF] Becht | Estimating the population abundance of tissueinfiltrating immune and stromal cell populations using gene expression[END_REF].

DNA methylation analysis-DNA methylation was assessed using the Illumina Infinium HumanMethylation450 (HM450) BeadChip array in three untreated primary RMC tumor samples (PED4T, MED3T, and RMC8T), as well as normal kidney control samples from four patients with RMC (RMC2N, RMC4N, RMC5N, and RMC8N). Bisulfite convertion of genomic DNA (500-1000 ng) was performed using the Zymo EZ DNA methylation kit (Zymo Research, Irvine, CA) according to the manufacturer's recommendations. The quantity of bisulfite-converted DNA and the completeness of bisuflite conversion for each sample were assessed using a panel of MethyLight-based real-time PCR quality control assays as previously described [START_REF] Campan | MethyLight[END_REF]. Bisulfite-converted DNA was subsequently used as a substrate for the HM450 BeadArrays, as recommended by the manufacturer. Specifically, each sample was whole-genome amplified (WGA), enzymatically fragmented, and then hybridized overnight to an 8-sample BeadArray, in which the WGA-DNA molecules annealed to locus-specific DNA oligomers linked to individual bead types. After the chemical processes, BeadArrays were scanned and the 'noob' function in the minfi R package [START_REF] Aryee | Minfi: a flexible and comprehensive Bioconductor package for the analysis of Infinium DNA methylation microarrays[END_REF], which corrects for background fluorescence intensities and red-green dye bias [START_REF] Triche | Low-level processing of Illumina Infinium DNA Methylation BeadArrays[END_REF], was used to extract raw signal intensities from the *.IDAT files. Probe alignment was performed using the hg19/ GRCh37 human genome assembly. The beta (β) value for each probe was calculated using the formula β = M/(M+U), in which M and U respectively refer to the (pre-processed) mean methylated and unmethylated probe signal intensities. The average β value reports a methylation signal ranging from 0 to 1, respectively representing completely unmethylated to completely methylated values. Probes in promoter CpG islands of SMARCB1 with βvalue ≤ 0.2 were considered unmethylated and those with β-value ≥ 0.3 were considered methylated.

Fluorescence in situ hybridization (FISH)-FISH was performed on paraffin sections according to the manufacturer's protocol using SMARCB1BA-20-GROR Break Apart probe (Empire Genomics) which is telomeric (orange label) and centromeric (green label) to the SMARCB1 gene. Signal counts were performed on captured images of at least 50 nonoverlapping tumor nuclei in two separate areas of a population of tumor cells. Samples with break-apart in ≥ 15% of tumor nuclei were considered positive for SMARCB1 translocation. Partial SMARCB1 deletion was defined as loss of either green or orange probes in ≥ 15% of tumor nuclei. Whole SMARCB1 allele deletion was defined as ≥ 60% loss of both green and orange probes.

Multiplex ligation-dependent probe amplification (MLPA)-MLPA was performed on genomic DNA according to the manufacturer's protocol using the SALSA MLPA P258 (SMARCB1) kit (MRC-Holland). This kit includes 2 probes for each of the 9 exons of SMARCB1, as well as probes for 9 other genes on chromosome 22 (TBX1 exons 2 and 7, DGCR8 exon 2, SNAP29 exon 3, LZTR1 exon 16, PPIL2 exon 20, GNAZ exon 2, SNRPD3 exon 2, SEZ6L exon 2, and NIPSNAP1 exon 10), as well as 14 control probes for genes located on other chromosomes: TNNT2 (chromosome 1), POMC (chromosome 2), EDAR (chromosome 2), BMPR2 (chromosome 2), CASR (chromosome 3), IL4 (chromosome 5), PKHD1 (chromosome 6), PCDH15 (chromosome 10), BEST1 (chromosome 11), CSK (chromosome 15), FANCA (chromosome 16), CACNA1A (chromosome 19), JAG1 (chromosome 20), and KCNJ6 (chromosome 21). Samples were processed and data were analyzed as previously described [START_REF] Jalali | Detailed analysis of 22q11.2 with a high density MLPA probe set[END_REF]. Dosage quotient (DQ) ratios were calculated and interpreted as follows: DQ = 0: homozygous deletion; 0.4 ≤ DQ ≤ 0.65: heterozygous deletion; 0.7 < DQ < 1.3: normal (identical to reference samples); 1.3 < DQ < 1.65: heterozygous duplication; 1.75 < DQ < 2.15: duplication; all other values: ambiguous result. All MLPA assays were performed in duplicate.

Spectral karyotyping and G-banding-Exponentially growing cells were exposed to Colcemid (0.04 μg/mL) for one hour at 37 °C and to hypotonic treatment (0.075 M KCl) for 20 minutes at room temperature. Cells were fixed in a methanol and acetic acid (3:1 by volume) mixture for 15 min and washed three times in the fixative. Slides were prepared by dropping the cell suspension on wet slides and air drying.

G-banding was performed using trypsin solution and stained in Giemsa. Spectral karyotyping (SKY) was conducted according to the manufacturer's protocol using the human chromosome HiSKY probe (Applied Spectral Imaging, Inc.). A minimum of 18 metaphases were analyzed. Images were captured using a Nikon 80i microscope equipped with the HiBand spectral karyotyping software from Applied Spectral Imaging, Inc (Vista, CA). SMARCB1 re-expression experiments-We used the tetracycline-inducible pIND20-fSNF5-HA vector [START_REF] Wei | SNF5/INI1 deficiency redefines chromatin remodeling complex composition during tumor development[END_REF] kindly donated by Dr. Bernard E. Weissman. The pInducer20 empty backbone [START_REF] Meerbrey | The pINDUCER lentiviral toolkit for inducible RNA interference in vitro and in vivo[END_REF] was a gift from Stephen Elledge (Addgene plasmid # 44012 ; http://n2t.net/addgene:44012 ; RRID:Addgene_44012). Lentivirus was generated in HEK-293FT cells and used to generate stable tet-inducible cell lines as previously described [START_REF] Xu | Generation of a stable cell line producing high-titer self-inactivating lentiviral vectors[END_REF]. All plasmid vectors were propagated in the E. coli strain DH5α (Invitrogen; Cat#18265017). For all SMARCB1 re-expression experiments, unless otherwise specified, a doxycycline concentration of 0.5 μg/mL was used for 3 days in cells harboring the tetracycline-inducible pIND20-fSNF5-HA vector or the pInducer20 empty backbone control.

Western blot analyses-Protein concentrations were measured by Pierce BCA protein assay kit. Before loading, samples were mixed with an equal volume of Laemmli Sample Buffer (Bio-Rad), heat denatured (100°C, 10 min) with β-mercaptoethanol (β-ME; Sigma-Aldrich), loaded in precast SDS/PAGE gels (Bio-Rad), transferred to PVDF membranes, and probed with specific primary antibodies overnight at 4°C. The following day, they were probed with secondary anti-mouse or anti-rabbit IgG conjugated horseradish peroxidase antibody, and chemiluminescence was detected by film exposure. The following primary antibodies were used: mouse monoclonal anti-SMARCB1 antibody clone 2C2 (Sigma-Aldrich; SAB4200202), rabbit polyclonal anti-phospho-Histone H2A.X at serine 139 (γH2AX; Cell Signaling Technology; 2577), mouse monoclonal anti-c-MYC antibody 9E10 (Santa Cruz Biotechology; sc-40), rabbit polyclonal anti-PARP (Cell Signaling Technology; 9542), goat polyclonal anti-ATR (Santa Cruz Biotechnology; sc-1887), rabbit polyclonal anti-phospho-ATR at serine 428 (Cell Signaling Technology; 2853), mouse monoclonal anti-TP53 (Santa Cruz Biotechnology; sc-126), rabbit polyclonal anti-phospho-TP53 at serine 15 (Cell Signaling Technology; 9284), mouse monoclonal anti-actin (Santa Cruz Biotechnology; sc-47778), rabbit polyclonal anti-phospho-CDK1 at tyrosine 15 (Cell Signaling Technology; 9111), mouse monoclonal anti-RPA 32 kDa subunit 9H8 (Santa Cruz Biotechology; sc-56770), rabbit polyclonal anti-phospho-RPA32 at serines 4 and 8 (Bethyl Laboratories; A300-245A), mouse monoclonal anti-FANCD2 (Santa Cruz Biotechology; sc-20022).

To reduce non-specific signals, membranes were blocked in 3% bovine serum albumin (BSA) or Odyssey blocking buffer (Licor). Membranes were incubated with indicated primary antibodies overnight at 4°C, washed in TBST buffer, and probed with HRPconjugated secondary antibodies at room temperature for one hour. The detection of bands was carried out upon chemiluminescence reaction followed by film exposure. Western blots in the SMARCB1 rescue experiments were obtained after 5 days of doxycycline treatment. Western blots in the c-MYC knockdown experiments were obtained 3 days after MYC siRNA inhibition.

Co-immunoprecipitation experiments-SMARCB1 was immunoprecipitated from cell extracts using anti-SMARCB1 antibody (Sigma-Aldrich; SAB4200202) and protein A/G agarose beads (Santa Cruz Biotechnology) using 1X cell lysis buffer [20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, and protease inhibitor cocktail (Roche)]. The immunoprecipitated complex was washed using phosphatebuffered saline (PBS) (3.2 mM Na 2 HPO 4, 0.5 mM KH 2 PO 4 , 1.3 mM KCl, 135 mM NaCl, pH 7.4) containing 1% Triton X-100 (PBST). Following immunoprecipitation, the samples were subjected to SDS-PAGE gel electrophoresis under denaturing conditions, and subsequently immunoblotted using antibodies against PBRM1 (rabbit polyclonal; Bethyl Laboratories, A301-591A), SMARCA4 (rabbit monoclonal; Abcam; ab110641), and ARID1A (mouse monoclonal; Santa Cruz Biotechnology; sc-32761). TrueBlot anti-rabbit or mouse IgG-HRP (Rockland) were used as secondary antibodies.

Immunohistochemistry-Immunohistochemistry (IHC) was performed on FFPE tumor tissue sections. The tumor tissues were fixed in 10% formalin, embedded in paraffin, and transversely sectioned. Four-μm sections were used for the IHC analyses. The sections were stained with a rabbit anti-human monoclonal antibody against STING (Cell Signaling, clone D2P2F; 13647S, dilution 1:100), PD-L1 (Cell Signaling, 13684S; 1:100), and PD-1 (Abcam, AB201825; 1:250), rabbit anti-human polyclonal antibody against CD3 (Agilent, A0452, 1:100), and mouse anti-human monoclonal antibodies against CD4 (Leica Biosystems, NCL-L-CD4-368; 1:80), CD8 (Thermo Scientific, MS-457-S; 1:25), FOXP3 (BioLegend, clone 206D, dilution 1:50), CD20 (Agilent; L26, 1:1,400), and CD68 (Agilent, M0876; 1:450). All slides were stained as previously described [START_REF] Chen | Analysis of Immune Signatures in Longitudinal Tumor Samples Yields Insight into Biomarkers of Response and Mechanisms of Resistance to Immune Checkpoint Blockade[END_REF] using previously optimized conditions with appropriate positive and negative controls. The IHC reaction was detected using the Leica Bond Polymer Refine detection kit (Leica Biosystems) with diaminobenzidine (DAB) used as chromogen. Counterstaining was done using hematoxylin. IHC and hematoxylin-and eosin-stained slides were converted into high-resolution digital images using an Aperio slide scanner (Aperio AT Turbo, Leica Biosystems). Quantitative IHC staining of CD3, CD4, CD8, CD20, CD68, FOXP3, PD-1, and PD-L1 was evaluated by quantification of the density of positive cells (defined as the number of positive cells per mm 2 ), percentage of positive cells, and H-score as previously described [START_REF] Parra | Image Analysis-based Assessment of PD-L1 and Tumor-Associated Immune Cells Density Supports Distinct Intratumoral Microenvironment Groups in Non-small Cell Lung Carcinoma Patients[END_REF]. Quantitative analysis of STING expression was performed using ImageJ according to the provider's instructions [START_REF] Schneider | NIH Image to ImageJ: 25 years of image analysis[END_REF]. To facilitate the identification of malignant cells and direct quantification, all IHC stains were interpreted in conjunction with H&Estained sections. This approach can help distinguish tumor cells from immune cells and thus allow reliable PD-L1 immune quantification on different cell subsets as previously established [START_REF] Herbst | Predictive correlates of response to the anti-PD-L1 antibody MPDL3280A in cancer patients[END_REF][START_REF] Tumeh | PD-1 blockade induces responses by inhibiting adaptive immune resistance[END_REF][START_REF] Victor | Radiation and dual checkpoint blockade activate non-redundant immune mechanisms in cancer[END_REF].

Small interfering RNA (siRNA) knockdown-Knockdown of c-MYC was achieved using siGENOME Human MYC siRNA SMARTpool at a concentration of 10 nM or sham control obtained by Horizon Discovery (Lafayette, CO).

CRISPR/Cas9 knockout-Knockout of SMARCB1 was achieved by lentivirus generated in HEK-293FT cells using pLentiCRISPR v2 plasmids harboring gRNA sequences against SMARCB1 obtained from Genscript (Piscataway, NJ, USA). We used psPAX2, a gift from Didier Trono (Addgene plasmid # 12260 ; http://n2t.net/addgene:12260 ; RRID:Addgene_12260) for lentiviral packaging, as well as pMD2.G, also a gift from Didier Trono (Addgene plasmid # 12259 ; http://n2t.net/addgene:12259 ; RRID:Addgene_12259) for lentiviral envelope expression. Lentiviral transduced cells were selected with puromycin. As negative control, we used cells transduced by lentivirus generated using a pLentiCRISPR v2 plasmid harboring non-targeting control gRNA (BRDN0001145885) [START_REF] Doench | Optimized sgRNA design to maximize activity and minimize off-target effects of CRISPR-Cas9[END_REF], a gift from John Doench & David Root (Addgene plasmid # 80196 ; http://n2t.net/ addgene:80196 ; RRID:Addgene_80196). Propagation of all plasmid vectors was performed using the E. coli strain DH5α (Invitrogen; Cat#18265017).

gRNA target sequences used for human SMARCB1 knockout:

• TGAGAACGCATCTCAGCCCG

• CATCGATCTCCATGTCCAGC

Non-targeting control gRNA sequence:

• GGGACGCGAAAGAAACCAGT Immunofluorescence staining-RMC2C and RMC219 cells were plated onto a 6-well culture dish on a coverslip and fixed in 4% paraformaldehyde for 20 minutes, then washed 2 times with PBS. After washing again, cells were permeabilized and stained with a solution of 0.5% Triton X-100 for 15 minutes, then washed 2 times after permeabilization with PBS and blocked for one hour using 3.75% BSA. After blocking, the primary rabbit γH2AX antibody (Cell Signaling Technology; catalogue##2577) was added in 3.75% BSA solution at a ratio of 1:500 and incubated overnight at 4°C. After the overnight incubation, cells were washed 3 times and then incubated for one hour with Alexa Fluor 546 anti-rabbit secondary fluorescent antibody purchased from Invitrogen (Life Technologies). The nuclear content was stained with DAPI reagent (Invitrogen, Life Technologies) for 10 minutes at room temperature. Cells were washed again 3 times with PBS and mounted on a slide using slowfade gold antifade solution (Thermo Fisher Scientific). The corners were sealed using nail polish and images were taken using a Nikon Eclipse Ti2 deconvolution microscope. γH2AX foci within nuclei were quantified using the FindFoci plugin in ImageJ [START_REF] Herbert | FindFoci: a focus detection algorithm with automated parameter training that closely matches human assignments, reduces human inconsistencies and increases speed of analysis[END_REF].

Chromatin immunoprecipitation sequencing (ChIP)-We analyzed previously published c-MYC chromatin immunoprecipitation sequencing (ChIP-Seq) data from SMARCB1-negative G401 cells expressing tetracycline-inducible enhanced fluorescent protein (EGFP) control or SMARCB1 [START_REF] Weissmiller | Inhibition of MYC by the SMARCB1 tumor suppressor[END_REF]. ChIP-seq maps were generated by mapping reads to the human genome GRCh38 using bowtie2 [START_REF] Langmead | Fast gapped-read alignment with Bowtie 2[END_REF], and visualizing genome-wide maps using the Integrative Genome Viewer software [START_REF] Thorvaldsdottir | Integrative Genomics Viewer (IGV): highperformance genomics data visualization and exploration[END_REF]. c-MYC peaks were called using MACS2 [START_REF] Zhang | [END_REF]) at an FDR < 0.05. We first determined the union of peaks over the two replicates of each experiment, then determined the lost c-MYC peaks after SMARCB1 re-expression using BEDTOOLS [START_REF] Quinlan | BEDTools: a flexible suite of utilities for comparing genomic features[END_REF]. Finally, lost c-MYC peaks were annotated for nearby genes, within a 10 kbp window from the gene body, using BEDTOOLS [START_REF] Quinlan | BEDTools: a flexible suite of utilities for comparing genomic features[END_REF]. Enriched pathways were determined using the hypergeometric distribution, with significance achieved at FDR-adjusted p value<0.05 against the Hallmark and REACTOME compendia of pathways [START_REF] Fabregat | The Reactome Pathway Knowledgebase[END_REF][START_REF] Liberzon | The Molecular Signatures Database (MSigDB) hallmark gene set collection[END_REF].

For the chromatin immunoprecipitation quantitative polymerase chain reaction (ChIP-qPCR) experiments, RMC2C cells expressing tetracycline-inducible SMARCB1 or empty vector control were plated at 10 × 10 6 cells per plate and treated with 0.5 μg/mL doxycycline for 48 hours. The cells were crosslinked using 0.4% paraformaldehyde for 10 minutes, quenched with 0.125M glycine for 10 minutes, washed with ice-cold PBS two times, and collected by centrifugation. Nuclei were extracted in 50 mM Tris HCl, pH8, 10 mM EDTA, 1% SDS for 15 minutes on ice. Chromatin was fragmented using a Covaris E220 ultrasonicator, and debris were removed by centrifugation. Chromatin was frozen at -80 °C until ready to use. Cell viability experiments-Cell viability was determined using the cell proliferation kit 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) colorimetric assay (Sigma-Aldrich). Cells were plated in 96-well plates at a density of 5.0 × 10 3 cells/well. Twenty-four hours after seeding, the cells were treated with different drug concentrations ranging from 0.01 to 20 μM. The MTT assay was performed at 120 hours after treatment. The cells were incubated with 10% MTT added directly to the medium for 4 hours at 37°C, followed by cell lysis with detergent reagent overnight in the dark at room temperature.

Absorbance was determined at 570 nm in three independent wells per condition for each experiment and results are presented as the means of at least three independent experiments. Dose response curves and the half maximal inhibitory concentration (IC 50 ) were calculated using the Dr Fit software [START_REF] Veroli | An automated fitting procedure and software for dose-response curves with multiphasic features[END_REF]. For all SMARCB1 re-expression cell viability experiments, a doxycycline concentration of 0.5 μg/mL was used for 3 days in cells harboring the tetracycline-inducible pIND20-fSNF5-HA vector or the pInducer20 empty backbone control prior to initiating drug treatments. For siRNA knockdown cell viability experiments, cells were first treated with siRNA against c-MYC or sham control for 72 hours prior to initiating drug treatments. Chemotherapy drug concentrations used for in vitro experiments were all chosen to be less than their respective peak plasma concentrations in humans [START_REF] Ciccolini | Pharmacokinetics and pharmacogenetics of Gemcitabine as a mainstay in adult and pediatric oncology: an EORTC-PAMM perspective[END_REF][START_REF] Pavlik | Sensitivity to anticancer agents in vitro: standardizing the cytotoxic response and characterizing the sensitivities of a reference cell line[END_REF][START_REF] Swift | Genotoxic anti-cancer agents and their relationship to DNA damage, mitosis, and checkpoint adaptation in proliferating cancer cells[END_REF][START_REF] Hoff | Use of in vitro dose response effects to select antineoplastics for high-dose or regional administration regimens[END_REF].

DNA fiber assay-DNA fiber assays were performed as previously described [START_REF] Jackson | Replicon Clusters are Stable Units of Chromosome Structure: Evidence That Nuclear Organization Contributes to the Efficient Activation and Propagation of S Phase in Human Cells[END_REF][START_REF] Schlacher | Double-strand break repairindependent role for BRCA2 in blocking stalled replication fork degradation by MRE11[END_REF]. Briefly, cells were labeled with IdU (50 μM, 25 min), followed by labeling with CldU (50 μM, 25 min) and spread as described before standard detection of IdU and CldU tracts using primary antibodies against anti-IdU / anti-BrdU (mouse monoclonal; BD Biosciences; clone B44, 1:100 in blocking buffer) and anti-CldU / anti-BrdU [rat monoclonal; Santa Cruz Biotechnology; BU1/75(ICR1), sc-56258, 1:200 in blocking buffer], as well as secondary antibodies goat polyclonal anti-mouse Alexa Fluor 488 (ThermoFisher; A-11001, 1:200 in blocking buffer) and goat polyclonal anti-rat Alexa Fluor 555 (ThermoFisher; A-21434, 1:300 in blocking buffer), respectively. Fibers were imaged (Nikon microscope) and analyzed using ImageJ software [START_REF] Schneider | NIH Image to ImageJ: 25 years of image analysis[END_REF]. The rate for nascent tract replication was estimated using the conversion of 2.59 kb/um [START_REF] Jackson | Replicon Clusters are Stable Units of Chromosome Structure: Evidence That Nuclear Organization Contributes to the Efficient Activation and Propagation of S Phase in Human Cells[END_REF]. 

In

Quantification and Statistical Analysis

All statistical analyses were performed using R (R Core Team, 2019). Continuous measures are presented as the mean ± standard error of the mean of biological replicates. Differences in means between two groups for all in vitro experiments were compared using a two-tailed Welch's t test unless otherwise specified in the text and figures. The p values for the pathway diagrams in Figures 4E, 4F and 5F were generated using the Wald test. The p values for STING IHC quantification levels in Figure 5E, the ChIP-qPCR in Figure 6G, and the comparisons between DNA fiber tract lengths in Figure 6H were generated using the Mann-Whitney U test. For in vivo tumor growth assessment, groups of mice randomized to each treatment (n = 5 per group) were monitored twice weekly. We performed semiparametric ANCOVA by generating proportional odds models using the regression modeling strategies (rms) statistical package in R (version 3.2.3). Regression imputation was used for missing data. A smooth nonlinear relationship was assumed between baseline and final tumor volumes at the end of treatment, using restricted cubic splines with three knots [START_REF] Harrell | Regression Modeling Strategies[END_REF]. Power analyses were performed using the popower function in the Hmisc package in R (version 3.2.3). With n = 5 mice per group, we had approximately 80% power at the 0.05 alpha level to detect a difference in tumor volume between two groups by an effect size of 1.875 (Cohen's d) at the end of treatment. With n = 10 mice per group, we had approximately 80% power at the 0.05 alpha level to detect a difference in tumor volume between two groups by an effect size of 1.27 (Cohen's d) at the end of treatment.

Data and Software Availability

Sequencing data generated in this paper have been deposited at the NCBI Sequence Read Archive (SRA) hosted by the NIH (SRA accession: PRJNA605003). Clear cell renal cell carcinoma, papillary renal cell carcinoma, and chromophobe renal cell carcinoma sequencing data were obtained from the Cancer Genome Atlas (https://

HIGHLIGHTS

•

The molecular profile of RMC distinguishes it from other renal malignancies.

• RMC harbors a high number of focal chromosomal alterations.

• RMC has a distinct immune profile characterized by upregulation of cGAS-STING.

• DNA replication stress is a hallmark of RMC that can be therapeutically targeted.

SIGNIFICANCE

Renal medullary carcinoma (RMC) is a highly aggressive malignancy with poor prognosis that predominantly afflicts young people of African descent. Effective treatment strategies are needed for RMC as less than 5% of patients survive beyond 3 years despite best available therapies. We comprehensively profiled a multi-institutional patient cohort of previously untreated primary RMC tumor samples and identified molecular and immune hallmarks that distinguish RMC from other closely related malignancies and can be therapeutically exploited. Our results provide insights into RMC biology and pave the way to clinical trials for this lethal disease. S1. Regions with q values of less than 0.20 (as delineated by the vertical green line) are considered to be significantly aberrant. Only focal copy number alterations (shorter than half the length of a chromosome arm) are shown. (F) Gene Ontology (GO) analysis of genes within regions of recurrent copy number alterations in RMC. See also Figure S1-S3, and Table S2. S3. S4, and Table S6. S7.

Figure 1 :

 1 Figure 1: Somatic Genomic Alterations in RMC Oncoplot showing the clinical characteristics, assays used, the number and types of somatic single-nucleotide variations (SNVs), as well as selected genomic alterations detected in renal medullary carcinoma (RMC) samples. Each column represents a different patient. CR, complete response with long term remission following perioperative chemotherapy and nephrectomy; FFPE, formalin-fixed, paraffin-embedded; PR, partial response by the Response Evaluation Criteria in Solid Tumors (RECIST) 1.1; SD, stable disease by RECIST 1.1; PD, progressive disease by RECIST 1.1; PDX, patient-derived xenograft. See also Figure S1 and TableS1.

Figure 2 :

 2 Figure 2: Mutational and Copy Number Landscape of RMC (A) Tukey boxplots of non-synonymous mutation load per genome for different tumor types. Tumor types are ordered by their median mutation load. RMC samples are highlighted in red. For each boxplot, the central rectangle spans the interquartile range (IQR), the segment within the rectangle shows the median, and the upper and lower whiskers respectively extend the upper and lower hinges of the rectangle by 1.5 * IQR. Black dots represent outliers outside 1.5 * IQR from each hinge. Abbreviations are detailed in the STAR Methods sections. (B) Arm-level copy number alterations in untreated primary RMC tumors. Blue corresponds to loss of one copy, red corresponds to a gain, and dark gray corresponds to more complex alterations shown in detail in Figure S2. (C) Genome plot of RMC4T. In the bottom two panels, the thick black line indicates the median value, blue bars indicate the interquartile range, and red lines indicate segmented values. Loss of heterozygosity is noted on chromosome 22 encompassing the SMARCB1 locus. (D & E) Regions of focal deletion(left) and amplification (right) identified by GISTIC analysis in untreated primary RMC (D) and rhabdoid (E) tumors. G-scores (top X axis) and q values (bottom X axis) are shown. Regions with q values of less than 0.20 (as delineated by the vertical green line) are considered to be significantly aberrant. Only focal copy number alterations (shorter than half the length of a chromosome arm) are shown. (F) Gene Ontology (GO) analysis of genes within regions of recurrent copy number alterations in RMC. See also FigureS1-S3, and TableS2.

Figure 3 :

 3 Figure 3: Integrative Characterization of the Mechanisms of SMARCB1 Loss (A) WES chromosome plot showing chromosome 22 monosomy in sample MED1T. In the bottom two panels, the thick black line indicates the median value, blue bars indicate the interquartile range, and red lines indicate segmented values. (B) MLPA analysis of MED1T confirmed the heterozygous deletion present around the SMARCB1 locus. The heterozygous deletions noted on chromosomes 15 and 16 (CSK and FANCA probes, respectively) were also detected in the WES analysis (Figure S2). (C) CGH profile of MED1T. (D) Break-apart FISH of MED1T confirmed the presence of chromosome 22 monosomy and revealed the presence of a disruptive translocation around the SMARCB1 locus as shown by the separation of the green and orange probes (white arrows) seen inside RMC tumor cells (left image). Two yellow fusion signals (yellow arrows) representing two intact SMARCB1 alleles are noted within the nuclei of normal kidney cells (right image). Scale bar: 10 μm.(E) Sanger sequencing confirmation of the fusion RNA product between exon 3 of SMARCB1 and intron 23 of DCDC2C in the MED1T sample (untreated primary tumor), and of the fusion RNA product exon 1 of SMARCB1 and exon 23 of MYOM1 on both untreated primary tumor (RMC32T) and untreated liver metastasis (RMC32TL) from patient RMC32. (F) Agarose gel electrophoresis of the SMARCB1 fusion products using cDNA from samples RMC32T, RMC32TL, and MED1T. (G) Predicted amino acid sequences of the SMARCB1-DCDC2C fusion product in patient MED1 and of the SMARCB1-MYOM1 fusion product in patient RMC32. See also TableS3.

Figure 4 :

 4 Figure 4: Transcriptomic Signature Distinguishes RMC from Other Renal Malignancies (A) Unsupervised hierarchical clustering of protein-coding gene expression from RMC, CDC, and UTUC. (B) Unsupervised hierarchical clustering of protein-coding gene expression from kidney malignancies. (C) A cartoon of the nephron regions (left; the dashed line separates the renal cortex from the medulla) and heat maps (right) showing intersample correlations (Pearson's r) between expression profiles of kidney malignancies (arranged by subtype) and expression profiles of kidney nephron sites. S1 and S3, initial and terminal portions of the proximal tubule; mTAL, medullary thick ascending limb of Henle's loop; cTAL, cortical thick ascending limb of Henle's loop; DCT, distal convoluted tubule; CCD, cortical collecting duct; OMCD, outer medullary collecting duct. (D) Volcano plot showing the differential expression of genes involved in replication stress and innate immunity (interferon signaling and cGAS-STING pathways). The secondary horizontal line corresponds to a p value of 0.01. (E & F) Pathway diagrams representing differential expression patterns in core metabolic pathways (E), as well as hypoxia-induced genes and EMT (F) between RMC tissues and adjacent normal kidney. See also Figure S3, Figure S4, and Table S2, S4.

Figure 5 :

 5 Figure 5: RMC has a Distinct Immune Profile (A) MCP-counter estimates of infiltrating immune and stromal cells in RMC compared with other carcinomas of the kidney. (B) Immune checkpoint pathway diagram showcasing the interactions of T cells with tumor cells and professional antigen-presenting cells based on the differential RNA expression patterns between RMC tumors and adjacent normal kidney (C) Representative immunohistochemistry microphotographs for CD3, CD4, CD8, CD20, CD68, FOXp3, PD-L1, and PD-1 in RMC tumor tissues and adjacent normal collecting tubules. Scale bar: 50 μm. (D) Representative immunohistochemistry microphotographs for STING in RMC tumor tissues, adjacent normal collecting tubules, and MRT tumor tissues. Scale bar: 50 μm. (E) Violin plots of the IHC quantification levels for STING in RMC tumor tissues (n = 20), adjacent normal kidney (n = 12) and MRT tumor tissues (n = 12). The width of each violin plot is proportional to the density of observed data points in each region. Dashed and dotted lines correspond to the median and interquartile values, respectively. The upper and lower lines correspond to the highest and lowest observed values, respectively. See also Figure S5 and Table S4, S5.

Figure 6 :

 6 Figure 6: SMARCB1 Loss Promotes MYC-induced Replication Stress GSEA revealed a significant enrichment for the ATR DNA damage repair pathway in response to replication stress in RMC compared with (A) adjacent normal kidney tissues or (B) CDC. ES, enrichment score; NES, normalized enrichment score; FDR, false discovery rate. (C) Hallmark pathways significantly altered (FDR < 0.1) between RMC and CDC by GSEA analysis. (D & E) Western blots of replication stress and DNA damage response pathways following SMARCB1 rescue (D) or direct siRNA inhibition of c-MYC (E) in RMC2C, RMC219, and other SMARCB1-negative cell lines (G401 and VA-ES-BJ). (F) c-MYC peak differences on the promoter site (boxed in red) of the CDK4 gene in G401 MRT cells re-expressing SMARCB1 or EGFP control. The y-axis represents ChIP-seq read counts normalized to 1 million mapped reads. (G) Fold enrichment in c-MYC relative to negative control (normal rabbit IgG) and normalized with input DNA in RMC2C cells following reexpression of SMARCB1 or empty vector control. CCNE2, CDK4, and ATF4 are established c-MYC transcriptional targets, whereas PRM1 is a spermatogenesis-specific gene that is not regulated by c-MYC and serves as negative control. The values are expressed as mean fold change +/-SEM from triplicates. (H) Dot plot of DNA fiber tract lengths indicating a replication speed of ~0.39 kb/min in HEK293-control gRNA cells compared with ~0.51 kb/min in SMARCB1 knock-out cells. Bars (pink) represents the mean of replication tracts (n=187-291, from biological replicas). Top, experimental labeling scheme. Bottom, representative fibers (original magnification x40). See also Figure S6, TableS4, and TableS6.

Figure 7 :

 7 Figure 7: RMC is Vulnerable to Drugs Targeting Replication Stress In Vitro and In Vivo (A) Viability curves and half maximal inhibitory concentrations (IC 50 ) of SMARCB1negative (RMC2C, RMC219, G401, CHLA-06-ATRT) and SMARCB1-positive (786-O, RCC4, A-498) cell lines after 120-hour exposure to the PARP inhibitors olaparib and niraparib. (B) Viability curves and IC50 of SMARCB1-negative cell lines after exposure to the ATR inhibitors VX970 and AZD6738 and to the WEE1 inhibitor adavosertib. (C & D) Viability of RMC2C, RMC219, G401, and VA-ES-BJ cells expressing doxycycline-induced SMARCB1 or empty vector control (C) or treated with siRNA against c-MYC or sham control (D) followed by 120-hour exposure to olaparib (10 μM), niraparib (10 μM), VX970 (1 μM), AZD6738 (1 μM), or adavosertib (1 μM). * p < 0.05, ** p < 0.01 by unpaired twotailed Welch's t-test. All results in A-D are presented as means ± SEM from triplicates. (E) In vivo antitumor effect of niraparib, AZD6738, and their combination in the RMC2X PDX mouse model (n=5 mice / group). Plots represent mean percentage tumor volume change from baseline ± SEM. (F) In vivo antitumor effect of cisplatin alone or in combination with niraparib in RMC tumors (n=10 mice / group). Plots represent mean percentage tumor volume change from baseline ± SEM. (G) Schematic model of the interplay between SMARCB1 loss and CNAs in inducing replication stress and inflammatory responses in RMC. Loss of SMARCB1 and gain of 8q promote MYC-induced replication stress which renders RMC cells susceptible to DNA damaging agents such as platinum salts, topoisomerase inhibitors, and nucleoside analogs. DNA damage repair (DDR) pathways induced by replication stress can be directly targeted by DDR inhibitors. The inflammatory responses activated via cGAS-STING signaling in RMC upregulate immune checkpoints that can be therapeutically targeted. See also Figure S7 and TableS7.

  

  Houston, TX, USA) and dissolved in DMSO. Clinical-grade doxorubicin, gemcitabine, carboplatin, cisplatin, and paclitaxel were obtained from the Department of Pharmacy at The University of Texas MD Anderson Cancer Center (Houston, TX, USA).

	Chemical compounds-Olaparib, niraparib, VX970, AZD6738, and adavosertib were
	obtained from Selleckchem (
	Each immuno-precipitation was performed on chromatin collected from 10 × 10 6 cells by
	dilution in 8 volumes of ChIP dilution buffer (16.7 mM Tris HCl, pH 8, 167 mM NaCl, 1.2
	mM EDTA, 1.1% Triton, 0.01% SDS) using 5 μg of rabbit polyclonal antibody against c-
	MYC (Santa Cruz Biotechnology, sc-764) or normal rabbit IgG control (Cell Signaling,
	2729; 5 μg). Immunoprecipitated chromatin was bound to protein A Dynabeads
	(ThermoFisher Scientific) and washed twice sequentially with low salt buffer (20 mM Tris
	HCl, pH 8, 150 mM NaCl, 2 mM EDTA, 1% Triton, 0.1% SDS), high salt buffer (20 mM
	Tris HCl, pH 8, 500 mM NaCl, 2mM EDTA, 1% Triton, 0.1% SDS), lithium chloride buffer
	(10 mM Tris HCl, pH 8, 0.25 M LiCl, 1 mM EDTA, 1% NP-40, 1% sodium deoxycholate)
	and TE (10 mM Tris HCl, pH 8, 1 mM EDTA). Dynabead-bound chromatin was eluted in
	1% SDS and 0.1 M NaHCO 3 two times for 15 minutes at room temperature, before being
	treated with 10μg RNase A overnight at 65 °C. DNA was then decrosslinked with 20μg
	proteinase K for 1hr at 42 °C before extraction using a classical phenol/chroloform protocol.
	Samples were diluted in distilled water and quantiied by Q-PCR using the following primers
	targeting the transcription start sites of each gene:
	•	CCNE2 : CAGCACAACGTGGAGTGG and AGAGCAGAGCCGCACTTG
	•	CDK4 : ATGTGACCAGCTGCCAAAG and TTACACTCTTCGCCCTCCTC
	•	ATF4 : CGAAGGAAAGAACGGACTCTG and
		TTATGGCCTCACGAAAGGAG)
	•	PRM1: ACAGAGCGACACCCTGTCAT and AGGCGGTGGTTACACAACAT

  vivo treatments-Studies involving animals, including housing and care, method of euthanasia, and experimental protocols were approved by the University of Texas MD Anderson Cancer Center Animal Care and Use Committee and were in accordance with appropriate guidelines (protocol ACUF 00000884-RN02). To test the in vivo efficacy of drugs targeting DDR pathways, CB-17 female scid mice aged 6-9 weeks old and harboring subcutaneous RMC PDX tumors were randomly assigned to one of four treatment groups (n = 5 mice/group): 1) oral administration of the PARP inhibitor niraparib (50 mg/kg/day) + oral vehicle control (DMSO) once daily, 2) oral administration of the ATR inhibitor AZD6738 (25 mg/kg/day) + oral vehicle control (DMSO) once daily, 3) oral administration of niraparib (50 mg/kg/day) + oral AZD6738 (25 mg/kg/day) once daily, 4) oral administration of only vehicle control (DMSO) once daily. Mice were treated daily for 5 days with 2 days off treatment for a total period of 25 days. For preclinical in vivo testing of

	niraparib alone or in combination with cisplatin, mice were randomly assigned to one of four
	treatment groups (n = 10 mice/group): 1) Oral administration of niraparib (50 mg/kg/day)
	once daily + cisplatin 1.25 mg/kg intraperitoneally weekly, 2) oral vehicle control (DMSO)
	once daily + cisplatin 1.25 mg/kg intraperitoneally weekly, 3) Oral administration of
	niraparib (50 mg/kg/day) once daily + vehicle control (normal saline) intraperitoneally
	weekly, 4) oral vehicle control (DMSO) once daily + vehicle control (normal saline)
	intraperitoneally weekly. Niraparib or oral vehicle control were administered daily for 5
	days with 2 days off treatment for a total period of 25 days. Cisplatin or intraperitoneal
	vehicle control were were administered weekly x3 weeks. Treatments were started when
	tumor volume reached 100 to 200 mm 3 . Tumor volume was measured twice weekly using
	Vernier calipers and calculated by the formula: volume = [(smallest diameter) 2 × (largest
	diameter)]/2.
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