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 112 

Abstract 113 

 114 

In the past decade, defective DNA repair has been increasingly linked with cancer progression. 115 

Human tumors with markers of defective DNA repair and increased replication stress have 116 

been shown to exhibit genomic instability and poor survival rates across tumor types. Here we 117 

utilize -omics data from two independent consortia to identify the genetic underpinnings of 118 

replication stress, therapy resistance, and primary carcinoma to brain metastasis in BRCA 119 

wildtype tumors. In doing so, we have defined a new pan-cancer class of tumors characterized 120 

by replicative instability (RIN). RIN is defined by genomic evolution secondary to replicative 121 

challenge. Our data supports a model whereby defective single-strand break repair, 122 

translesion synthesis, and non-homologous end joining effectors drive RIN. Collectively, we 123 

find that RIN accelerates cancer progression by driving copy number alterations and 124 

transcriptional program rewiring that promote tumor evolution.  125 

 126 

 127 

Statement of Significance 128 

 129 

Defining the genetic basis of genomic instability with wildtype BRCA repair effectors is a 130 

significant unmet need in cancer research. Here we identify and characterize a pan-cancer 131 

cohort of tumors driven by replicative instability (RIN). We find that RIN drives therapy 132 

resistance and distant metastases across multiple tumor types.  133 
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Introduction 145 

 146 

 Large scale sequencing efforts have enabled the discovery of genetic events that drive 147 

cancer development (1-5). Analysis of sequencing data has helped establish molecular 148 

classifiers through which tumors can be grouped according to mutations, copy number 149 

changes, or fusions. Careful study of genetic drivers has greatly expanded our understanding 150 

of how cancers develop. Despite this knowledge, primary tumors with similar genetic 151 

backgrounds often have highly heterogeneous outcomes, suggesting that there are additional 152 

factors that influence patient outcomes beyond initial oncogenic events. This is especially true 153 

when considering key cancer progression events such as therapy resistance and metastasis.  154 

Decades of research has revealed processes dysregulated by cancers, summarized as 155 

hallmarks of cancer (6-7). Of these hallmarks, genomic instability has been linked to 156 

progressive disease across tumor types (8). Familial genetic studies and cancer genome 157 

analyses have revealed that genomic instability can develop following inactivation of DNA 158 

repair genes, such as BRCA1, BRCA2, and BRCA-related genes (9). As a result, tumors rely 159 

on error-prone DNA repair pathways and accumulate mutations and chromosomal alterations 160 

(9). Clinically, tumors with defective BRCA genes can be targeted using PARP inhibitors and 161 

platinum chemotherapies (10). However, it is recognized that genomic instability is observed in 162 

tumors that lack BRCA inactivation (11). Importantly, these tumors respond poorly to PARP 163 

inhibition, chemotherapy, and irradiation (11). Defining the genetic underpinnings of tumors 164 

with genomic instability and wildtype repair effectors is a significant unmet need in cancer 165 

research.  166 

Previous work from our group revealed that elevated expression of the transcription 167 

factor MYB proto-oncogene like 2 (MYBL2) identified lung adenocarcinomas with genomic 168 

instability and wildtype BRCA (12). Our initial studies revealed that this MYBL2 High 169 

phenotype was associated with a unique set of cancer genetics and identified patients at risk 170 

for poor outcomes. In this manuscript, we sought to identify a pan-cancer mechanism that 171 

underpins genomic instability and cancer progression in tumors with wildtype BRCA. In this 172 

study, we provide evidence that elevated MYBL2 expression is a robust marker of poor patient 173 

outcomes across tumor types and genotypes. Importantly, this MYBL2 High cohort is defined 174 

by genomic instability and inefficient homologous recombination despite containing wildtype 175 

BRCA. Analysis of the DNA repair landscape revealed that the underlying genetic basis of 176 

MYBL2 High disease are heterozygous losses of single-strand break repair, translesion 177 

synthesis, and/or non-homologous end-joining effectors. These genetic lesions cause MYBL2 178 

High tumors to experience significant replication stress. Functional clustering of replication 179 

stress sensitive sites revealed that elevated replication stress promotes copy number 180 

alterations that rewire transcriptional programs and impact hallmarks of cancer master 181 

regulators. Clinically, this phenotype identifies patients at risk for poor outcomes when treated 182 

with chemotherapy and irradiation. Furthermore, our results demonstrate that MYBL2 183 

expression stratifies patient risk for distant metastases, especially to the brain. Our data 184 

defines a new pan-cancer class of tumors driven by replicative instability (RIN), unifying 185 

seemingly disparate cancers. Moreover, these results define a new mechanism through which 186 

RIN accelerates cancer progression by impacting several hallmarks of cancer.  187 

 188 
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Results 193 

 194 

Pan-cancer analysis identifies MYBL2 expression as a robust marker of poor patient 195 

outcomes across tumor types and genotypes 196 

 197 

To test if MYBL2 expression identified patients with poor outcomes and progressive 198 

disease across tumor types, we analyzed 32 studies curated by The Cancer Genome Atlas 199 

(TCGA) and other groups (13). For each study, samples were stratified based on MYBL2 200 

mRNA expression using a quartile approach (Figure 1A). To be included in further analyses, 201 

MYBL2 expression had to identify patients with significantly inferior overall survival (OS) and 202 

progression free survival (PFS) outcomes. Kaplan-Meier analyses confirmed that MYBL2 203 

expression was a robust marker of poor patient outcomes in multiple tumor types, including 204 

lung adenocarcinoma (LUAD), isocitrate dehydrogenase (IDH)-mutant lower grade glioma 205 

(IDHMUT LGG), pancreatic adenocarcinoma (PAAD), uterine corpus endometrial carcinoma 206 

(UCEC), and sarcoma (SARC) (Figure 1B, Supplementary Table 1). Across these tumor 207 

types, patients with MYBL2 High disease had significantly worse OS, disease-specific survival 208 

(DSS), and PFS outcomes compared to patients with MYBL2 Low tumors.  209 

 Next, MYBL2 High and Low tumors were profiled for tumor specific genetic driver 210 

events as defined previously (Figure 1C) (1-5). Surprisingly, this analysis demonstrated that 211 

MYBL2 High tumors develop across common cancer genotypes, with few statistically 212 

significant enrichments for individual driver alterations. Notable exceptions include enrichments 213 

for TP53 and SMARCA4 mutations in LUAD and TP53 mutations in UCEC. MYBL2 High 214 

UCEC was also inversely correlated with PTEN and CTNNB1 mutations. Given the lack of 215 

enrichment, driver genes were binned into broad tumor suppressor and oncogene categories 216 

to test for general enrichment patterns (Figure 1D). This analysis also failed to identify a clear 217 

pattern, indicating that there are additional steps beyond known driver mutations that are 218 

required to generate MYBL2 High tumors.  219 

 220 

MYBL2 High tumors are characterized by genomic instability and inefficient 221 

homologous recombination despite containing wildtype BRCA 222 

 223 

 To characterize similarities of MYBL2 High disease, we analyzed DNA damage metrics 224 

provided by the TCGA PanCancer working group (13, 14). Using these data, we found MYBL2 225 

High tumors universally had significantly elevated mutation burden as well as greater fractions 226 

of the genome altered (FGA) (Figure 2A). All MYBL2 High tumor cohorts exhibited significantly 227 

greater levels of microsatellite instability (MSI) (Figure 2B). It should be noted that only a small 228 

number of samples across tumor types reach the threshold required to be deemed ‘MSI-High’ 229 

(MSISensor score ≥ 10), most of which are UCECs (15). Regardless, separating tumors based 230 

on MYBL2 mRNA expression consistently identified tumors with varying degrees of elevated 231 

MSI. Taken together, these data demonstrate that genomic instability is a hallmark of MYBL2 232 

High disease. 233 

Studies have shown that a common cause of genomic instability is a loss of 234 

homologous recombination (HR) repair (9). To analyze the status of HR repair, we analyzed 235 

combined homologous recombination deficiency (combined HRD) scores and repair 236 

proficiency scores (RPS) (14, 16). Combined HRD scores are derived from the presence of 237 

genomic scars as they reflect the sum of chromosomal alterations impacting telomeric regions, 238 

loss of heterozygosity events, and large-scale transitions (14). Tumors with high combined   239 
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Figure 1: Elevated MYBL2 mRNA expression identifies patients with poor outcomes 240 

across multiple tumor types and genotypes. A) Pan-cancer analysis overview. B) Kaplan-241 

Meier analyses demonstrate that MYBL2 expression is robustly prognostic across multiple 242 

tumor types for OS, DSS, and PFS outcomes. Log-rank test p-values are displayed. C) MYBL2 243 

High tumors develop across common cancer genetic driver backgrounds. Percentages reflect 244 

the percent of tumors with gene specific alterations. Statistical significance mapping represents 245 

Benjamini-Hochberg corrected q values, q < 0.05 *, q < 0.01 **, q < 0.001 ***.  D) Individual 246 

tumors show different patterns of tumor suppressor inactivation and oncogene activation with 247 

respect to MYBL2 High and MYBL2 Low disease. IDHMUT LGG tumor suppressor and 248 

oncogene status were mapped excluding founding IDH mutations. One-sided Fisher’s exact 249 

test, p < 0.05 *, p < 0.01 **, p < 0.001 ***. LUAD: lung adenocarcinoma. IDHMUT LGG: IDH-250 

mutant lower grade glioma. PAAD: pancreatic adenocarcinoma. UCEC: uterine corpus 251 

endometrial carcinoma. SARC: sarcoma.   252 
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HRD scores exhibit elevated genomic instability. The repair proficiency score is an RNA-based 253 

metric that captures the expression of key double-strand break repair effectors (16). 254 

Low RPS values indicate tumors with dysfunctional HR repair (16). MYBL2 High tumors, 255 

regardless of tumor type, exhibited significantly elevated combined HRD scores and 256 

significantly decreased RPS scores, compared to MYBL2 Low tumors (Figure 2C). Taken 257 

together, two orthogonal metrics indicate that MYBL2 High tumors have inefficient HR repair.  258 

 Inefficient HR repair has been linked to inactivating mutations or deep deletions in 259 

BRCA genes (9). Given this, we profiled MYBL2 High and Low tumors for somatic mutations or 260 

homozygous deletions in BRCA genes (Figure 2C). Surprisingly, mutations and deletions were 261 

rare in MYBL2 High tumors. More importantly, these loss of function alterations were not 262 

significantly enriched when comparing MYBL2 High and Low cohorts (Figure 2C). One 263 

exception to these findings was an enrichment for CHEK2 alterations in MYBL2 High UCEC. 264 

Careful inspection of the data shown in Figure 2C reveals increased inactivating alterations in 265 

our LUAD and UCEC cohorts. This is likely because LUAD is linked to carcinogen exposure 266 

and several MYBL2 High UCEC tumors carry POLE mutations, which impair polymerase 267 

proofreading. These results indicate that MYBL2 High tumors fall into the clinically relevant 268 

category of tumors with genomic instability and inefficient HR repair despite carrying wildtype 269 

BRCA.  270 

 271 

Heterozygous loss of repair effectors underly defective DNA repair in MYBL2 High 272 

tumors 273 

 274 

 Given the lack of BRCA gene inactivation, we characterized the DNA repair landscape 275 

in MYBL2 High tumors in search of the genetic origin of genomic instability. To do this, we 276 

developed a weighted expression (WE) score to describe how expression of repair pathways is 277 

regulated in tumors (Methods). We applied this metric to all single-strand break repair 278 

pathways (SSBR), double-strand break repair pathways, and cell cycle checkpoint and lesion 279 

bypass mechanisms (Figure 3A). Analysis of WE pathway scores revealed a striking 280 

imbalance between expression patterns of different repair pathways. Key double-strand break 281 

repair pathways (HR, FA, MMEJ) and checkpoint signaling pathways were robustly 282 

upregulated across MYBL2 High tumors while single-strand break pathways showed different 283 

degrees of downregulation (Figure 3A). Across tumor types, we found that translesion 284 

synthesis (TLS), nucleotide excision repair (NER), and non-homologous end-joining (NHEJ) 285 

pathways were consistently the most downregulated pathways. Correlation analysis 286 

demonstrated patterns observed in Figure 3A were strongly correlated across cancer types 287 

(Figure 3B). A notable tumor specific event was the strong downregulation of direct repair 288 

(DR) observed in MYBL2 High IDHMUT LGG.  289 

We next asked if strongly downregulated pathway scores were predominantly driven by 290 

decreased expression of individual effector genes. Close inspection revealed that MYBL2 High 291 

tumors exhibited strong downregulation of individual effectors (Supplementary Table 3). 292 

Using whole exome sequencing and copy number data, we profiled MYBL2 High tumors for 293 

genetic alterations that could account for this specific downregulation. Like our BRCA gene 294 

analysis (Figure 2C), homozygous deletions and inactivating mutations were highly infrequent 295 

in MYBL2 High tumors and could not explain the expression differences observed in Figure 296 

3A. Additional analysis revealed that the driver of repair pathway dysregulation in MYBL2 High 297 

tumors were specifically enriched heterozygous loss events impacting key repair effectors 298 

(Figure 3C). Importantly, these heterozygous loss events were highly correlated with 299 

decreased effector mRNA expression (Figure 3C). Looking across cancers, we found that  300 
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Figure 2: MYBL2 High tumors exhibit genomic instability despite containing wildtype 301 

BRCA genes. A) MYBL2 High tumors have significantly greater somatic mutation and fraction 302 

of the genome (FGA) altered. B) MYBL2 High tumors have elevated microsatellite instability 303 

scores. C) MYBL2 High tumors exhibit inefficient homologous recombination despite 304 

containing wildtype BRCA genes. A), B), C) Statistical significance was assessed using 305 

Wilcoxon signed rank tests (). p < 0.05 *, p < 0.01 **, p < 0.001 ***. C) Enrichments for 306 

inactivating alterations in BRCA genes were tested using one-sided Fisher’s exact tests. 307 

Significance is mapped using Benjamini-Hochberg corrected q values. q < 0.05 *, q < 0.01 **, q 308 

< 0.001 ***; ns, not significant.   309 
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heterozygous loss events in XPC (2/5 tumor types), POLK (4/5), LIG4 (5/5), ATM (3/5), and 310 

TP53BP1 (3/5) were common in MYBL2 High tumors. Heterozygous loss of MGMT was 311 

specific to MYBL2 High IDHMUT LGG, fitting with previous reports of DR repair impairment 312 

being a tissue-specific driver of oncogenesis (17).  313 

To assess the functional impact of these heterozygous loss events, we analyzed 314 

Catalog of Somatic Mutations in Cancer (COSMIC) v3.2 single-base substitution (SBS) 315 

signatures data (Figure 3D) (18). This analysis identified several SBS signatures that were 316 

enriched in MYBL2 High tumors. For instance, SBS8 was over-represented in both MYBL2 317 

High IDHMUT LGG and PAAD. SBS8 is characterized by increased C>A transversions and has 318 

been linked to deficient NER (18). This fits well given that MYBL2 High IDHMUT LGG have 319 

increased heterozygous losses in NER effectors CETN2 and GTF2H5 (Figure 3C). Also, 320 

MYBL2 High PAAD have significantly increased heterozygous losses affecting both XPC and 321 

POLK. Here, XPC and POLK mediate the first (lesion recognition) and last (repair synthesis) 322 

steps of NER (19). SBS21 was over-represented in MYBL2 High UCEC and SARC cohorts. 323 

SBS21 is defined by increased T>C transversions and has been previously linked with NER 324 

defects (18). Previously, we identified that MYBL2 High UCEC carried heterozygous losses in 325 

ERCC5 and POLK. Similarly, MYBL2 High SARC also have significantly increased 326 

heterozygous losses in POLK. Lastly, signature SBS4 was over-represented in MYBL2 High 327 

LUAD. SBS4 features increased C>A transversions and is the byproduct of tobacco-smoke 328 

induced lesions (20). Importantly, MYBL2 High LUAD carried heterozygous losses in XPC and 329 

POLK which impair cellular ability to repair smoking induced lesions through NER (12). This 330 

analysis supports the notion that heterozygous losses of repair effectors functionally decrease 331 

pathway efficiency.  332 

 333 

Defective SSBR and TLS are linked to increased replication stress and distinct genomic 334 

footprints in MYBL2 High tumors 335 

 336 

 SSBR and TLS pathways are essential for safe-guarding DNA replication. Various 337 

SSBR pathways are responsible for regulating the speed and accuracy of the replicative 338 

polymerases. Additionally, TLS represents an essential lesion bypass mechanism that helps 339 

alleviate replication fork stalling and collapse when the replicative machinery encounters DNA 340 

lesions (21). Genetic models of defective SSBR and TLS demonstrate significant genomic 341 

instability and elevated replication stress (22). Cells contain multiple pathways that sense and 342 

respond to replication dysregulation (23). Elevated expression of genes in these pathways are 343 

indicative of cells that experience significant replication stress (24). To investigate if MYBL2 344 

High tumors with impaired SSBR and TLS experience elevated replication stress, we 345 

developed a novel metric called the replication stress score (RS score) (Methods). This metric 346 

captures all major pathways involved in sensing replication stress, protecting and processing 347 

stalled replication forks, and the rescue of DNA replication (24). When comparing MYBL2 High 348 

and Low cohorts, we found that MYBL2 High tumors universally exhibited significantly elevated 349 

RS scores (Figure 4A). This suggests that MYBL2 High tumors struggle with DNA replication, 350 

likely stemming from decreased SSBR and TLS capacity (Figure 3).  351 

Based on findings in Figure 4A, we next asked if MYBL2 High tumors accumulate 352 

somatic mutations at different locations and frequencies across intragenic regions. To test this 353 

hypothesis, we developed a metric called the mutational position score (MPS) (Methods). This 354 

metric allows us to directly compare the spatial location of somatic mutations in individual 355 

genes across all tumors. Here, MPS values closer to 0 correspond to mutations near to 356 
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Figure 3: Heterozygous losses impacting key DNA repair effectors are enriched in 357 

MYBL2 High tumors. A) Weighted expression scores reveal an imbalance in DNA repair 358 

pathway regulation. B) Observed differences in WE scores are highly correlated across 359 

different cancer types. Correlations with x marks indicate correlations that are not statistically 360 

significant (Pearson). C) Heterozygous losses in genes encoding key single-strand break 361 

repair, TLS, and NHEJ effectors are highly enriched in MYBL2 High tumors. One-sided 362 

Fisher’s exact test, p < 0.05, *; p < 0.01, **; p < 0.001, ***.  Heterozygous loss events are 363 

highly correlated with decreased expression of repair effectors. Benjamini-Hochberg corrected 364 

q. q < 0.05, *; q < 0.01, **, q < 0.001, ***. D) COSMIC v3.2 SBS analysis reveals heterozygous 365 

loss of repair effectors is associated with impaired pathway function. S: Signatures specifically 366 

observed only in MYBL2 High or MYBL2 Low tumors. Dotted line represents Student’s T-test p 367 

= 0.05.   368 
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the gene start, while values near 1 correspond to mutations close to the gene end. MPS values 369 

near 0.5 represent intragenic mutations accumulating in the middle of the gene body. When 370 

comparing MPS density traces, we found that MYBL2 High tumors experience significant shifts 371 

in intragenic mutation location frequency (Figure 4B). For this analysis, we subdivided all 372 

genes based on gene length into long genes (> 3000 bp) and short genes (<3000 bp). For long 373 

genes, MYBL2 High tumors tended to acquire more mutations near gene starts and gene 374 

ends, likely stemming from transcription-replication conflicts. MYBL2 High PAAD tumors, 375 

however, interestingly showed increased accumulation of mutations near the middle of long 376 

genes. Analysis of short genes showed even more pronounced changes, where MYBL2 High 377 

tumors showed increased mutation in the body of short genes (Figure 4B). The lack of 378 

significance for these patterns likely stems from fewer mutations in short genes, compared to 379 

long genes. Collectively, this shift in mutational position is consistent with increased replication 380 

stress and impaired SSBR and TLS pathways seen across MYBL2 High tumors.  381 

 It has long been understood that thousands of genomic loci are sensitive to replication 382 

stress (25). Recent studies have subdivided these loci into two categories, early replicating 383 

fragile sites (ERFS) and mitotic DNA synthesis sites (MiDAS) (26-27). Genes encoded at these 384 

sites are sensitive to replication stress due to their local DNA sequence, replication timing, and 385 

location in the genome. ERFS genes have been shown to be highly AT rich, highly transcribed, 386 

and replicated in early S phase (26). As a result, the replicative polymerase frequently slips or 387 

encounters an RNA-polymerase, causing stalling or DNA breaks. These events have been 388 

shown to cause early replicating sites to be gained or amplified at increased rates. MiDAS 389 

genes, on the other hand, contain highly GC rich sequences, are replicated in late G2/M, and 390 

are located in replication origin poor regions (27). These circumstances make MiDAS genes 391 

difficult to replicate and cells frequently commit to mitosis prior to completing replication at 392 

these sites. Late replicating genomic regions have been associated with increased deletions 393 

as cells use various methods to complete replication (28). Given this, we hypothesized that 394 

MYBL2 High tumors acquire greater numbers of genomic alterations at replication stress 395 

sensitive (RSS) sites. Using copy number and WES data, we profiled MYBL2 High and Low 396 

tumors for amplifications, gains, homozygous deletions, heterozygous losses, and mutations 397 

impacting ERFS and MiDAS sites (Methods). Across both ERFS and MiDAS loci, we found 398 

that MYBL2 High tumors accumulate significantly greater numbers of genetic alterations 399 

(Figure 4C). Strikingly, we found that the number of gene-level gains and heterozygous losses 400 

dwarfed that observed for amplifications, homozygous deletions, or mutations. Additionally, 401 

copy number trends associated with replication timing did not correlate with our findings (28); 402 

MYBL2 High tumors acquired similar numbers of gains and heterozygous losses across both 403 

ERFS and MiDAS loci, with a trend toward more heterozygous losses (Figure 4C). This data is 404 

consistent with previous findings where elevated MMEJ activity is coincident with increased 405 

loss of heterozygosity events (29). Across all tumor types, we observed strong right-handed 406 

tailing indicating that many genes are impacted by gains or heterozygous losses in greater 407 

than 30-40% of MYBL2 High tumors (Figure 4C). Taken together, these data suggest that 408 

repeated gene-level gains and heterozygous losses at RSS genomic sites originate from 409 

increased replication stress.  410 

 411 

 412 

 413 
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Figure 4: MYBL2 High tumors exhibit markers of chronic replication stress. A) MYBL2 414 

High tumors universally demonstrate significantly elevated replication stress scores. Wilcoxon, 415 

p < 0.05, *; p < 0.01, **; p < 0.001, ***. B) MYBL2 High tumors experience a shift in intragenic 416 

somatic mutation position, relative to MYBL2 Low tumors. Kolmogorov-Smirnov test, p < 0.05, 417 

*; p < 0.01, **; p < 0.001, ***. C) MYBL2 High tumors acquire significantly greater numbers of 418 

alterations at replication stress sensitive genomic sites. Wilcoxon, p < 0.05, *; p < 0.01, **; p < 419 

0.001, ***.   420 
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Recurrent copy number alterations at RSS sites rewire transcriptional programs and 421 

impact hallmark of cancer master regulators 422 

 423 

 After noticing that large numbers of genes were recurrently altered in MYBL2 High 424 

tumors, we examined the function of genes encoded at RSS genomic sites (Methods). 425 

Biological process analysis revealed that genes encoded at RSS sites fit into thirteen 426 

functional categories (Figure 5A). Importantly, we found that conserved copy number changes 427 

significantly impacted gene expression (Figure 5A-B). Across cancers, we found that MYBL2 428 

High tumors frequently gained copies of genes controlling DNA replication and repair (cluster 429 

4). Similarly, we found recurrent heterozygous losses impacting multiple genes controlling cell 430 

death and survival (cluster 7). While some events were confined to individual tumor types, 431 

there was striking conservation of both the number and identity of genes altered across 432 

functional clusters in MYBL2 High tumors (Figure 5A, Supplementary Figures 1-5). Further 433 

analysis revealed that copy number alteration and subsequent transcriptional regulation 434 

impacted master effectors responsible for regulating several hallmarks of cancer. Specifically, 435 

we observed repeated heterozygous loss and transcriptional downregulation of 436 

TMEM173/STING1 (evading immune surveillance), DAPK2 (evading cell death), POLK (DNA 437 

damage), JAK2 (evading immune surveillance), NF1 (growth factor signaling), PDCD4 (protein 438 

translation), and MGMT (DNA damage) (Figure 5B). Recurrent copy number gains and 439 

transcriptional upregulation was observed for BCL2L1 (evading cell death), LIN9 440 

(transcription), ZEB1 (cell movement), MYC (transcription), TK1 (limitless replicative potential), 441 

LIN37 (transcription), and ERBB2/HER2 (growth factor signaling) (Figure 5B). These results 442 

indicate that increased replication stress, stemming from heterozygous repair effector loss, 443 

promotes dysregulation of key master regulators which are encoded at RSS sites (Figure 5C).  444 

 445 

MYBL2 High tumors exhibit increased neoantigen loads and immunosuppressive 446 

microenvironments 447 

 448 

 Given an increased dysregulation of key effectors controlling immune regulation, we 449 

sought to characterize the immune microenvironment associated with MYBL2 High tumors. As 450 

expected, we found that MYBL2 High tumors have significantly greater neoantigen loads 451 

compared to MYBL2 Low (Figure 6A) (30). Next, we used ConsensusTME and TIDE 452 

algorithms to generate infiltration estimates for immune and stromal cell subtypes (31-32). 453 

Interestingly, we found that MYBL2 High tumors across tumor types lacked statistically 454 

significant differences in CD8+ T-cell infiltration (Figure 6B). However, MYBL2 High tumors 455 

universally were associated with elevated infiltration of myeloid-derived suppressor cell 456 

(MDSC) populations (Figure 6B). Across tumor types, we also found that MYBL2 High tumors 457 

were associated with greater Exclusion scores and decreased Dysfunction scores (Figure 6B). 458 

One exception to this trend was MYBL2 High PAAD, where both measures were trending but 459 

not statistically significant, likely due to smaller patient cohort sizes. Lastly, analysis of tumor 460 

hypoxia scores revealed MYBL2 High tumors are significantly hypoxic (Figure 6C, 461 

Supplementary Figure 11) (13). Increased hypoxia scores fit well with increased MDSC 462 

infiltration estimates and significantly decreased infiltration of endothelial cells across MYBL2 463 

High tumors (Supplementary Figures 6-10). Hypoxia scores for TCGA SARC tumor samples 464 

 465 
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Figure 5: Recurrent copy number alterations at replication stress sensitive sites rewire 466 

transcriptional programs and dysregulate master effectors controlling several hallmarks 467 

of cancer. A) MYBL2 High tumors acquire copy number alterations in essential enzymes 468 

encoded at replication stress sensitive sites. B) Enriched copy number alterations observed in 469 

MYBL2 High tumors rewire transcriptional programs and dysregulate master effectors 470 

controlling several hallmarks of cancer. Statistical significance is mapped according to 471 

Benjamini-Hochberg corrected q values. q < 0.05, *; q < 0.01, **; q < 0.001, ***. Circled cluster 472 

numbers map to those displayed in A). C) Replication stress dysregulates master effectors 473 

controlling several hallmarks of cancer.  474 
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were not available and are not included in the analysis in Figure 6C. All together, these data 475 

indicate that despite harboring increased neoantigen loads, MYBL2 High tumors exhibit 476 

uniquely dysregulated, immunosuppressive microenvironments.  477 

 478 

Elevated MYBL2 expression identifies patients at increased risk for therapy failure and 479 

distant metastases 480 

 481 

Next, we sought to investigate the association of this MYBL2 High phenotype with 482 

therapy response. To test if elevated MYBL2 expression identified patients with poor 483 

responses to therapy, we analyzed 25 tumor types provided by the Oncology Research 484 

Information Exchange Network (ORIEN). Kaplan-Meier analysis demonstrated that patients 485 

with MYBL2 High tumors had significantly poorer overall survival outcomes when treated with 486 

chemotherapeutics or irradiation across LUAD, IDHMUT LGG, invasive ductal breast cancer (ID-487 

BRE), and late-relapse multiple myeloma (LRMM) cohorts (Figure 7A). These results fit well 488 

with our TCGA analyses where we linked elevated MYBL2 expression with poor outcomes in 489 

treatment naïve LUAD and IDHMUT LGG (Figure 1). For ID-BRE, elevated MYBL2 expression 490 

was not prognostic in our TCGA analysis, despite showing a similar biology to that of other 491 

MYBL2 High cohorts described throughout this study (Supplementary Table 1). However, 492 

elevated MYBL2 expression was highly predictive when patients were treated with 493 

chemotherapeutic or irradiation regimens. This analysis also extended our results into liquid 494 

tumors with MYBL2 expression being robustly prognostic in the most recalcitrant form of 495 

multiple myeloma, LRMM (>4 lines of prior therapy). Importantly, analysis of COSMIC SBS 496 

v3.2 signatures confirmed resistant MYBL2 High tumors demonstrate footprints of defective 497 

SSBR and TLS effector function (Supplementary Figure 12). We also developed FUSED to 498 

nominate error-prone repair pathways responsible for generating genomic fusions detected by 499 

RNA-seq (Methods). In MYBL2 High samples that responded poorly to therapy, we found 500 

evidence of elevated MMEJ activity (Supplementary Figures 13-16). Collectively, these 501 

results demonstrate that DNA repair defects and increased error-prone repair potentiating 502 

MYBL2 High disease is linked to poor responses to chemotherapy and irradiation across tumor 503 

types.  504 

Lastly, we analyzed patient records to assess for potential differences in metastatic 505 

dissemination (Methods). When comparing MYBL2 High and Low cohorts, we found no 506 

difference in dissemination to sentinel lymph nodes in both LUAD (intra-thoracic lymph nodes) 507 

and ID-BRE (axillary lymph nodes) cohorts (Figure 7B). However, we found that MYBL2 High 508 

tumors demonstrated increased dissemination to distant metastatic sites in both LUAD and ID- 509 

BRE, especially to the brain. Interestingly, we found no difference in the median time to 510 

metastasis between MYBL2 High and Low cohorts, suggesting that observed patterns reflect 511 

tissue-specific tropisms (Supplementary Figure 17). Using combined probability, we found 512 

that MYBL2 expression dramatically stratifies patient risk at diagnosis for developing brain 513 

metastases during their disease course (Methods, Figure 7C). Importantly, these values 514 

match or exceed current genomic markers for brain metastasis risk for both LUAD and ID-BRE 515 

(33). Strikingly, analysis of primary lung adenocarcinoma and paired brain metastasis samples 516 

revealed that MYBL2 expression significantly increased in 7 of 9 samples (Figure 7D). These 517 

data suggest that MYBL2 may be a putative driver of primary carcinoma to brain metastatic 518 

dissemination.  519 

 520 

 521 
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Figure 6: MYBL2 High tumors exhibit uniquely dysregulated tumor microenvironments. 522 

A) MYBL2 High tumors contain significantly greater numbers of mutant peptides that bind to 523 

patient-matched, expressed, pMHC complexes. B) Immune infiltration estimation algorithms 524 

indicate that MYBL2 High tumors are significantly more immunosuppressive. C) MYBL2 High 525 

tumors are highly hypoxic. A), B), C) Wilcoxon, p < 0.05, *; p < 0.01, **; p < 0.001, ***.   526 
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Discussion 527 

 528 

 Across multiple tumor types, elevated MYBL2 expression identified tumors with 529 

genomic instability, inefficient homologous recombination, and wildtype BRCA (Figures 1-2). 530 

Analysis of the DNA repair landscape revealed that the genetic basis of MYBL2 High disease 531 

are heterozygous losses of SSBR, TLS, or NHEJ effectors (Figure 3). We found that these 532 

heterozygous losses were linked to elevated replication stress, a shift in intragenic mutation 533 

position, and increased copy number alterations in genes encoded at RSS genomic sites 534 

(Figure 4). Functional clustering approaches allowed us to discover that replication stress 535 

promotes copy number alterations that rewire transcriptional programs regulating hallmarks of 536 

cancer master effectors (Figure 5). Clinically, this phenotype identifies patients at risk for poor 537 

responses to chemotherapy and irradiation (Figure 7). Additionally, our results demonstrate 538 

that patients with MYBL2 High disease are at increased risk for distant metastases, especially 539 

to the brain (Figure 7).  540 

 In this study, we have identified a new cohort of tumors characterized by replicative 541 

instability (RIN) (Figure 7E). Across multiple tumor types, we find that RIN tumors exhibit 542 

significant FGA, increased MSI, and elevated somatic mutations (Figure 2). At the 543 

chromosomal level, RIN tumors demonstrate significantly greater levels of intrachromosomal 544 

alterations, such as gene-level gains and heterozygous losses, likely caused by stalled or 545 

collapsed DNA replication intermediates (Figure 2, Figure 4). Importantly, we found that RIN 546 

is coincident with heterozygous losses of key SSBR, TLS, and NHEJ repair effectors (Figure 547 

3). As a consequence, RIN tumors upregulate genes controlling the replication stress 548 

response, MMEJ, FA, and checkpoint machinery (Figure 3). Unlike chromosomal instability 549 

(CIN), our work supports a model in which RIN accelerates genomic evolution during 550 

replication, as opposed to missegregation during mitosis. It is important to note that RIN 551 

develops across cancer genotypes and tissue types. Analysis of tissue-specific driver events 552 

revealed that RIN was not consistently linked to specific driver alterations (Figure 1). 553 

Additionally, we find that RIN develops across cancers in the lung, brain, pancreas, uterus, 554 

connective tissue, breast, and hematopoietic compartment (Figure 1, Figure 7). This 555 

phenotype likely extends to other tumor types besides those described here (Supplementary 556 

Table 1).  557 

 In this manuscript, we show that elevated MYBL2 expression and RIN are intimately 558 

linked. As described below, the association of MYBL2 with RIN is both direct and indirect. In 559 

normal cells, MYBL2 is transcriptionally and post-translationally regulated by the cell cycle 560 

(34). Specifically, MYBL2 is transcriptionally upregulated as cells enter S-phase. During S-561 

phase, MYBL2 is phosphorylated by CCNA:CDK2 and actively regulates transcription. As cells 562 

progress through G2, MYBL2 upregulates the expression of FOXM1 and other effectors that 563 

promote G2/M progression. MYBL2 is then hyper-phosphorylated by CCNA:CDK2 and 564 

targeted for degradation to allow cell division. Given this, elevated expression of MYBL2 565 

mRNA is a robust marker of cells that are arrested prior to mitosis. In this study and our 566 

previous work, we have demonstrated that MYBL2 expression is tightly associated with the 567 

transcriptional upregulation of DNA repair genes that sense replication stress (12). This fits 568 

well when considering the mechanisms through which these signaling pathways coordinate 569 

cell cycle arrest following replication stress. Upon replication stress, ATR activates its effector 570 

kinase, CHK1 (23). CHK1 then phosphorylates CDC25 family members and inhibits their 571 

phosphatase activity, halting cell cycle progression. By doing so, CHK1 prevents 572 

CCNB1:CDK1 activity that prevents cells from progressing to mitosis. Importantly, increased 573 

MYBL2 expression and transcriptional activity are indirect effects of CHK1 mediated cell cycle  574 
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Figure 7: Elevated MYBL2 expression identifies patients at risk for poor responses to 575 

therapy and distant metastases across tumor types. A) MYBL2 High patients have 576 

significantly poorer outcomes when treated with chemotherapy and irradiation regimens. Log-577 

rank test p-values are displayed. B) MYBL2 High tumors metastasize to distant sites at a 578 

higher frequency, including to the brain. C) MYBL2 expression stratifies patient risk at 579 

diagnosis for brain metastasis development. LUAD: lung adenocarcinoma. ID-BRE: Invasive 580 

ductal breast cancer. IDHMUT LGG: IDH-mutant lower grade glioma. LRMM: Late relapse 581 

multiple myeloma. D) MYBL2 expression is increased in brain metastases compared to patient 582 

matched primary lung adenocarcinoma tumors. E) Replicative instability (RIN) accelerates 583 

genome evolution, driving cancer progression.   584 
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arrest. This indicates that increased MYBL2 expression and activity promotes genomic 585 

evolution during replication, driving RIN. Taken together, increased MYBL2 expression and 586 

transcriptional activity are robust markers of RIN. 587 

Therapy resistance and metastasis are key cancer progression events that directly 588 

impact survival outcomes. Our results indicate that RIN tumors respond poorly to 589 

chemotherapy and irradiation. These findings fit well when considering the genetic background 590 

of these tumors. Chemotherapy and irradiation regimens are designed to overwhelm the 591 

replicative machinery, causing cell death. Several studies have demonstrated that upregulation 592 

of inter-strand crosslink repair (FA), cell cycle checkpoint signaling, and error-prone repair 593 

(MMEJ) pathways confer resistance to these therapies (35-36). Because RIN tumors carry 594 

heterozygous losses in key SSBR, TLS, and NHEJ effectors, they experience chronic 595 

replication stress. To cope with this stress, therapy naïve tumors upregulate FA, cell cycle 596 

checkpoint, and MMEJ pathways. In doing so, these tumors become primed for resistance to 597 

DNA damaging therapies. In addition to therapy resistance, heightened replication stress and 598 

elevated error-prone repair pathway activity promote copy number alterations in key regulators 599 

of hallmarks of cancer processes. For instance, we find that this mechanism underlies 600 

dysregulation of TMEM173, JAK2, DAPK2, BIRC5, LIN9, LIN37, ERBB2, and NF1, among 601 

others (Figure 5). Dysregulation of these and other crucial effectors allow cancers to evade 602 

the immune system, resist anoikis driven apoptosis, achieve growth-factor independent 603 

signaling, and move. Additionally, gains in LIN9 and LIN37 further potentiate this phenotype by 604 

increasing MYBL2 expression and transcriptional activity. These alterations dramatically 605 

shorten the molecular time required for developing an aggressive cancer capable of distant 606 

metastases. Consistent with this, we find that MYBL2 High LUAD and ID-BRE tumors are 607 

more likely to metastasize to distant sites, especially to the brain. Collectively, our results 608 

indicate that RIN is a pan-cancer driver of progressive disease.   609 

Our results have important implications for treatment plans and clinical trial design. As 610 

RIN tumors respond poorly to chemotherapy and irradiation, clinical trials should explore 611 

targeted therapy combinations in the therapy refractory setting. Given that RIN tumors display 612 

large quantities of neoantigens, the question of immunotherapy response is highly relevant. 613 

Because therapy naïve RIN tumors exhibit highly hypoxic, MDSC-rich microenvironments, it 614 

may be unlikely that these tumors achieve durable responses to anti-PD1/PDL1 inhibitors. 615 

However, in our ORIEN cohorts, we find that RIN tumors are associated with increased LAG3 616 

and TIGIT expression, despite showing no difference in PDL1 (data not shown). This raises 617 

the possibility that new anti-LAG3 and anti-TIGIT immune checkpoint inhibitors may be better 618 

suited for treating RIN tumors. One of our most important discoveries is that increased MYBL2 619 

expression, and thus RIN, dramatically stratifies patient risk for brain metastases in LUAD and 620 

ID-BRE. While the average risk for brain metastases for all lung cancers is reported to be 15%, 621 

we find that MYBL2 High patients have a risk of ~40% while MYBL2 Low have a risk of less 622 

than 10% (Figure 7) (50). A similar dichotomy is observed in ID-BRE, where the reported risk 623 

for brain metastases for breast cancer patients is ~5%. Here, we find that MYBL2 High ID-BRE 624 

risk is 5% while MYBL2 Low ID-BRE is <1%. These results strongly argue for increased 625 

screening for brain metastases in patients with MYBL2 High disease.  626 

Moving forward, further study of RIN is urgently needed. Given the aggressive nature of 627 

RIN tumors, immunohistochemistry markers need to be identified and validated. New mouse 628 

models and cell line systems are required in order identify potential therapeutic vulnerabilities 629 

that can be explored in clinical trials. Any advances in identifying and targeting RIN have the 630 

potential to drastically improve patient outcomes across multiple tumor types.  631 

 632 
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Methods 633 

 634 

TCGA pan-cancer analysis. Thirty-two tumor types curated by the TCGA and other groups 635 

were analyzed in this study (13). Where multiple TCGA studies were available, we focused our 636 

analyses on PanCancer studies. Samples with RNA-sequencing data were stratified into 637 

MYBL2 High and MYBL2 Low cohorts using normalized mRNA expression values and a 638 

quartile method; the top 25% of samples expressing MYBL2 mRNA were called MYBL2 High 639 

and the bottom 25% of samples MYBL2 Low.  640 

 641 

Survival Analyses. The Kaplan-Meier estimator was used to estimate time-to-event 642 

distributions for OS, DSS, and PFS outcomes. The log-rank test was used to test for significant 643 

differences between distributions using a two-sided test. OS denotes the time from initial 644 

diagnosis until death. DSS is defined as the time from cancer diagnosis until the time of death; 645 

patients who died from other causes were not included. PFS reflects the time from initial 646 

diagnosis until progression or death. For all three survival analyses, patients who did not 647 

experience an event or who were lost to follow-up were censored at the time of last contact. 648 

Kaplan-Meier survival analyses were conducted using survival and survminer R packages 649 

(37).  650 

 651 

DNA repair pathway WE score. A WE score was developed to describe how DNA repair 652 

pathways are regulated in tumors. For each repair pathway, we identified comprehensive lists 653 

of pathway effectors through extensive literature review (19, 21, 23, 38-44). Effectors were 654 

scored based on essentiality to pathway function (Essentiality Scaling Factor: 3 = essential 655 

effector, 2 = important effector or potentially compensable, 1 = accessory effector). The final 656 

WE formula for each pathway is a scaled average where gene mRNA Log2FC values are 657 

multiplied by an essentiality scaling factor (ESF), summed, and divided by the number of 658 

pathway genes.  659 

 660 

𝑊𝐸 =
(𝐺𝑒𝑛𝑒 𝐴 𝐿𝑜𝑔2𝐹𝐶)(𝐸𝑆𝐹) +  (𝐺𝑒𝑛𝑒 𝐵 𝐿𝑜𝑔2𝐹𝐶)(𝐸𝑆𝐹) +  (𝐺𝑒𝑛𝑒 𝐶 𝐿𝑜𝑔2𝐹𝐶)(𝐸𝑆𝐹) +  …

# 𝑃𝑎𝑡ℎ𝑤𝑎𝑦 𝑔𝑒𝑛𝑒𝑠
 661 

 662 

Correlations between WE values were calculated and visualized using stats and corrplot R 663 

packages (45).  664 

 665 

COSMIC v3.2 SBS analysis: COSMIC SBS v3.2 signatures were generated  using the 666 

deConstructSigs R package (46). For TCGA cohorts, the TCGA public MAF file 667 

(mc3.v0.2.8.PUBLIC.maf.gz) was used to generate trinucleotide mutation context matrices. For 668 

ORIEN cohorts, individual sample vcf files were used to calculate trinucleotide mutation 669 

contexts. The final deConstructSigs output was computed using the trinucleotide context 670 

matrix and the COSMIC v3.2 SBS mutational signature matrix downloaded from 671 

(https://cancer.sanger.ac.uk/signatures/downloads/). Eighteen of the 78 SBS mutational 672 

signatures likely capturing sequence artifacts were excluded. Statistical significance between 673 

average signature weights across samples was assessed using two-sided Student’s T-tests.  674 

 675 

Replication stress score. To analyze differences in replication stress, we developed the 676 

replication stress (RS) score. Eight gene ontology (GO) terms were identified that capture key 677 

cellular processes involved in replication stress responses (GO:0031570, GO: 0000076, GO: 678 

006260, GO: 0031261, GO: 004311, GO: 0031297, GO: 0031298, GO: 0071932). Genes were 679 

pooled and redundant entries removed to generate a final gene list (n = 205). The RS score is 680 
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the sum of gene log2 mRNA expression values, divided by the total number of genes in the RS 681 

response gene list. Differences in medians were assessed for statistical significance using 682 

Wilcoxon signed rank tests (47). 683 

 684 

 685 

𝑅𝑆 𝑆𝑐𝑜𝑟𝑒 =
(𝐺𝑒𝑛𝑒 𝐴 𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛) + (𝐺𝑒𝑛𝑒 𝐵 𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛) + (𝐺𝑒𝑛𝑒 𝐶 𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛) +  …

205
 686 

 687 

Mutational position score. The mutational position score (MPS) was developed to assess 688 

differences in intragenic mutation frequency. Here, the MPS score is the difference between 689 

somatic mutation location and the gene start, divided by gene length.  690 

 691 

𝑀𝑃𝑆 =
𝑀𝑢𝑡𝑎𝑡𝑖𝑜𝑛 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 (𝑏𝑝) −  𝐺𝑒𝑛𝑒 𝑠𝑡𝑎𝑟𝑡 (𝑏𝑝)

𝐺𝑒𝑛𝑒 𝑙𝑒𝑛𝑔𝑡ℎ (𝑏𝑝)
 692 

 693 

Mutation locations were obtained from the TCGA public MAF file. Gene start and end positions 694 

were obtained from Ensembl. Differences in mutational position densities were assessed for 695 

statistical significance using Kolmogorov-Smirnov tests.   696 

 697 

RSS genomic site alteration analysis. RSS genomic sites were identified by Barlow et al. 698 

(26) and Macheret et al. (27). ERFS were obtained from Table S1 699 

“Ordered_List_of_ERFS_Hot_Spots” (26). These genes were mapped to human gene 700 

identifiers using the nichenetr R package (48). A list of MiDAS sites was obtained from 701 

Supplementary Table S1 (27). Sites were filtered to include MiDAS sites attributable to one or 702 

two genes (removes unmappable intergenic sites). Final ERFS and MiDAS sites were merged 703 

to identify any overlapping genes. This merge identified 20 genes identified as ERFS but 704 

recently defined as MiDAS sites. These genes were subsequently removed from the ERFS list 705 

and only analyzed in the MiDAS list. Copy number alteration and somatic mutation frequencies 706 

were plotted using ggplot2 and ggridges R packages. Differences in medians were assessed 707 

for statistical significance using Wilcoxon signed rank tests (47).  708 

 709 

RSS site functional analysis. ERFS and MiDAS genes were combined into a single list and 710 

analyzed for broad biologic processes using WebGestalt’s over-representation analysis 711 

feature. From this analysis, thirteen functional clusters were defined and genes were binned 712 

into clusters following literature review (Supplementary Table 5). Single-cell RNA expression 713 

data from the Human Protein Atlas was used to ensure genes were expressed in tissues 714 

relevant to our tumor cohorts. This final gene list with functional cluster annotation was then 715 

merged with differential expression RNA-seq tables. Combined copy number and RNA-seq 716 

expression files were analyzed and genes with significant copy number and transcriptional 717 

differences were identified (Supplementary Table 6). Circular packing diagrams were drawn 718 

using ggraph and igraph R packages (49).  719 

 720 

Tumor microenvironment analysis.  Immune cell infiltration estimates were generated using 721 

RSEM gene normalized values and the ConsensusTME R package (31). Individual tumor type 722 

infiltration estimates were calculated separately using tumor specific gene sets and a ssgsea 723 

method. Myeloid derived suppressor cell (MDSC) infiltration estimates, Dysfunction, and 724 

Exclusion Scores, were downloaded from the TIDE database (32).  725 

 726 
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ORIEN therapy response analysis. Data from 25 tumor types provided by ORIEN in the May 727 

2021 private cBioPortal instance were analyzed. For samples with RNA-seq data, we manually 728 

reviewed treatment records to identify patients treated with chemotherapeutics and/or 729 

irradiation. For treatment specific cohorts, we used normalized RNA expression values to 730 

stratify patients into MYBL2 High and MYBL2 Low cohorts using a quartile method. Kaplan-731 

Meier analyses were performed as described above.  732 

 733 

FUSED. FUSion Error-prone repair Detection (FUSED) was developed to map the origin of 734 

RNA-seq detected fusions. FUSED identifies fusions with closest similarity to NHEJ, single 735 

strand annealing (SSA), MMEJ, break induced replication (BIR), or microhomology mediated 736 

break induced replication (MMBIR). Tool rules were determined through literature review (51). 737 

FUSED is publicly available, https://github.com/databio/FUSED.   738 

 739 

ORIEN metastatic dissemination analysis. ORIEN medical records were manually reviewed 740 

to identify sites of metastatic disease. Metastatic dissemination routes were plotted using the 741 

circlize R package (50). Medical records were used to calculate the time from diagnosis to 742 

metastatic disease development. Time to metastatic disease distributions were plotted using 743 

the swimplot R package. Differences in time to metastasis data were assessed using Wilcoxon 744 

signed rank tests (47). Brain metastasis risk was calculated by multiplying the number of 745 

patients that develop metastatic disease by the number of patients with brain metastases. This 746 

fraction was multiplied by 100% to generate the final risk percentage.  747 

 748 

Statistical analyses. Statistical tests for all analyses are indicated in accompanying figure 749 

legends. For all boxplots, data are graphed as minimum, 1st quartile, median, 3rd, quartile, and 750 

maximum. p and q values < 0.05 were considered statistically significant.  751 

 752 
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Supplementary Figures 965 

 966 

Figure_S1: MYBL2 High lung adenocarcinoma replication stress sensitive site labeled 967 

functional cluster analysis.  968 

 969 

Figure_S2: MYBL2 High IDH-mutant lower grade glioma replication stress sensitive site 970 

labeled functional cluster analysis. 971 

 972 

Figure_S3: MYBL2 High pancreatic adenocarcinoma replication stress sensitive site 973 

labeled functional cluster analysis. 974 

 975 

Figure_S4: MYBL2 High endometrial carcinoma replication stress sensitive site labeled 976 

functional cluster analysis. 977 

 978 

Figure_S5: MYBL2 High sarcoma replication stress sensitive site labeled functional 979 

cluster analysis. 980 

 981 

Figure_S6: Lung adenocarcinoma ConsensusTME and TIDE analysis. 982 

 983 

Figure_S7: IDH-mutant lower grade glioma ConsensusTME and TIDE analysis.  984 

 985 

Figure_S8: Pancreatic adenocarcinoma ConsensusTME and TIDE analysis. 986 

 987 

Figure_S9: Endometrial carcinoma ConsensusTME and TIDE analysis. 988 

 989 

Figure_S10: Sarcoma ConsensusTME and TIDE analysis. 990 

 991 

Figure_S11: Hypoxia score analysis.  992 

 993 

Figure_S12: ORIEN COSMIC SBS 3.2 analysis. 994 

 995 

Figure_S13: ORIEN LUAD MYBL2 High Low therapy FUSED analysis. 996 

 997 

Figure_S14: ORIEN ID-BRE MYBL2 High Low therapy FUSED analysis. 998 

 999 

Figure_S15: ORIEN IDHMUT LGG MYBL2 High Low therapy FUSED analysis. 1000 

 1001 

Figure_S16: ORIEN LRMM MYBL2 High Low therapy FUSED analysis. 1002 

 1003 

Figure_S17: ORIEN time to metastasis swimmer plots. 1004 

 1005 

 1006 

Supplementary Data 1007 

 1008 

Supplementary_Table_1: Excel sheet detailing log-rank p values for MYBL2 High vs. MYBL2 1009 

Low OS, DSS, PFS outcomes across tumor types.  1010 
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Supplementary_Table_2: Excel sheet containing final MYBL2 High and Low patient identifiers 1012 

and clinical data for all five tumor types.  1013 

 1014 

Supplementary_Table_3: Excel sheet containing WE pathway score data for MYBL2 High vs 1015 

MYBL2 Low tumors. 1016 
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Supplementary_Table_4: Excel sheet containing replication stress score genes. 1018 

 1019 

Supplementary_Table_5: Excel sheet containing replication stress sensitive site function 1020 

cluster annotation.  1021 

 1022 

Supplementary_Table_6: Excel sheet containing final replication stress sensitive site copy 1023 

number alteration percentages along with RNA-seq differential expression values for all tumor 1024 

cohorts.  1025 

 1026 

Supplementary_Table_7: Excel sheet containing patient cohort numbers for TCGA and 1027 

ORIEN Kaplan-Meier survival analyses in Figures 1 and 7 1028 
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