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Abstract 44 

Insights into oncogenesis derived from cancer susceptibility loci (single nucleotide polymorphisms, 45 

SNPs) could facilitate better cancer management and treatment through precision oncology. 46 

However, therapeutic insights have thus far been limited by our current lack of understanding 47 

regarding both interactions of these loci with somatic cancer driver mutations and their influence on 48 

tumorigenesis. For example, while both germline and somatic genetic variation to the p53 tumor 49 

suppressor pathway are known to promote tumorigenesis, little is known about the extent to which 50 

such variants cooperate to alter pathway activity. Here we hypothesize that cancer risk-associated 51 

germline variants interact with somatic p53 mutational status to modify cancer risk, progression and 52 

response to therapy. First, we provide supportive evidence for this hypothesis by focusing on a 53 

cancer risk SNP (rs78378222) with a well-documented ability to directly influence p53 activity, and 54 

by integrating germline datasets relating to cancer susceptibility with tumor data capturing 55 

somatically-acquired genetic variation. We go on to demonstrate that through the integration of 56 

germline and somatic genetic data, we can identify a novel entry point for therapeutically 57 

manipulating p53 activities. We provide evidence that a cluster of cancer risk SNPs result in 58 

increased expression of a pro-survival p53 target gene (KITLG) and attenuation of p53-mediated 59 

responses to genotoxic therapies, which can be reversed by pharmacological inhibition of the pro-60 

survival cKIT signal. Together, our results offer evidence of how cancer susceptibility SNPs can 61 

interact with cancer driver genes to affect cancer progression and identify novel combinatorial 62 

therapies. 63 

 64 

Significance 65 

We describe significant interactions between heritable and somatic genetic variants in the p53 66 

pathway that affect cancer susceptibility, progression and treatment response. Our results offer 67 

evidence of how cancer susceptibility SNPs can interact with cancer driver genes to affect cancer 68 

progression and identify novel therapeutic targets.  69 
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Introduction 70 

Efforts to characterize the somatic alterations that drive oncogenesis have led to the 71 

development of targeted therapies, facilitating precision approaches that condition treatment on 72 

knowledge of the tumor genome, and improving outcomes for many cancer patients (1,2). However, 73 

such targeted therapies are associated with variable responses, eventual high failure rates and the 74 

development of drug resistance. Somatic genetic heterogeneity among tumors is a major factor 75 

contributing to differences in disease progression and therapeutic response (1). Interindividual 76 

differences may arise not only from different somatic alterations, but also from differences in the 77 

underlying genetic background. The maps of common germline genetic variants that associate with 78 

disease susceptibility allow us to generate and test biological hypotheses, characterize regulatory 79 

mechanisms by which variants contribute to disease, with the aim of integrating the results into the 80 

clinic. However, there are challenges in harnessing of susceptibility loci for target identification for 81 

cancer, including limitations in (i) exposition of causative variants within susceptibility loci, (ii) 82 

understanding of interactions of susceptibility variants with somatic driver mutations, and (iii) 83 

mechanistic insights into their influence on cellular behaviors during and after the evolution of 84 

somatic cancer genomes (3-5).  85 

A key cancer signaling pathway known to harbor multiple germline and somatic variants 86 

associated with cancer susceptibility is the p53 tumor suppressor pathway (6).  It is a stress response 87 

pathway that maintains genomic integrity and is among the most commonly perturbed pathways in 88 

cancer, with somatic driver mutations found in the TP53 gene in more than 50% of cancer genomes 89 

(7). Loss of the pathway and/or the gain of pro-cancer mutations can lead to cellular transformation 90 

and tumorigenesis (8). Once cancer has developed, the p53 pathway is important in mediating cancer 91 

progression and the response to therapy, as its anti-cancer activities can be activated by many 92 

genotoxic anticancer drugs (9). These drugs are more effective in killing cancers with wild-type p53 93 

relative to mutant p53 (10,11). While both germline and somatic alterations to the p53 pathway are 94 

known to promote tumorigenesis, the extent to which such variants cooperate to alter pathway 95 

activity and the effects on response to therapy remain poorly understood. 96 

Most studies have separately examined the consequences of somatic and germline variation 97 

affecting p53 activity to understand their roles in disease risk, progression or response to therapy. 98 

Here we hypothesize that cancer-associated germline variants (single nucleotide polymorphisms, 99 

SNPs) interact with p53 somatic driver mutations to modify cancer risk, progression and potential to 100 

respond to therapy. With a focus on a cancer-associated SNP that directly influences p53 activity, we 101 
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provide supportive evidence for this hypothesis, and go on to demonstrate how such germline-102 

somatic interactions inform discovery of candidate drug targets. 103 

 104 

Materials and Methods 105 

Assigning p53 mutational status to breast, ovarian cancers and TCGA tumors 106 

We curated TP53 pathogenic missense mutations by integrating up-to-date functional evidence from 107 

both literature and databases as detailed in Supplementary Information.  In total, we were able to find 108 

218 out of 323 TP53 pathogenic mutations are oncogenic (Supplementary Table S7).  All TP53 109 

missense mutations in breast, ovarian cancers and TCGA primary tumors were extracted and 110 

matched with the curated lists of pathogenic and oncogenic TP53 missense mutations.. 111 

 112 

Analysis for subtype heterogeneity SNPs with Breast and Ovarian cancer association studies 113 

Estimates of effect sizes [log(OR)s] for subtype-specific case-control studies and their corresponding 114 

standard errors were utilized for meta- and heterogeneity-analyses using METAL (2011-03-25 115 

release) (12), under an inverse variance fixed-effect model. See Supplementary Information for 116 

details. 117 

 118 

Cancer GWAS SNPs 119 

We selected the GWAS significant lead SNPs (p-value <5e-08) in Europeans, and retrieved the 120 

associated proxy SNPs using the 1000 Genomes phase 3 data through the web server rAggr. See 121 

Supplementary Information for details. 122 

 123 

Enrichment analysis 124 

The hypergeometric distribution enrichment analysis was performed as described in (6). Significance 125 

was determined using PHYPER function as implemented in R and multiple hypotheses testing by 126 

Benjamini-Hochberg correction. 127 

 128 

Genotype imputation and population stratification 129 
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Genotype data was obtained and filtered as described in (3). The genotype data of 7,021 TCGA 130 

patients were clustered tightly with Europeans. See Supplementary Information for details.  131 

 132 

TCGA survival analysis 133 

The omics datasets (gene mutation, copy number and mRNA expression) of the TCGA cohort were 134 

downloaded from the cBioPortal (https://www.cbioportal.org/). We considered those mutations with 135 

putative oncogenic properties (marked as ‘Oncogenic’, ‘Likely Oncogenic’ or ‘Predicted Oncogenic’ 136 

in OncoKB) as oncogenic mutations. TCGA clinical data was downloaded from recently updated 137 

Pan-Cancer Clinical Data Resource (TCGA-CDR) (13). TCGA clinical radiation data was retrieved 138 

using R package TCGAbiolinks (V2.16.1). The patients with "Radiographic Progressive Disease" 139 

were defined as radiation non-responders, and with "Complete Response" or "Partial Response" were 140 

defined as responders. A Cox proportional hazards regression model was used to calculate the hazard 141 

ratio, the 95% confidence interval and p values for two-group comparisons. The log-rank test was 142 

used to compare the difference of Kaplan-Meier survival curves. The clinical, gene expression and 143 

mutation data for the DFCI-SKCM cohort was downloaded from cBioPortal. The optimal cut-off of 144 

the gene expression for the survival analysis was determined using the survcutpoint function of the 145 

survminer R package, and used to stratify the patients into high- and low-risk groups. 146 

 147 

GDSC drug sensitivity analysis 148 

TP53 mutation, copy number, RNAseq gene expression data, and drug IC50 values for the cancer 149 

cell lines were downloaded from Genomics of Drug Sensitivity in Cancer (GDSC; release-8.1). The 150 

classified cell lines based on p53 mutational status were further grouped based on the gene transcript 151 

levels: low (≤ 1st quartile), intermediate (> 1st quartile and < 3rd quartile), high (≥ 3rd quartile). The 152 

effects of the mutation status or transcript levels on drug sensitivity were then determined with a 153 

linear model approach. See details in Supplementary Information.  154 

 155 

Cell culture and their treatments 156 

Testicular cancer cell lines TERA1, TERA2, 2102EP, Susa-CR, GH, were cultured in RPMI medium 157 

containing 10% fetal bovine serum and 1% penicillin/streptomycin according to standard conditions. 158 

Susa cells were cultured in RPMI medium containing 20% fetal bovine and 1% 159 

penicillin/streptomycin. GCT27 and GCT27-CR were cultured in DMEM supplemented with 10% 160 

https://www.cbioportal.org/
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fetal bovine serum and 1% penicillin/streptomycin. Hap1 cells were obtained from Horizon 161 

Discovery Ltd and cultured in IMDM (Sigma-Aldrich Co Ltd) supplemented with 10% fetal bovine 162 

serum and 1% penicillin/streptomycin. FuGENE 6 Transfection Reagent (Promega) was used for 163 

DNA transfection. For transfection of siRNA, Lipofectamine RNAiMAX Transfection Reagent 164 

(ThermoFisher) was used. The cell lines were tested as Mycoplasma contamination negative every 3-165 

4 weeks using MycoAlert™ mycoplasma detection kit (Lonza), and used for experiments at less than 166 

20 passages. Cell line authentication was performed by STR (Short Tandem Repeat) analysis 167 

(Eurofins Genomics). 168 

 169 

CRISPR/Cas9-mediated genome editing  170 

The Cas9 expression vector was obtained from Addgene (#62988). sgRNAs were designed and 171 

constructed as described previously (14). The oligo sequences for the sgRNA synthesis are listed in 172 

Supplementary Table S8. See Supplementary Information for details. 173 

 174 

RNA isolation, qRT-PCR and RNA-seq analysis 175 

RNA isolation, qRT-PCR and RNA-seq analysis were performed as detailed in Supplementary 176 

Information.  177 

 178 

Drug screening 179 

Cells were seeded in 384-well plates (flat bottom, black with clear bottom, Greiner) at density of 180 

about 2,000 cells per well in 81μl with cell dispenser (PerkinElmer) and liquid handling robotics 181 

(JANUS, PerkinElmer) and incubated overnight. Next, library compounds (Supplementary Table 182 

S5) were added to a final concentration of 10µM, 1µM, 100nM or 10nM. Dasatinib (1uM) was 183 

added as positive control and DMSO (Vehicle, 0.1%) was added as negative control. After 72 hours, 184 

cell were fixed with 4% paraformaldehyde for 10 min, permeabilized with 0.5% Triton X-100 for 5 185 

min, and then stained with 1:1000 dilution of 5mg/ml DAPI for 5 min. Next, the plates were imaged 186 

using a high-content analysis system (Operetta, PerkinElmer). The image data was analyzed by an 187 

image data storage and analysis system (Columbus, PerkinElmer). The cells with nuclear area>150 188 

and nuclear intensity<700 were counted, and cell number was used as the viability readout. The 189 

screen was performed in duplicate. The Pearson Correlation Coefficient, a measurement for inter-190 

assay variability, averaged 0.98 and an average Z-factor, a measure employed in high throughput 191 
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screens to measure effect size, of 0.69 for all plates was recorded, leading to high confidence in the 192 

primary screen positive hits (Supplementary Table S6).  193 

 194 

SDS-PAGE and western blotting 195 

SDS-PAGE and western blotting was performed as described in (15). The antibodies against p53 (sc-196 

126), c-KIT (sc-17806), PARP1 (sc-7150), and β-Actin (sc-47778) were from Santa Cruz (Dallas, 197 

TX, USA). The antibodies against acetylated p53 (Lys382, #2525), cleaved Caspase 3 (Asp175, 198 

#9661) were from Cell Signaling. HRP-coupled secondary antibodies were from Dako. 199 

 200 

IC50 and combination index CI analyses 201 

To determine an IC50, 8 multiply diluted concentrations were used including a PBS control for 48 202 

hour treatment and then cell viability was assessed by a MTT assay (see details in Supplementary 203 

Information). The IC50 was calculated using the Graphpad Prism software. A constant ratio matrix 204 

approach was used to determine the combination index CI values (16). Single drug data and 205 

combination data was entered into Compusyn software (http://www.combosyn.com) to compute 206 

CI50 and dose-reduction index (DRI). CI50 is (CX/IC50(X)) + (CY/IC50(Y)), where (CX/IC50(X)) 207 

is the ratio of the drug X’s concentration (CX) in a 50% effective drug mixture to its 50% inhibitory 208 

concentration (IC50(X)) when applied alone. The CI50 values quantitatively depict synergistic 209 

(CI<1), additive (CI=1), and antagonistic effects (CI>1).  210 

 211 

In vivo study 212 

All animal procedures were carried out under a Home Office licence (PPL30/3395), and mice were 213 

housed at Oxford University Biomedical Services, UK. 6-8 week-old female BALB/c nude mice 214 

(Charles River, UK) were injected subcutaneously. See Supplementary Information for details. 215 

 216 

Results 217 

1. p53 regulatory cancer risk SNP rs78378222 associates with subtype heterogeneity  218 

To represent germline effects, we focused on the cancer-associated SNP with the most direct 219 

and most understood influence on p53 activity.  This SNP, rs78378222, resides in the 3’-UTR in the 220 

canonical TP53 polyadenylation signal (p53 poly(A) SNP). The minor C-allele is known to associate 221 

http://www.combosyn.com/
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with lower p53 mRNA levels in different normal tissue types, such as in blood, skin, adipose, 222 

esophagus-mucosa, and fibroblasts (17,18), and associate strongly with differential risk of many 223 

cancer types (19-23). 224 

We explored whether the p53 poly(A) SNP can differentially influence mutant and wtp53 225 

cancer risk by studying cancers with subtypes that differ substantially in p53 mutation frequencies 226 

and for which susceptibility GWAS data are available. 18% of estrogen receptor positive breast 227 

cancers (ER+BC) mutate p53, in contrast to 76% of estrogen receptor negative breast cancers (ER-228 

BC) (24). Similarly, less than 10% of low-grade serous ovarian cancers (LGSOC) mutate p53, in 229 

contrast to 96% of high grade serous ovarian cancers (HGSOC) (25). Over 85% of p53 pathogenic 230 

missense mutations in breast and ovarian cancers are oncogenic (either dominant negative or gain-of-231 

function) (Fig. 1A) (see Methods). We analyzed data from 90,969 breast cancer patients of European 232 

ancestry (69,501 ER-pos BC, 21,468 ER-neg BC) (26) and 105,974 controls, and 14,049 ovarian 233 

cancer patients of European ancestry (1,012 LGSOC, 13,037 HGSOC) and 40,941 controls (27). 234 

It is known that key regulatory pathway genes and stress signals, which can regulate wild-type 235 

p53 (wtp53) levels and tumor suppressive activities, can also regulate mutant p53, including its 236 

oncogenic activities (28,29). Thus, if the poly(A) SNP can influence both mutant and wtp53, the 237 

minor C-allele (less p53 expression) would be expected to have opposite associations with disease 238 

subtype (Fig. 1B). That is, the minor C-allele would associate with increased cancer risk (OR>1) in 239 

the subtypes with low p53 mutation frequencies (ER+BC and LGSOC), and decreased cancer risk 240 

(OR<1) in the subtypes with high p53 mutation frequencies (ER-BC and HGSOC).  Indeed, this is 241 

the case, whereby we found an increase in the frequency of the minor C-allele in ER+BC and 242 

LGSOC patients compared to healthy controls (OR=1.12, p=9.98e-04 and OR=1.59, p=0.016, 243 

respectively) (Fig. 1C), but a decreased frequency in ER-BC and HGSOC patients compared to 244 

controls (OR=0.80, p=2.30e-04 and OR=0.75, p=3.68e-04, respectively). Taken together, the 245 

distribution of minor C-allele shows significant heterogeneity among the four cancer subtypes (p-246 

het=2.59e-09). 247 

The above analysis supports a persistent effect for the p53 cancer risk SNP on tumors through a 248 

possible influence on whether or not a tumor contains a somatically mutated TP53 locus. In order to 249 

seek further and more direct support of this possibility, we performed similar analyses of the p53 250 

poly(A) SNP in a cohort of 7,021 patients of European origin diagnosed with 31 different cancers 251 

and for whom the p53 mutational status of their cancers could be determined (The Cancer Genome 252 

Atlas, TCGA). We partitioned the patients into two groups based on the presence or absence of the 253 

p53 somatic alteration (mutation and CNV loss versus WT and no CNV loss; (Fig. 1D). 254 
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Interestingly, the TP53 poly(A) SNP associated with allelic differences in minor allele frequencies 255 

between the groups of patients with either p53 WT or mutant tumors (Fig. 1E). This is in line with 256 

the associations found with p53 mutational status, whereby the C-allele is more frequent in wtp53 257 

tumors.  258 

2. A p53 regulatory cancer risk SNP can affect wild type and mutant p53 in tumors, and 259 

associates with clinical outcomes.  260 

As mentioned above, the minor C-allele of the TP53 poly(A) SNP has been previously found to 261 

associate with lower p53 mRNA levels in many different normal tissues and cells (18). To 262 

investigate the activity of this SNP in tumors, we analyzed expression data from 3,248 tumors from 263 

the TCGA cohort, for which both germline and somatic genetic data are available and no somatic 264 

copy number variation of p53 could be detected. Similar to results obtained in the normal tissues, we 265 

observed a significant association of the minor C-allele with lower p53 expression levels in the 266 

tumors, estimated 1.5-fold per allele (p=1.7e-04, beta=-0.37; Fig. 2A). To test if the C-allele 267 

associates with lower levels of both wild type and mutant p53, we divided the tumors into three 268 

groups based on their respective somatic p53 mutational status (Supplementary Fig. 1A and 269 

Supplementary Table S1). We found 2,521 tumors with wtp53, 448 with missense mutations, and, 270 

of those, 389 with oncogenic missense mutations. In all three groups, the C-allele significantly 271 

associates with lower p53 expression levels (Supplementary Fig. 1B). 272 

Next, we utilized Hap1 cells that contain a dominant-negative p53 missense mutation 273 

(p.S215G), which results in a mutated DNA-binding domain (30). We generated clones with either 274 

the A-allele or the C-allele (Fig. 2B), and found significantly lower p53 mRNA levels in cells with 275 

the C-allele relative to the A-allele (~2 fold, Fig. 2C). We also found the C-allele containing cells 276 

express less p53 protein (Supplementary Fig. 1C). The impairment of 3’-end processing and 277 

subsequent transcription termination by the minor allele of the p53 poly(A) SNP, have been 278 

proposed as a mechanism for the genotype-dependent regulatory effects on p53 expression (17). 279 

Indeed, we observed significant enrichments of uncleaved p53 mRNA in cells carrying the C-allele 280 

compared to the A-allele by qRT-PCR and 3’ RNA-sequencing (Supplementary Fig. 1D-E). 281 

Together, our data demonstrate that this cancer risk-associated SNP can influence the expression of 282 

both wild type and mutant p53 in cancer cells and tumors. 283 

To explore whether the p53 poly(A) SNP also associates with allelic differences in clinical 284 

outcomes, we stratified the TCGA cohort into two groups based on p53 somatic alterations and the 285 

p53 poly(A) SNP genotypes. We found that in patients with wtp53 tumors, those with the minor C-286 
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alleles have a significantly shorter PFI and worse OS compared to those without the minor alleles 287 

(Fig. 2D), but not in patients without stratification. An inverted, but not significant trend, among the 288 

patients with somatic TP53 mutations is noted. Similarly, significant, p53 mutational status-289 

dependent, associations between the p53 poly(A) SNP and PFI can be found when we restrict our 290 

analyses to breast cancer patients only (Fig. 2E). 291 

It is well documented that p53 somatic mutations antagonise cellular sensitivity to radiotherapy 292 

(31), an important component of current cancer treatments. Indeed, we see not only TP53 mutations, 293 

but also the p53 poly(A) SNP play roles in radiation response phenotype in the TCGA cohort. 294 

Specifically, we focused on the 7021 patients for whom the SNP genotypes were available.  Of these, 295 

848 patients could be assigned with radiation response phenotypes (603 responders; 134 non-296 

responders; see Methods). We determined that the radiation non-responders were significantly 297 

enriched in patients with TP53 somatic mutations (OR= 1.6, p = 0.021; Fig. 2F). The enrichment 298 

was further enhanced when we analysed those patients with both TP53 mutations and copy number 299 

loss (OR = 2.2, p = 0.0026). Importantly, we also found that in patients with wtp53 tumors, but not 300 

with p53 mutant tumors, radiation non-responders were greatly enriched in the C-allele of the p53 301 

poly(A) SNP (less p53 expression (OR = 5.6, p = 0.011 for risk allele; Fig. 2F).  302 

3. Somatic copy number loss of p53 can mimic effects of the p53 poly(A) SNP 303 

Together, the results we have presented thus-far suggest that the relative 2-fold reduction of 304 

wtp53 levels in tumors from patients with the minor allele of the p53 regulatory SNP can lead to 305 

worse clinical outcomes and treatment response.  If true, we reasoned that we should be able to find 306 

similar associations in patients whose tumors lose a single copy of p53.  In the TGCA database, 1839 307 

(26.6%) patients with wtp53 tumors, and 2236 (59.3%) patients with mutant p53 tumors show 308 

significant signs of loss at the p53 locus (estimated one copy on average, GISTIC score -1).  These 309 

tumors associate with 1.3-fold and 1.1-fold lower p53 RNA expression respectively compared to the 310 

tumors without loss (Fig. 2G). In support of small reductions of p53 expression affecting patient 311 

outcome, we found that wtp53-loss associates with shorter PFI and worse OS compared to no p53-312 

losses (Fig. 2H), but are not found in patients with mutant p53.  These associations are independent 313 

of tumor type (adjusted p < 0.05; Fig. 2H). We also found in patients with p53 WT tumors, that 314 

radiotherapy non-responders are significantly enriched in cancers with p53 copy number loss (OR 315 

=1.6, p = 0.027; Fig. 2I).  316 

We next sought to test whether the modest changes in p53 expression (<2 fold) could predict 317 

chemosensitivities. We used the drug sensitivity dataset with both somatic genetic and gene 318 
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expression data (GDSC; 304 drugs across 987 cell lines). Similar to what we observed in TCGA 319 

tumors, p53 copy number loss in cancer cell lines associates with a modest reduction in p53 320 

expression (Fig. 3A).  Strikingly, and as predicted, wtp53 loss, but not mutant p53-loss, significantly 321 

associates with reduced sensitivities to 31% of the drugs tested (Fig. 3B; Supplementary Table S2). 322 

Specifically, 93 out of the 304 drugs demonstrated reduced sensitivity in wtp53 cell lines with TP53-323 

loss compared to those without a loss (adjusted p < 0.05; Fig. 3B). These drugs included many 324 

known p53 activating agents including an MDM2 inhibitor (Nutlin3), as well as standard 325 

chemotherapeutics such as cisplatin, doxorubicin, and etoposide. Together, our observations clearly 326 

indicate that patients whose tumors have modest decreases in wtp53 expression, mediated either 327 

through the regulatory SNP or somatic p53 copy number loss, associate with poorer DNA-damage 328 

responses and clinical outcomes. 329 

4. A drug-able p53 pathway gene with cancer risk SNPs associates with pathway inhibitory 330 

traits 331 

Various therapeutic efforts have been designed around restoring wtp53 activity to improve p53-332 

mediated cell killing (32). The identification of a p53 regulatory cancer risk SNP that affects, in 333 

tumors, p53 expression levels, activity, p53 mutational status, tumor progression, outcome and 334 

radiation responses (as demonstrated for the p53 poly(A) SNP) points to other potential entry points 335 

for therapeutically manipulating p53 activities guided by these commonly inherited cancer risk 336 

variants. We reasoned that p53 pathway genes with alleles which increase expression of genes that 337 

inhibit p53 cell-killing activities and increase cancer risk, would be potential drug targets to re-338 

activate p53 through their inhibition.  339 

In total, there are 1,133 GWAS implicated cancer-risk SNPs (lead SNPs and proxies) in 41 out 340 

of 410 annotated p53 pathway genes (KEGG, BioCarta and PANTHER and/or direct p53 target 341 

genes (33)) (Fig. 3C; Supplementary Table S3). To systematically identify those p53 pathway 342 

genes with cancer risk SNPs whose increased expression associates with inhibition of p53-mediated 343 

cancer cell killing, we looked to the above-described drug sensitivity dataset with both somatic 344 

genetic and gene expression data (34). In total, the transcript levels of 3 of the 41 p53 pathway genes 345 

that harbor cancer risk SNPs associate with Nutlin3 (the most significant compound associated with 346 

wtp53 CNV status) sensitivities in cell lines with WT TP53 and no copy number loss compared to 347 

those with TP53 mutations (KITLG, CDKN2A and TEX9; adjusted p < 0.05; Fig. 3D). For all three 348 

of the significant associations, increased expression of these genes associates with increased 349 

resistance to Nutlin3 treatment.  In order to further validate these associations in terms of their 350 

dependency on p53 activation and not solely Nutlin3 treatment, we explored similar associations in 351 
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the other three DNA-damaging agents (Doxorubicin, Etoposide and Cisplatin) that demonstrated 352 

sensitivities to p53 mutational status (Fig. 3B). Only for KITLG (Fig. 3E), did increased expression 353 

levels associate with increased resistance towards all four agents.   354 

5. Increased expression of KITLG attenuates p53’s anti-cancer activities  355 

There are multiple significant associations that are consistent with an inhibitory role of increased 356 

KITLG expression on p53’s anti-cancer activities in TGCT, a cancer type that rarely mutates p53. 357 

First, relative to other cancer types, KITLG copy gain (GISTIC score ≥1) is highly enriched in wtp53 358 

tumors of (3.7-fold, adjusted p = 2.9e-29; Fig. 4A). Second, the TGCT GWAS risk allele residing in 359 

KITLG is enriched in TGCT patients with wtp53 tumors relative to the wtp53 tumors of other cancer 360 

types (Fig. 4B).  Third, patients with elevated expression of KITLG in wtp53 TGCT progress faster 361 

(Fig. 4C). Fourth, the TGCT GWAS risk locus falls within an intron of KITLG occupied by p53 in 362 

many different cell types and under many different cellular stresses (Supplementary Fig. 2A). This 363 

region contains 6 common SNP that are in high linkage disequilibrium (LD) in Europeans (r
2
 >0.95) 364 

(red square, Fig. 4D) (35,36), including a reported polymorphic p53 response element (p53 RE SNP, 365 

rs4590952). The major alleles of this SNP associate with increased TGCT risk, increased p53 366 

binding, transcriptional enhancer activity, and greater KITLG expression in heterozygous cancer cell 367 

lines wild type for p53 (37).  Third, higher grade, but not lower grade, wtp53 TGCT patients carrying 368 

alleles associated with increased risk and KITLG expression also progress faster (Fig. 4E and 369 

Supplementary Fig. 2B-C; Supplementary Table S4).  370 

 In order to experimentally test the potential inhibitory role of increased KITLG expression on 371 

p53’s anti-cancer activities in TGCT, we deleted the risk locus in two TGCT-derived cell lines 372 

(TERA1 and TERA2) with wtp53 and homozygous for the TGCT risk alleles (p53-REs+/+) (Fig. 4F 373 

and Supplementary Fig. S3A-C). As predicted from the above-described associations, we found 374 

significantly higher KITLG RNA levels in non-edited p53-REs+/+ clones, compared to either the 375 

heterozygous KOs p53-REs+/- clones or the homozygous KOs REs-/- clones (Fig. 4G). After 376 

Nutlin3 treatment, the p53-REs-/- clones showed no measurable induction of KITLG relative to p53-377 

RE+/+ cells (Fig. 4H, red bars versus grey bars). We found no significant differences between the 378 

p53-REs-/- and p53-REs+/+ clones in other genes surrounding KITLG (±1Mbp; Supplementary 379 

Fig. S3D). Re-integration of the deleted regions into its original locus rescued basal expression, 380 

resulting in significantly higher KITLG RNA levels in the knock-in (KI) clones of both cell lines 381 

relative to the p53-REs-/- (Fig. 4F and 4I; Supplementary Fig. S3E-G). The KI clones also rescued 382 

the p53-dependent induction of KITLG expression relative to the p53-REs-/- (Fig. 4I).  383 
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KITLG is best known to act through the c-KIT receptor tyrosine kinase to promote cell survival 384 

in many cancer types (38). To determine if heightened KITLG/c-KIT signaling inhibits p53’s anti-385 

cancer activities in TGCT, we explored its impact on cellular sensitivities to p53-activating agents.  386 

We found that deletion of the KITLG risk locus or c-KIT knock-down resulted in an increased 387 

sensitivity to Nultlin3, and increased levels of cleaved caspase3 and PARP1 (Fig. 5A-B; 388 

Supplementary Fig. S4A-B). We were able to rescue the increased Nutlin3 sensitivity and 389 

caspase3/PARP1 cleavage of p53RE-/- clones in KI cells (Fig. 5A and Supplementary Fig.S4C). 390 

To further test the p53-dependence of these effects, we reduced p53 expression levels and observed 391 

reduced expression of cleaved caspase3 after Nutlin3 treatment (Supplementary Fig. S4D), and an 392 

overall insensitivity towards Nutlin3 in both p53-REs+/+ and p53-REs-/- cells (Supplementary Fig. 393 

S4E).  394 

Thus-far, we have demonstrated that TGCT cells with increased expression of KITLG have 395 

increased pro-cancer survival traits previously attributed to KITLG/cKIT signaling in other cancer 396 

types. Moreover, these cells also have traits that suggest an inhibitory effect of KITLG on a p53-397 

associated anti-cancer activity, namely the apoptotic response to p53 activation after MDM2 398 

inhibition with Nutlin3 treatment.  To further explore this, we screened 317 anti-cancer compounds 399 

to identify agents that, like Nutlin3, kill significantly more cells at lower concentrations in p53-RE-/- 400 

clones than in p53+/+ clones (Fig. 5C). We identified 198 compounds in the TERA1 screen and 112 401 

compounds in the TERA2 screen that showed heightened sensitivity in p53-RE-/- cells in at least one 402 

of the 4 different concentrations tested (≥1.5 fold in both replicates; Supplementary Fig. S5A, blue 403 

dots). One hundred of these agents overlapped between TERA1 and TERA2 (1.7-fold, p = 1.1e-21; 404 

Supplementary Fig. S5A), suggesting a potential shared mechanism underling the differential 405 

sensitivities. For example, two MDM2 inhibitors in the panel of compounds, Nutlin3 and 406 

Serdemetan, were among the 100 overlapping agents (Fig. 5D; Supplementary Table S5). We 407 

found a significant and consistent enrichment of topoisomerase inhibitors in both cell lines among 14 408 

different compound classes (14 compounds in TERA1 [100%] and 10 compounds in TERA2 [71%] 409 

of 14 Topo inhibitors screened; Fig. 5D-E). To validate the genotype-specific effects of the 410 

topoisomerase inhibitors, we determined the IC50 values of three of them, Doxorubicin, 411 

Camptothecin. and Topotecan, using MTT measurements in multiple clones of TERA1 cells with 412 

differing genotypes. All three agents showed a significant reduction of IC50 values, increased 413 

sensitivities, in the p53-REs-/- clones (lower KITLG) relative to the p53-REs+/+ clones (higher 414 

KITLG) (Supplementary Fig. S5B). We were able to rescue this increased sensitivity to 415 

topoisomerase inhibitors in the p53RE-/- clones in KI cells (Supplementary Fig. S5B). Together, 416 
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these results demonstrate that TGCT cell lines with heightened KITLG expression mediated by the 417 

risk locus, are less sensitive to 100 agents most of which are known to activate p53-mediated cell 418 

killing.  419 

6. Inhibition of KITLG/c-KIT signaling and p53 activation interact to kill treatment resistant 420 

cancer cells 421 

There are many RTK inhibitors that are current therapeutic agents which inhibit c-KIT activity 422 

(39). If p53-mediated KITLG-dependent pro-survival signaling can attenuate chemosensitivity to 423 

p53-activating agents, RTK inhibitors should be able to interact synergistically with p53-activating 424 

agents to kill TGCT cells. Indeed, co-modulation of these two pathways has shown promise in other 425 

cancer types (40-42). We therefore tested which RTK inhibitor (known to inhibit c-KIT) kills TCGT 426 

cells most efficiently. Of the five FDA-approved RTKs analyzed, Pazopanib, Imatinib, Nilotinib, 427 

Suntinib and Dasatinib, the most potent was Dasatinib (Supplementary Fig. S5C). To determine 428 

potential synergy of RTKs with Nutlin3 in TGCT, we treated cells with Dasatinib, and quantitated 429 

potential drug-drug interactions by calculating Combination Indices (CI). We observed clear 430 

synergistic interactions (CI <1) between Nutlin3 and Dasatinib in both TERA1 and TERA2 p53-431 

REs+/+ cells (Fig. 5F, grey bars), and enhanced levels of cleaved caspase3 and PARP1, relative to 432 

single drug treatments without altering p53 stabilization (Supplementary Fig. S5D). Consistent with 433 

the requirement of the p53-dependent activation of KITLG, no synergy between Dasatanib and 434 

Nutlin3 was detected in p53-REs-/- cells (CI>1; Fig. 5F, red bars).  435 

We next explored the interaction between Dasatinib and multiple DNA-damaging 436 

chemotherapeutics known to activate p53. We focused on the 3 topoisomerase inhibitors 437 

(Doxorubicin, Camptothecin and Topotecan), as well as Cisplatin, a chemotherapeutic agent used to 438 

treat TGCT, and which induces DNA damage and p53. Dasatinib demonstrated significant levels of 439 

synergy with each of the DNA-damaging agents tested in p53-REs+/+ cells (Supplementary Fig. 440 

S5E-F). Similar to Nutlin3, no synergy was detected in p53-REs-/- cells of either cell lines for any 441 

combination of agents (Supplementary Fig. S5E-F). Furthermore, the synergistic interaction 442 

between Dasatinib and the p53-activating agents Nutlin3 and Doxorubin could be rescued by 443 

knocking in the p53-bound germline TGCT-risk locus in KITLG (Fig. 5G, orange bars).  444 

Thus, a more effective therapeutic strategy for TGCT patients could be to modulate both the cell 445 

death and cell survival functions of p53, through co-inhibition of p53/KITLG-mediated pro-survival 446 

signaling together with the co-activation of p53-mediated anti-survival signaling. Such a therapeutic 447 

combination could provide an alternative for patients with treatment-resistant disease (43). To 448 
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investigate this idea, we explored synergistic interactions between c-KIT inhibitor Dasatinib and p53 449 

activators in cisplatin-resistant clones of GCT27 (GCT27-CR) and Susa (Susa-CR) (44), as well as in 450 

the intrinsically cisplatin-resistant TGCT cell line 2102EP (45) with wtp53 and at least one copy of 451 

the haplotype containing the KITLG risk allele SNPs. Similar to the observations in the cisplatin-452 

sensitive TGCT cell lines, Dasatinib and Doxorubicin interacted synergistically to kill all three 453 

cisplatin-resistant clones and cell lines (Fig. 5H). Moreover, co-treatment with Dasatinib and 454 

Doxorubicin of Susa-CR and 2102EP led to a significant reduction (~20-fold on average) in the 455 

concentrations of Dasatinib and Doxorubicin used to achieve IC50 relative to when the drugs are 456 

used individually (Supplementary Fig. S5G). To determine if the combination treatment could 457 

show a greater efficacy in treating tumors, we generated a subcutaneous xenograft model using the 458 

2102EP cell line, and treated the mice with two approved drugs Dasatinib and Doxorubicin either 459 

alone or in combination. Consistent with the observations made in cell culture, treatment of mice 460 

engrafted with 2102EP cells revealed stronger anti-tumoral effects with the Dasatinib/Doxorubicin 461 

pair relative to single drug treatments (Fig. 5I). This dosing regimen was well tolerated with no body 462 

weight loss in mice (Supplementary Fig. S5H). 463 

7. KITLG/c-KIT signaling interacts with p53 to affect cancer progression and drug response in 464 

melanoma 465 

Our results clearly support a model, whereby increased expression of KITLG mediated by the 466 

region with the TGCT cancer risk SNP(s) heightens KITLG/c-KIT signaling and attenuates p53 467 

activity, thereby allowing for the retention and re-activation of wtp53 in testicular cancer cells. The 468 

KITLG testicular cancer risk SNP(s) have yet to be found to associate with other cancer types (46), 469 

suggesting a tissue-specificity of this locus with enhancer activity. However, other genetic variants 470 

that elevate KITLG/c-KIT signaling could also attenuate p53 activity, and thus allow for the 471 

retention and ultimate re-activation of wtp53 in cancer cells.  To test this, we focused on known 472 

somatic driver mutations of c-KIT in the TCGA cohort.  If our model is correct, we would expect the 473 

majority of tumors with activating c-KIT mutations to retain a wtp53 locus. Indeed, 43 out of 6,997 474 

(0.61%) patients with wtp53 tumors also have oncogenic c-KIT mutations relative to just 10 out of 475 

3,735 (0.27%) of TP53 mutant tumors (Fig. 6A; OR = 2.3, p = 0.014). 476 

As expected, the tumor types enriched in c-KIT oncogenic mutations in the TCGA cohort are 477 

cancers known to be driven by KIT signaling (38).  Testicular cancers (TGCT; 13.6%; 20 out of 478 

147), skin cutaneous melanoma (SKCM; 3.9%; 14 out of 356) and acute myeloid leukemias (AML; 479 

2.8%; 5 out of 181) have proportionally more cKIT mutations than all wtp53 tumors (0.61%) 480 

(adjusted p <0.05; Fig. 6B left panel).  It is important to note that these enrichments are only 481 
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significant when wtp53 without TP53-loss, but not p53 loss or mutant tumors are considered (Fig. 482 

6B). If our model is correct and inhibition of c-KIT signaling will re-activate p53’s ability to kill the 483 

wtp53 cancers, we would expect, like in TGCT, that elevated KITLG levels will associate with faster 484 

progression and/or poorer survival of the cancers with both wild-type p53 and c-KIT.  Indeed, in 485 

both melanoma and AML, we observed the association between heightened KITLG expression and 486 

poorer clinical outcomes (Fig. 6C, the TCGA-SKCM cohort; Fig. 6D the TCGA-AML cohort).  487 

Consistent associations were observed in an independent cohort (DFCI-SKCM) of 35 wtp53 488 

melanoma patients (Fig. 6E), for which both the somatic genetic and expression data are available 489 

(47). Importantly, we found that in melanoma and AML patients with wtp53 and no copy number 490 

loss tumors, those with heightened KITLG expression have a significantly poorer outcomes, but not 491 

in patients with TP53 mutant or copy number loss (Fig. 6F-G). Together these observations, suggest 492 

that heightened KITLG/cKIT signaling in AML and melanoma could attenuate p53 activity allowing 493 

for wtp53 retention and re-activation using cKIT inh ibitors.  In further support of this, in AML, it 494 

has been shown that the c-Kit inhibitor dasatinib does enhance  p53-mediated cell killing (40). 495 

Similarly, when we treated melanoma cells (SKMEL5 with wtp53 and wild type c-KIT) with 496 

Dasatinib and the p53 activating agents Nutlin3 or Doxorubicin, we observed clear synergistic 497 

interactions (Fig. 6H, CI <1; p = 0.0013 between Nutlin3 and Dasatinib and p= 0.00066 between 498 

Doxorubicin and Dasatinib). 499 

 500 

Discussion 501 

In this study, we demonstrate that germline cancer-risk SNPs could influence cancer progression 502 

and potentially provide information guiding precision medicine therapy decisions. Our work 503 

highlights that even small relative reductions in wtp53 expression, mediated either by the minor 504 

allele of the p53 poly(A) SNP or through loss of at least one copy of TP53, can reduce relative p53 505 

cellular activity in cancer cells and overall survival of patients.  Patients with either of these genetic 506 

variations represent a large proportion of cancer patients.  Patients with the minor allele of the SNP 507 

and wtp53 in their cancers are found in 2.6% of the total TCGA cohort, with up to 5.9% in 27 508 

different cancers.  Overall, in the TCGA, 26.6% patients have cancers wherein at least one copy loss 509 

of wtp53 with up to 73.1% in 32 different cancers.  In terms of including p53 status in prognosis for 510 

patients, p53 mutation is often what is looked at most.  Our work suggests that wtp53 loss could also 511 

add additional information to those patients that retain wtp53. Indeed, patients with tumors that 512 

express lower wtp53 levels will be interesting to study more in depth to understand how to increase 513 
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wtp53 expression to improve treatments, such as increasing transcription of wtp53, inhibiting 514 

miRNAs or blocking alternative polyadenylation. 515 

The p53 stress response pathway inhibits cell survival, mediating both tumor suppression and 516 

cellular responses to many cancer therapeutics (48). p53 also targets pro-survival genes. Activation 517 

of these genes in tumors retaining wild-type p53 provide a survival advantage (49). We provide 518 

human genetic evidence that also supports a tumor-promoting role of p53 pro-survival activities and, 519 

in the case of the TGCT risk locus, points to the development of more effective therapy 520 

combinations through the inhibition of these pro-survival activities in tumors that retain p53 activity. 521 

Although TGCTs are one of the most curable solid tumors, men diagnosed with metastatic TGCT 522 

develop platinum resistant disease and die at an average age of 32 years (43). There have been few 523 

new treatments developed in the last two decades, and current therapeutic approaches can, 524 

importantly in context of a cancer of young men, result in significant survivorship issues, including 525 

sustained morbidities and delayed major sequelae (43). Our observations suggest the TGCT KITLG 526 

risk allele in the polymorphic p53 enhancer leads to increased p53-dependent activation of the pro-527 

survival target gene, KITLG, which increases TGCT survival rather than senescence/apoptosis in the 528 

presence of active p53. We demonstrate that co-inhibition of c-KIT and p53 activation interact 529 

synergistically to kill platinum-resistant TGCTs with a drug combination (Dasatinib and 530 

Doxorubicin) that had limited toxicity in a Phase II clinical trial (50), suggesting that an effective 531 

therapeutic strategy for treatment-resistant TGCTs could be to modulate both the cell-death and cell-532 

survival functions of wtp53 cancers. 533 

Using the most well-studied somatic mutation known to enhance KITLG/KIT signalling (cKIT 534 

mutations), we were able to identify SKCM as another potential repurposing opportunity for 535 

combination therapies which inhibit KITLG/KIT signalling and activate p53. The role of KIT 536 

signalling in the skin is well established with the pathway of crucial importance for the development 537 

of melanocytes (51). In line with previous work, we found wtp53 SKCM to be enriched for cKIT 538 

mutations (52,53). Furthermore, we found high KITLG expression to associate independently with 539 

poorer overall survival in wtp53 SKCM patients. Our data provides molecular support for targeting 540 

of KITLG/KIT in melanoma. Melanoma rarely mutates p53 and expresses high levels of wtp53 541 

protein, in line with the fact that SKCM to be enriched for wtp53 and no p53 copy number loss (54). 542 

Melanomas are hardwired to be resistant to p53 dependent apoptosis, perhaps because melanocytes 543 

are programmed to survive UV light (55). Several mechanisms have been proposed for this 544 

inhibition of p53 triggered apoptosis, including the action of iASPP, deletion of the CDKN2A locus, 545 

aberrant phosphorylation of p53 and activation of MDM2 by downstream KIT signalling (55,56). 546 
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More recently, it has been shown that WNT5a signalling and wtp53 might co-operate in melanoma 547 

to drive cells into a slow cycling state which is therapy resistant (57). It is possible that KITLG/KIT-548 

mediated inhibition of the p53-apoptotic response adds a further mechanism through which wtp53 549 

can be inhibited in melanoma without mutation, and opens up the possibility of harnessing the pro-550 

apoptotic function of p53 by inhibiting the KITLG/KIT pathway. Indeed, we showed that the 551 

combination of Dasatinib and Nutlin-3a and Dasatinib and Doxorubicin are synergistic in a wtp53 552 

and KIT SKCM cell-line.  553 

Unlike other tumor suppressors, complete loss of p53 activity is not a requirement for cancer 554 

initiation. Reduction of p53 activity below a critical threshold through mutations is apparently 555 

necessary and sufficient for cancer development (58). These mutations are primarily missense 556 

mutations that affect p53’s ability to bind to DNA in a sequence-specific manner and regulate 557 

transcription of its target genes. These same mutations when found constitutionally result in Li-558 

Fraumeni Syndrome: a syndrome comprising dramatic increase in cancer risk in many tissues types. 559 

These missense mutations may benefit cancers not simply through loss of p53 function, but also 560 

through dominant-negative and gain-of-function activities (59). In mice, knock-in p53 gain-of-561 

function mutants displayed a more diverse set of, and more highly metastatic tumors than p53 knock-562 

out mutants (60,61). Many of the factors that regulate wild-type p53 tumor suppression can also 563 

regulate mutant p53, including its pro-cancer activities. For example, wild-type p53 mice that 564 

express lower levels of MDM2 show increased p53 levels, a better p53 stress response, and greater 565 

tumor suppression, resulting in later and reduced tumor onset in many tissue types. Mutant p53 566 

levels are also increased in these murine models, but cancers are found to arise earlier and harbor 567 

gain-of-function metastatic phenotypes (62).  568 

We go on to discuss that our SNP association with inverted cancer risk and somatic p53 569 

mutational status in humans reveal a similar scenario. Specifically, we demonstrated that the C-allele 570 

of the p53 poly(A) SNP which can lead to decreased wild type and mutant p53 levels in tumors, 571 

associates with an increased risk of wtp53 cancers, but decreased risk of sub-types with primarily 572 

mutant p53. For example, women with the minor allele associated with an increased risk for the 573 

more p53 wild-type breast and ovarian subtypes and a decreased risk for the more mutant subtypes. 574 

We also demonstrated that the TCGA pan-cancer or breast patients with wtp53 tumours and carrying 575 

the C allele have shorter PFI compared to patients with wtp53 tumours but without the C allele. Of 576 

note, an inverted trend was found for p53mut tumours. Together, these observations support a role 577 

for germline p53 pathway SNPs not only modulating risk of disease and tumor biology in wtp53 578 
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cancers but also in p53 mutant cancers, wherein alleles that increase mutant p53 levels would also 579 

increase its pro-cancer activities.  580 
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Figure Legends 744 

Figure 1. p53 regulatory cancer risk SNPs associate with subtype heterogeneity risk. (A) Pie 745 

charts of the percentages of oncogenic and loss-of-function p53 mutations found amongst all known 746 

pathogenic p53 missense mutations in breast and ovarian cancers.  (B) A proposed model of how p53 747 

poly(A) SNP could modify the ability of mutant p53 to drive cancer and of wild type p53 (wtp53) to 748 

suppress it. (C) Forest plots illustrating the associations of the p53 poly(A) SNP with breast cancer 749 

and ovarian cancer subtype heterogeneity. The odd ratios (OR) are plotted for the SNP and subtype, 750 

and the error bars represent the associated 95% confidence intervals (CI). (D) A schematic overview 751 

of the association testing between the SNP and p53 mutational status in TCGA tumors. (E) A bar 752 

plot of the minor allele frequencies (MAFs) of the p53 poly(A) SNP in patients with either wtp53 753 

tumors or mutant p53 tumors.  754 

  755 

Figure 2. A p53 regulatory cancer risk SNP and somatic copy number loss of p53 associates 756 

with clinical outcomes. (A) A box plot of p53 mRNA expression levels in 3,248 tumors from 757 

individuals with differing genotypes of the p53 poly(A) SNP. The fold change of median p53 758 

expression between genotypes, the p-value (linear regression) and beta coefficients of the association 759 

of the genotype with mRNA levels are depicted. (B) A schematic diagram of the p53 mutational 760 

status and CRISPR-editing strategy in Hap1 cells. (C) A bar plot of p53 mRNA levels for each 761 

genotype in Hap1 cells, measured using qRT-PCR normalized to GAPDH. Error bars represent SEM 762 

of 3 independent experiments. p-values were calculated using a two-tailed t-test. (D) A forest plot of 763 

the PFI and OS of cancer patients (pan-cancer TCGA cohort) stratified by the somatic p53 764 

mutational status. Hazard ratios (HR) and p values were calculated using Cox proportional hazards 765 

model.. (E) Kaplan-Meier survival curves for PFI in a total of 381 breast cancer patients carrying 766 

either the major or the minor allele of the p53 poly(A) SNP and/or somatic TP53 mutations. Curves 767 

were truncated at 10 years, but the statistical analyses were performed using all of the data (logrank 768 

test). (F) A bar plot showing the percentage of non-responders in each group stratified by the somatic 769 

or germline p53 alterations as indicated on the x axis. Numbers of patients (number of non-770 

responders / total number of patients) in each group are indicated within the bars. p values were 771 

calculated by two-tailed Fisher’s exact test (*p<0.05, **p<0.005). (G) Box plots of p53 mRNA 772 

expression levels in p53wt tumors (left panel) and mutant p53 tumors (right panel) from individuals 773 

with differing p53 copy number status. (H) A forest plot of PFI and OS of TCGA cancer patients 774 

stratified by the somatic p53 mutational status. HR comparing PFI and OS in patients with or without 775 

p53 copy number loss are indicated on the right. (I) A bar plot showing the percentage of non-776 

https://www.sciencedirect.com/topics/neuroscience/dihydrotachysterol
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responders in each group stratified by the p53 mutations and copy number loss as indicated on the x 777 

axis.  778 

 779 

Figure 3. Copy number loss of p53 dampens p53’s anti-cancer activities.  (A) Box plots of p53 780 

mRNA expression levels in p53wt cells (left panel) and mutant p53 cells (right panel) with differing 781 

p53 copy number status. (B) Volcano plots of 304 drugs and their association with differential 782 

sensitivity in cancer cell lines with p53 copy number loss relative to cell lines without p53 copy 783 

number loss (left: wtp53 cells; right: mutant p53 cells). -Log10 adjusted p-values (linear regression 784 

and FDR-adjusted) are plotted against the beta coefficient. The horizontal dashed lines represent the 785 

FDR-adjusted p value of 0.05. (C) A Chord Diagram of 102 cancer GWAS lead SNPs in 41 p53 786 

pathway genes that associate differential risk to a total of 19 different cancer types. The width of the 787 

connecting band indicates the number of lead SNPs for each association. A dot plot of the odds ratios 788 

for each association is presented in the inner circle and with red dots. The median odd ratio for each 789 

association is presented in parentheses next to the gene name. (D) Volcano plots of the associations 790 

between the transcript levels of the 41 TP53 pathway cancer GWAS genes and Nutlin3 sensitivities 791 

in cancer cell lines with either wtp53-no.loss (upper panel) or p53mutant-loss (lower panel). (E) Box 792 

plots of the Log2 IC50 values of p53 activating agents in cells either with low, intermediate or high 793 

KITLG mRNA levels and wtp53-no.loss.  794 

 795 

Figure 4. The p53-bound cancer risk locus in KITLG associates with patient outcome and 796 

attenuates p53’s anti-cancer activities. (A-B) Dot plots showing the enrichment of KITLG copy 797 

number gains (A) and risk allele frequencies (B) across TCGA cancer types. -Log10 adjusted p-798 

values are plotted against the Log2 fold change of the percentage of tumors with KITLG gains/risk 799 

alleles in a given cancer type vs. the other cancers combined. (C) A Kaplan-Meier survival curve for 800 

PFI in p53wt testicular cancer patients with high or low KITLG mRNA expression. p value was 801 

calculated using log-rank test. (D) Genetic fine mapping identified 6 SNPs with the strongest TGCT 802 

GWAS signal and which are in high linkage disequilibrium (r2) in Europeans (red square). (E) A 803 

Kaplan-Meier survival curve for PFI in high-stage p53wt testicular cancer patients carrying either the 804 

risk (orange) or the non-risk allele (grey) of the KITLG risk SNP. (F) A diagram of the CRISPR-805 

editing utilized. (G) KITLG gene expression in CRISPR-edited clones using qRT-PCR normalized to 806 

GAPDH. In total, 2 to 3 clones of each genotype were analyzed in 3 independent biological 807 

replicates. p-values were calculated using a one-way ANOVA, followed by Tukey’s multiple 808 

comparison test. (H) A bar graph of the fold change in KITLG expression after Nutlin3 treatment, 809 
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Error bars represent SEM of 2 clones for each genotype and in 2 independent experiments. p-values 810 

were calculated using a two-tailed t-test. (I) Dot plots of KITLG expression in CRISPR-edited 811 

clones.  812 

 813 

Figure 5. p53/KITLG pro-survival signaling can attenuate responses to p53-activating agents. 814 

(A) Bar blots of the IC50 values for Nutlin3. p-values were calculated using a two-tailed t-test and 815 

error bars represent SEM in at least 3 independent biological replicates. (B) Western blot analysis of 816 

cells that were treated with or without Nutlin3 for 6 hours, lysed and analyzed for p53, acetylated 817 

p53, Parp1 and cleaved-caspase3 protein expression. (C) Schematic overview for the microscopy-818 

based high-content drug screening. (D) Bar plots depicting the number of hits and “non-hits” for 819 

each of the 14 drug classes examined. (E) Scatter plots of the fold enrichment of hits amongst each 820 

drug class relative to the total compounds in 14 drug classes. The horizontal dashed lines represent 821 

the FDR-adjusted p value of 0.05. (F-G) Bar plots of combination indexes of Dasatinib with Nutllin3 822 

(F) or Doxorubincin (G) in p53-REs+/+ (grey bars, two clones), p53-REs-/- (red bars, two clones) 823 

and knock-in clones (orange bars, one clone) of TERA1 and TERA2 cells. (H) Bar plots of 824 

combination indexes of Dasatinib with Nutllin3 or Doxorubincin in panel of TGCT cell lines. (I) 825 

Growth curves of 2102EP xenograft tumors treated with vehicle, Doxorubicin, Dasatinib or the 826 

combination of Doxorubicin and Dasatinib. Error bars represent means ± SEM (n=6).  827 

 828 

Figure 6. KITLG/c-KIT signaling interacts with p53 to affect cancer progression and drug 829 

response in melanoma. (A) A bar graph of the percentage of oncogenic c-KIT mutations in wtp53 830 

tumors relative to p53 mutant tumors. (B) Scatter plots of the fold enrichment of oncogenic c-KIT 831 

mutations in a given cancer type relative to all cKIT mutation in pan-cancer. The horizontal dashed 832 

lines represent the FDR-adjusted p value of 0.05. (C-E) Kaplan-Meier survival curves for OS (C, left 833 

panel) and PFI (C, right panel) in TCGA-SKCM patients, for OS (D) in TCGA-AML patients, and 834 

for OS (E, left panel) and DFS (E, right panel) in DFCI-SKCM patients stratified based on KITLG 835 

mRNA levels.  (F-G) Two forest plots of PFI and OS of TCGA cancer patients (F: SKCM; G: AML) 836 

stratified by the somatic p53 mutational status. HR and p values were calculated using Cox 837 

proportional hazards model. (H) A bar plot of combination indexes of Dasatinib with Nutllin3 or 838 

Doxorubincin in melanoma cells. p values were calculated by one-sample t-test. Error bars represent 839 

means ± SEM (n=3). 840 
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