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ABSTRACT 89 

International differences in the incidence of many cancer types indicate the existence of 90 

carcinogen exposures which make a substantial contribution to cancer burden, vary 91 

geographically, and have underlying agents thus far unidentified by conventional 92 

epidemiology1. This pertains to clear cell renal cell carcinomas (ccRCC), for which obesity, 93 

hypertension, and tobacco smoking are risk factors but do not explain its geographical variation 94 

in incidence2. Some carcinogens generate somatic mutations and past exposures can be 95 

inferred from the patterns of mutations found in cancer genomes. Therefore, we sequenced 96 

the whole genomes of 962 ccRCC from 11 countries of varying incidence. Somatic mutation 97 

profiles differed between countries. In Romania, Serbia and Thailand, mutational signatures 98 

likely caused by extracts of Aristolochia plants were present in most cases and rare elsewhere. 99 

In Japan, a mutational signature of unknown cause was found in >70% cases and <2% 100 

elsewhere. Another mutational signature of unknown cause was ubiquitous and associated 101 

with kidney cancer incidence rates (p-value<6 × 10−18), with higher numbers of mutations in 102 

countries with higher risk. Known signatures of tobacco smoking correlated with tobacco 103 

consumption, but no signature was associated with obesity or hypertension suggesting non-104 

mutagenic mechanisms of action underlying these risk factors. The results indicate the 105 

existence of multiple, widespread, geographically variable mutagenic exposures to known and 106 

unknown agents, which may contribute to the incidence of kidney cancer. 107 

 108 

 109 
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INTRODUCTION 110 

The incidence rates of most adult cancers vary substantially between geographical regions 111 

and many such differences are unexplained by known risk factors1. Together with unexplained 112 

trends in incidence over time, this indicates the likely presence of unknown environmental or 113 

lifestyle causes for many cancer types1. Kidney cancer, for example, has particularly high 114 

incidence rates in Central and Northern Europe, notably in the Czech Republic and Lithuania, 115 

and has shown increasing incidence in high income countries in recent decades (Fig. 1)2. Most 116 

kidney cancers are clear cell renal cell carcinomas (ccRCC)3 for which obesity, hypertension 117 

and tobacco smoking are known risk factors2. However, these account for <50% of the global 118 

ccRCC burden and do not explain geographical or temporal incidence trends. Recently, 119 

evidence has also emerged of increased risk associated with environmental exposure to per- 120 

and polyfluoroalkyl substances (PFAS)3, industrial chemicals used in a wide range of 121 

consumer and industrial products.  122 

 123 

Characterization of mutational signatures within cancer genomes4 is an approach 124 

complementary to conventional epidemiology for investigating unknown causes of cancer. 125 

Most cancers contain thousands of somatic mutations that have occurred over the lifetime of 126 

the individual. These can be caused by endogenous cellular processes, such as imperfect 127 

DNA replication and repair, or by exposure to exogenous environmental or lifestyle mutagens 128 

such as ultraviolet radiation in sunlight and compounds in cigarette smoke. Mutational 129 

signatures are the patterns of somatic mutation imprinted on genomes by individual mutational 130 

processes. Analysis of thousands of cancer genome sequences from most cancer types has 131 

established a set of reference mutational signatures including 71 single base substitution 132 

(SBS) or doublet base substitution (DBS) signatures, and 18 small insertion and deletion (ID) 133 

signatures5. A possible etiology has been suggested for 47 SBS/DBS signatures and nine ID 134 

signatures. 135 

 136 
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Previous ccRCC genome sequencing studies have included relatively modest numbers of 137 

individuals from a small number of countries with limited variation in ccRCC incidence6–10 and 138 

have not comprehensively examined associations between ccRCC risk factors and mutational 139 

signatures. To detect the activity of unknown carcinogens involved in ccRCC development and 140 

to investigate the mechanisms of action of known risk factors, we generated and analyzed 141 

epidemiological and whole genome sequencing data from a large international series of 142 

ccRCC11. 143 

 144 

RESULTS 145 

A total of 962 ccRCC cases from 11 countries in four continents were studied, encompassing: 146 

Czech Republic (n=259), Russia (n=216), United Kingdom (n=115), Brazil (n=96), Canada 147 

(n=73), Serbia (n=69), Romania (n=64), Japan (n=36), Lithuania (n=16), Poland (n=13), and 148 

Thailand (n=5; Fig. 1; Table 1; Methods). These encompass a broad range of ccRCC 149 

incidence, from the highest global age-standardized rates (ASRs) of Lithuania and Czech 150 

Republic (ASRs of 14.5 and 14.4/100,000 respectively) to the relatively low rates of Brazil and 151 

Thailand (ASRs of 4.5 and 1.8/100,000 respectively)12. Epidemiological questionnaire data 152 

were available on sex, age at diagnosis, and important risk factors including body mass index 153 

(BMI), hypertension, and tobacco smoking (Table 1). DNAs from ccRCCs and blood from the 154 

same individuals were extracted and whole genome sequenced to average coverage of 54-155 

fold and 31-fold, respectively.  156 

 157 

Somatic mutation burdens in the 962 ccRCC genomes ranged from 803 to 45,376 (median 158 

5,093) for single base substitutions (SBS), 2 to 240 (median 53) for doublet base substitutions 159 

(DBS), and 10 to 14,770 (median 695) for small insertions and deletions (Supplementary 160 

Table 1). The average burden in all these three mutation types differed between the 11 161 

countries (p-value<2 × 10−23, p-value <2 × 10−14, p-value <6 × 10−14, for SBSs, DBSs, and IDs, 162 

respectively). In particular, the burden of all mutation types was elevated in Romania compared 163 
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to other countries (Extended Data Fig. 1). Principal Component Analysis (PCA) performed on 164 

the proportions of the six primary SBS mutation classes (C>A, C>G, C>T, T>A, T>C, T>G) in 165 

each sample identified a distinct cluster of mainly Romanian and Serbian cases and a further 166 

cluster of mainly Japanese cases (Extended Data Fig. 2). The results, therefore, clearly 167 

demonstrate geographical variation of somatic mutation loads and patterns in ccRCC. 168 

 169 

To investigate the mutational processes contributing to the geographical variation in mutation 170 

burdens we extracted mutational signatures and estimated the contribution of each signature 171 

to each ccRCC genome. Ten signatures with strong similarity to a reference signature in the 172 

Catalogue of Somatic Mutations in Cancer (COSMIC) database were extracted: SBS1, due to 173 

deamination of 5-methylcytosine13; SBS2 and SBS13, due to cytosine deamination by 174 

Apolipoprotein B mRNA-editing enzyme, catalytic polypeptide-like (APOBEC) DNA editing 175 

enzymes13; SBS4, due to tobacco smoke mutagens14; SBS5, due to an endogenous 176 

mutational process in which mutations accumulate with age14; SBS12, of unknown cause; 177 

SBS18, due to DNA damage by reactive oxygen species14; SBS21 and SBS44, due to 178 

defective DNA mismatch repair14,15; and SBS22, due to Aristolochic acid exposure16,17.  179 

 180 

Five further SBS signatures were identified but could not be well described by the COSMIC 181 

catalogue (Fig. 2; Supplementary Table 5). SBS40a, SBS40b and SBS40c were present in 182 

most ccRCC accounting for, on average, ~30%, ~20%, and ~3% of mutations respectively 183 

(Fig. 2b). Combined, they closely resemble the previously reported SBS40 (0.97 cosine 184 

similarity), suggesting that the large number of ccRCC whole genomes analyzed here provides 185 

the power to separate the constituent component signatures of SBS40. SBS40 was previously 186 

reported frequently, and at high levels, in kidney cancer, but also in other cancers, and is of 187 

unknown etiology. Like the composite SBS40, SBS40a is present in multiple cancer types. 188 

However, SBS40b and SBS40c are largely restricted to ccRCC (Supplementary Note 1). 189 

SBS_H was found in a single case and SBS_I is related to Aristolochic acid exposure (see 190 
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below; SBS_I has been renamed as SBS22b). Analysis of all other types of mutational 191 

signatures is presented in Supplementary results. 192 

 193 

The mutation burdens of multiple SBS mutational signatures varied between the 11 countries. 194 

SBS22 is thought to be caused by Aristolochic acids, mutagenic derivatives of plants of the 195 

Aristolochia genus which are carcinogenic and also cause Balkan endemic nephropathy 196 

(BEN), a kidney disease prevalent in areas adjacent to the Danube in Southeastern Europe18. 197 

SBS22 has previously been found in ccRCC, other urothelial tract cancers, and hepatocellular 198 

carcinomas from Romania6,19 and various countries in East and South-East Asia16,17,20. In this 199 

study, SBS22 was present in high proportions of ccRCC from Romania (45/64, 70%), Serbia 200 

(16/69, 23%), and Thailand (3/5, 60%), often with very high mutation burdens. The presence 201 

of SBS22 was strongly correlated with that of new signatures SBS_I, DBS_D, and ID_C 202 

(Extended Data Fig. 3-5) which are, therefore, also probably due to Aristolochic acid 203 

exposure. SBS_I, like SBS22, is composed predominantly of T>A mutations. The signature 204 

identified previously as SBS22, has therefore been renamed SBS22a, and SBS_I has been 205 

named SBS22b. The two signatures may be due to different subsets of Aristolochic acids, 206 

and/or to different metabolites, which induce slightly different mutational patterns. All these 207 

signatures exhibited their highest mutation loads away from recognized BEN zones (Fig. 3) 208 

indicating that a substantial proportion of the population over a wide geographical area of 209 

Eastern Europe has been subject to mutagenesis due to Aristolochic acid exposure. The 210 

sources of this exposure are uncertain.  211 

 212 

SBS12 was present in 72% of Japanese and 2% of non-Japanese ccRCC (p-213 

value=4.7 × 10−78) (Extended Data Fig. 6h). Compared to the mutation burdens imposed by 214 

Aristolochic acid in ccRCC, SBS12 contributed modest mutation loads. SBS12 is composed 215 

predominantly of T>C substitutions and exhibits strong transcriptional strand bias with more 216 

T>C mutations on the transcribed than untranscribed strands of protein coding genes. 217 

Transcriptional strand bias is typically caused by activity of transcription-coupled nucleotide 218 
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excision repair acting on bulky DNA adducts due to exogenous mutagenic exposures such as 219 

tobacco smoke chemicals14, ultraviolet light14, Aristolochic acids16, and aflatoxins21. Assuming 220 

that transcription-coupled repair of DNA adducts is responsible for the SBS12 strand bias, the 221 

adducts are likely on adenine. SBS12 was previously reported in hepatocellular carcinomas5,14 222 

and additional analysis of existing datasets revealed strong SBS12 enrichment in 223 

hepatocellular carcinomas from Japan when compared to other countries (p-value=3.8 × 10−15; 224 

Supplementary Note). The results, therefore, indicate that exposure to an agent contributing 225 

SBS12 mutations to kidney and liver cancer is common in Japan and rare elsewhere. The 226 

agent responsible for SBS12 is unknown. Although population-specific endogenous production 227 

of the mutagen cannot be excluded, the precedents provided by other mutational signatures 228 

with strong transcriptional strand bias suggest that it is likely of exogenous origin. A 229 

polymorphism in aldehyde dehydrogenase 2 known to impair metabolism of alcohol to 230 

aldehydes and common in Japan did not associate with levels of SBS12 (although power is 231 

limited due to the relatively small number of Japanese cases). 232 

 233 

SBS40a, SBS40b, and SBS40c were present in ccRCC from all 11 countries. The country-234 

specific average mutation burdens of SBS40a and SBS40b positively associated with country-235 

specific ASRs of kidney cancer incidence (p-value=0.0022 and p-value=5.1 × 10−18, 236 

respectively; Extended Data Fig. 7a; Fig. 4a), with the highest mutation loads in the Czech 237 

Republic and Lithuania. Indeed, when excluding the outlier effect of Romania and Serbia, 238 

SBS40b was largely responsible for association of country-specific average total SBS burdens 239 

with kidney cancer ASR (p-value=6 × 10−5; Extended Data Fig. 8a). Kidney cancer incidence 240 

rates also vary between the regions of the Czech Republic and SBS40b mutation burdens 241 

differed significantly between these (p-value=0.011; Fig 4b,c), with the highest attribution in 242 

the highest risk region. SBS40b exhibits modest transcriptional strand bias and, assuming that 243 

transcription-coupled repair of DNA adducts is responsible, the adducts underlying SBS40b 244 

are likely on pyrimidines. Insertion and deletion (indel) signatures ID5 and ID8, which together 245 

contributed ~60% of the indel mutation burden on average, were also strongly associated with 246 
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country-specific kidney cancer ASR (p-value=1.3 × 10−10 and p-value=6.2 × 10−9, respectively, 247 

Extended Data Fig. 7b,c). Signatures ID5 and ID8 correlated with each other (0.78), as well 248 

as with SBS40b (0.81 and 0.74, respectively) indicating that they likely all constitute products 249 

of the same underlying mutational process. Thus, the burdens of the full complement of 250 

mutation types generated by this mutational process correlate with age-adjusted kidney cancer 251 

incidence rates. 252 

 253 

To investigate potential mutagenic agents underlying these geographically variable signatures, 254 

an untargeted metabolomics screen of plasma was conducted on 901 individuals in the study, 255 

from all countries except Japan (Methods). 2,392 metabolite features were obtained, including 256 

944 independent peaks (r<0.85). Three features were associated with SBS4 (Supplementary 257 

Table 13), with two identified as hydroxycotinine (p-value=2.9 × 10-9) and cotinine (p-value=1.9 258 

× 10-5), two major metabolites of nicotine22. Eight features were associated with SBS40b 259 

(Supplementary Table 13). One feature was identified as N,N,N-trimethyl-L-alanyl-L-proline 260 

betaine (TMAP; p-value=1.2 × 10-5), increased levels of which correlate strongly with reduced 261 

kidney function23. Other established measures of kidney function, including cystatin C and 262 

creatinine, were correlated with TMAP (p-value = 2.5 x 10-30 and 1.7 × 10-69, respectively) and 263 

also showed evidence of positive association with SBS40b (p-value=0.023 and 0.058, 264 

respectively). Thus, exposure to the mutagenic agent responsible for SBS40b is associated 265 

with reduced kidney function. No recognized metabolome features were significantly 266 

associated with any other signatures. 267 

 268 

A total of 1913 “driver” mutations were found in 136 genes including VHL, PBRM1, SETD2 269 

and BAP1, the known frequently mutated cancer genes in ccRCC (Methods) (Fig. 5a)10,24. The 270 

frequencies of mutations in these genes were consistent across countries (Fig. 5b). The 271 

spectrum of all driver mutations in ccRCC with Aristolochic acid exposure (Methods) was 272 

enriched in T>A mutations compared to non-exposed cases (25% vs 13%, p-value=0.0062, 273 

Fig. 5c,d) with similar enrichment specifically in VHL mutations (30% vs 16%; Fig. 5e,f), and 274 
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in the whole exome (27% in exposed compared to 12% in unexposed cases). Thus genome-275 

wide Aristolochic acid mutagenesis has contributed in a proportionate fashion to generation of 276 

driver mutations in Aristolochic acid-exposed ccRCC. SBS12 did not show statistically 277 

significant enrichment in drivers in exposed cases, possibly due to the smaller numbers of 278 

SBS12 exposed cases and the lower mutation burden conferred. SBS40b also did not show 279 

statistically significant enrichment probably due to the ubiquitous exposure and its relatively 280 

flat and featureless mutation profile. 281 

 282 

Exogenous mutagenic exposures that ultimately cause cancer may be present during the early 283 

stages of evolution of cancer clones. To time mutagenic exposures, the contribution of each 284 

mutational signature to mutations in the primary clone (relatively early) and to mutations in 285 

subclones (relatively late) were estimated25,26 (Methods). All signatures of the putative 286 

exogenous mutagenic exposures observed in ccRCC were present at relatively early stages 287 

of cancer development, consistent with exposures to normal cells. SBS12, SBS22b, and 288 

SBS40b showed higher activities in main clones compared to subclones (q-value=0.04, q-289 

value=0.02, q-value=2.3 × 10−5, respectively) (Extended Data Fig. 9) and SBS22a showed no 290 

significant difference16,17. By contrast, signatures due to endogenous mutational processes 291 

including APOBEC DNA editing (SBS13) and oxidative damage (SBS18), were enriched in 292 

subclones (q-value=1.6 × 10−4, q-value=3.2 × 10−7, respectively). 293 

 294 

Established or suspected risk factors for ccRCC include age, tobacco smoking, obesity, 295 

hypertension, diabetes, and environmental exposure to PFAS compounds3. Total SBS, DBS, 296 

and ID mutation burdens associated with age, as did SBS1, SBS4, SBS5, SBS40a, SBS40b, 297 

SBS22a, SBS22b, DBS2, ID1, ID5, and ID8. Total SBS (p-value=2.8 × 10−5), DBS (p-298 

value=3.5 × 10−3) and ID (p-value=1.1 × 10-4) mutation burdens also associated with sex, with 299 

males having higher mutation burdens than females, and with SBS40b showing a similar 300 

association (p-value=7.6 × 10−5). Associations with tobacco smoking were observed for SBS4 301 

(p-value=5.5 × 10−6) and DBS2 (p-value=2.3 × 10−7), both known to be caused by tobacco 302 
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carcinogens27,28, but associations of particular mutational signatures with other ccRCC risk 303 

factors were not observed (Supplementary Tables 8-9). To complement this analysis of 304 

observational data, associations between polygenic risk scores for known ccRCC risk factors 305 

and mutational signatures29,30 were examined (Methods). Consistent with the observational 306 

data, no associations were found between genetically inferred risk factors and mutational 307 

signatures except for tobacco smoking and DBS2 (p-value=0.008; Supplementary Table 10).  308 

 309 

DISCUSSION 310 

Somatic mutations in the genomes of 962 ccRCC patients from 11 countries indicate the 311 

existence of multiple, widespread mutational processes exhibiting substantial geographical 312 

variation in their contributions to ccRCC mutation loads. The results contrast with those from 313 

552 esophageal squamous carcinomas from eight countries with widely different esophageal 314 

carcinoma incidence rates in which geographical differences in mutation burdens or signatures 315 

were not observed31. Together the studies implicate both geographically variable mutagenic 316 

and non-mutagenic carcinogenic exposures contributing to global cancer incidence. Indeed, 317 

the presence of mutational signatures associated with tobacco smoking but absence of 318 

signatures associated with other known ccRCC risk factors, such as obesity and hypertension, 319 

suggests that the latter may be mediated by non-mutagenic processes and, therefore, that 320 

both classes of carcinogen contribute to the development of ccRCC.  321 

 322 

The existence, identity, and carcinogenic effect of some of the agents underlying these 323 

mutational processes are known. Aristolochic acids are believed to cause SBS22a/b and its 324 

associated signatures and this study suggests that the geographical extent and proportion of 325 

the population acquiring mutations in Eastern Europe may be greater than previously 326 

anticipated. The sources of the Aristolochic acid exposure, the manner by which they are 327 

ingested and whether the exposure continues today are uncertain and further definition of the 328 

source and extent of this exposure is required in order to provide a foundation for public health 329 

action.  330 
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 331 

The existence of the mutagenic exposures underlying SBS12 and SBS40b were not previously 332 

suspected, and their causative agents are unknown. Based on current information, the 333 

exposure causing SBS12 is restricted to Japan. However, larger studies are now indicated to 334 

explore the geographical extent of exposure in Japan and neighboring countries, and the 335 

proportions of their populations developing mutations. In the first instance this will be 336 

achievable by further sequencing of kidney and hepatocellular cancer genomes. However, 337 

studies of normal tissues, using recently reported sequencing methods allowing detection of 338 

somatic mutations in normal cells32, and particularly relatively accessible ones such as cells in 339 

urine that can be prospectively collected, may enable large population-based studies providing 340 

better characterization of the exposure and its consequences.  341 

 342 

In contrast to Aristolochic acid and the agent causing SBS12, the exposure underlying SBS40b 343 

appears to be globally ubiquitous. It predominantly causes mutations in ccRCC, with much 344 

lower burdens in other cancer types, and generates mutation loads correlating strongly with 345 

age and sex. There are few clues as to its origin or nature. 346 

 347 

The incidence rates of ccRCC vary ~eightfold across the eleven countries from which ccRCCs 348 

were sequenced. A strong positive correlation (p-value=5.5 × 10−18) was found between the 349 

average mutation loads attributable to SBS40b in each country (and also those of ID5 and ID8 350 

which are correlated with SBS40b) and incidence of kidney cancer within each country. This 351 

correlation reflects approximately a tripling of average country-specific SBS40b mutation loads 352 

(a difference of ~1000 mutations) in parallel with the eightfold increase of country-specific ASR. 353 

 354 

SBS40b mutation burdens also positively correlated with biomarkers of impaired kidney 355 

function, reminiscent of the nephrotoxic effects of Aristolochic acids in Balkan endemic 356 

nephropathy. It is possible that the increased SBS40b somatic mutation load itself engenders 357 

this reduction in renal function. However, studies of other normal tissues suggest that they are 358 
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generally tolerant of elevated mutation burdens, except for manifesting a higher incidence of 359 

neoplasia33,34. It is also possible that the agent underlying SBS40b is directly nephrotoxic, for 360 

example by engendering DNA damage and a response to it, and that the mutations it 361 

generates are immaterial to kidney function. It is also conceivable, however, that impaired renal 362 

function, potentially due to many different causes, results in a metabolic state which itself 363 

causes the elevated SBS40b mutation load. Whatever the mutational process underlying 364 

SBS40b, it is plausible that it contributes to the geographical variation in the age standardized 365 

rates of kidney cancer incidence rates. It is of public health interest to determine the cause of 366 

SBS40b and, hence, to consider whether the exposure can be mitigated, potentially with 367 

concomitant reduction in global ccRCC incidence rates.  368 

 369 

Finally, it is notable that overall tumor mutation burden did not vary substantially between 370 

countries, with most variation being due to mutations linked to Aristolochic acid, and had only 371 

a weak association with overall kidney cancer incidence (Extended Data Fig. 1 and 8). Along 372 

with an absence of any association between several known risk factors for ccRCC and 373 

mutation burden, in particular for obesity and hypertension, these results provide further 374 

evidence for a model of cancer development where mutations are essential but additional 375 

factors affect the expansion of a mutated clone and thus the chance of it progressing into 376 

cancer35. Further efforts at defining how lifestyle and environmental exposures contribute to 377 

cancer development will therefore require a greater understanding of both the causes of the 378 

mutations in cell clones in normal tissue, and the further promotion of such mutant clones by 379 

non-mutagenic processes. 380 

 381 
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  457 

FIGURE AND TABLE LEGENDS 458 

Fig. 1: Eleven participating countries and estimated age-standardized incidence rates 459 

of clear cell renal cell carcinomas. 460 

Incidence of clear cell renal cell carcinomas (ccRCC), men and women combined, age-461 

standardized incidence rates (ASR) per 100,000, data from GLOBOCAN 2020. Markers 462 

indicate countries included in this study (number of participating ccRCC patients per 463 

country).  464 

 465 

Table 1. Summary of clear cell renal cell carcinomas risk factors included in this 466 

study. 467 

 468 
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Fig. 2: Single base substitution signature operative in clear cell renal cell carcinomas. 469 

(a) TMB plot showing the frequency and mutations per Mb for each of the decomposed SBS 470 

signatures. (b) Average relative attribution for single base substitution (SBS) signatures 471 

across countries. Signatures contributing less than 5% on average are grouped in the 472 

‘Others’ category, apart from SBS12 and AA-related signatures SBS22a and SBS22b. ‘<95% 473 

confidence’ category accounts for the proportion of mutation burden which could not be 474 

assigned to any signature with confidence level of at least 95%. (c) Decomposed signatures, 475 

including reference COSMIC signatures as well as de novo signatures not decomposed into 476 

COSMIC reference signatures. 477 

 478 

Fig. 3: Geospatial analysis of Aristolochic acid-related SBS signatures. 479 

Distribution of Romanian and Serbian cases with known residential history, along with the 480 

summed levels of SBS22a and SBS22b attributions (per-case and regional estimate), with 481 

respect to the Balkan endemic nephropathy (BEN) areas. White circles represented cases 482 

with no detected activity of SBS22a and SBS22b. 483 

 484 

Fig. 4: Association of SBS40b signature attribution with incidence of kidney cancer. 485 

(a) Number of mutations attributed to signature SBS40b against age-standardized incidence 486 

rates (ASR) of kidney cancer in each of the eleven countries represented in the cohort. (b) 487 

Number of mutations attributed to signature SBS40b in four regions of Czech Republic 488 

against ASR of kidney cancer in each region. (c) Levels of attribution of SBS40b signature 489 

within Czech Republic, with bar plots showing the number of cases for each quartile of 490 

SBS40b attribution across Prague, Olomouc, Ceske Budejovice, and Brno regions. 491 

 492 

Fig. 5: Driver mutation analysis in clear cell renal cell carcinomas. 493 

(a) Frequency of driver genes in the cohort. Only genes mutated in at least 10 cases are 494 

shown. (b) Frequency of driver genes across countries. (c) SBS-96 mutational spectra of all 495 

driver mutations in ccRCC for Aristolochic acid (AA)-exposed and unexposed cases. (d) 496 
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Percentage of T>A driver mutations in AA-exposed and unexposed cases. (e) SBS-96 497 

mutational spectra of VHL mutations in ccRCC for AA-exposed and unexposed cases. (f) 498 

Percentage of T>A VHL mutations in AA-exposed and unexposed cases. 499 
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ONLINE METHODS 500 

Recruitment of cases and informed consent 501 

The International Agency for Research on Cancer (IARC/WHO) coordinated case recruitment 502 

through an international network of over 40 collaborators from the 11 participating countries 503 

(Table1; Supplementary table 12). The inclusion criteria for patients were >=18 years of age 504 

(ranging from 23 to 87, with a mean of 60 and a standard deviation of 12), confirmed diagnosis 505 

of primary ccRCC and no prior cancer treatment. Informed consent was obtained for all 506 

participants. Patients were excluded if they had any condition that could interfere with their 507 

ability to provide informed consent or if there were no means of obtaining adequate tissues or 508 

associated data as per the protocol requirements. Ethical approvals were first obtained from 509 

each Local Research Ethics Committee and Federal Ethics Committee when applicable, as 510 

well as from the IARC Ethics Committee.  511 

 512 

Bio-samples, data collection, and expert pathology review 513 

Dedicated standard operating procedures, following guidelines from the International Cancer 514 

Genome Consortium (ICGC), were designed by IARC/WHO to select appropriate case series 515 

with complete biological samples and exposure information as described previously1 516 

(Supplementary Table 12). In brief, for all case series included, anthropometric measures 517 

were taken, together with relevant information regarding medical and familial history. 518 

Comparable smoking and alcohol history was available from all centers. Detailed 519 

epidemiological information on residential history was collected in Czech Republic, Romania, 520 

and Serbia. Potential limitations of using retrospective clinical data collected using different 521 

protocols from different populations were addressed by a central data harmonization to ensure 522 

a comparable group of exposure variables (Supplementary Table 12). All patient related data 523 

as well as clinical, demographical, lifestyle, pathological and outcome data were 524 

pseudonymized locally through the use a dedicated alpha-numerical identifier system before 525 

being transferred to IARC/WHO central database. 526 
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Original diagnostic pathology departments provided diagnostic histological details of 527 

contributing cases through standard abstract forms. IARC/WHO centralized the entire 528 

pathology workflow and coordinated a centralized digital pathology examination of the frozen 529 

tumor tissues collected for the study as well as formalin-fixed, paraffin-embedded (FFPE) 530 

sections when available, via a web-based report approach and dedicated expert panel 531 

following standardized procedures as described previously1. A minimum of 50% viable tumor 532 

cells was required for eligibility to whole genome sequencing.  533 

In summary, frozen tumor tissues were first examined to confirm the morphological type and 534 

the percentage of viable tumor cells. A random selection of tumor tissues was independently 535 

evaluated by a second pathologist. Enrichment of tumor component was performed by 536 

dissection of non-tumoral part, if necessary.  537 

 538 

DNA extraction 539 

Extraction of DNA from fresh frozen tumor and matched blood samples was centrally 540 

conducted at IARC/WHO except for Japan, which performed DNA extractions at the local 541 

center following a similarly standardized DNA extraction procedure. Of the cases which 542 

proceeded to the final analysis (n=962), germline DNA was extracted from either buffy-coat, 543 

whole blood, or from adjacent normal tissue (viz., samples from Japan) using previously 544 

described protocols and methods1. 545 

 546 

Whole genome sequencing 547 

In total, 1583 renal cell carcinoma cases were evaluated, with 1267 confirmed as ccRCC 548 

cases. 116 (9%) were excluded due to insufficient viable tumor cells (pathology level), or 549 

inadequate DNA (tumor or germline). DNA from 1151 cases was received at the Wellcome 550 

Sanger Institute for whole genome sequencing. Fluidigm SNP genotyping with a custom panel 551 

was performed to ensure that each pair of tumor and matched normal samples originated from 552 

the same individual. Whole genome sequencing (150bp paired end) was performed on the 553 

Illumina NovaSeq 6000 platform with target coverage of 40X for tumors and 20X for matched 554 
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normal tissues. All sequencing reads were aligned to the GRCh38 human reference genome 555 

using Burrows-Wheeler-MEM (v0.7.16a and v0.7.17). Post-sequencing QC metrics were 556 

applied for total coverage, evenness of coverage and contamination. Cases were excluded if 557 

coverage was below 30X for tumor or 15X for normal tissue. For evenness of coverage, the 558 

median over mean coverage (MoM) score was calculated. Tumors with MoM scores outside 559 

the range of values determined by previous studies to be appropriate for whole genome 560 

sequencing (0.92 – 1.09) were excluded. Conpair2 (https://github.com/nygenome/Conpair) 561 

was used to detect contamination, cases were excluded if the result was greater than 3%3. A 562 

total of 962 cases passed all criteria and were included in subsequent analysis. 563 

 564 

Somatic variant calling 565 

Variant calling was performed using the standard Sanger bioinformatics analysis pipeline 566 

(https://github.com/cancerit). Copy number profiles were determined first using the algorithms 567 

ASCAT4 and BATTENBERG5, where tumor purity allowed. SNV were called with 568 

cgpCaVEMan6, indels were called with cgpPINDEL7, and structural rearrangements were 569 

called using BRASS. CaVEMan and BRASS were run using the copy number profile and purity 570 

values determined from ASCAT where possible (complete pipeline, n=857). Where tumor 571 

purity was insufficient to determine an accurate copy number profile (partial pipeline, n=105), 572 

CaVEMan and BRASS were run using copy number defaults and an estimate of purity 573 

obtained from ASCAT/BATTENBERG. For SNV additional filters (ASRD >= 140 and CLPM 574 

==0) were applied to remove potential false positive calls. To further exclude the possibility of 575 

caller specific artefacts being included in the analysis, a second variant caller, Strelka2, was 576 

run for SNVs and indels1,8. Only variants called by both the Sanger variant calling pipeline and 577 

Strelka2 were included in subsequent analysis. 578 

 579 

Validation of Japanese sequencing 580 

The matched normal tissue sequenced was blood for all countries with the exception of Japan, 581 

where adjacent normal kidney was used. As Japan displayed an enrichment of SBS12, 582 
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matched blood was obtained from 28 of the 36 patients to confirm that the source of the 583 

matched normal tissue was not influencing the result. In all cases, the mutational spectra of 584 

Japanese ccRCC generated using either blood or adjacent normal kidney matched each other 585 

with a cosine similarity of >0.99.  586 

 587 

Generation of mutational matrices  588 

Mutational matrices for single base substitutions (SBS), doublet base substitutions (DBS) and 589 

small insertions and deletions (ID) were generated using SigProfilerMatrixGenerator 590 

(https://github.com/AlexandrovLab/SigProfilerMatrixGenerator) with default options (v1.2.12)9.  591 

 592 

Mutational signature analysis 593 

Mutational signatures were extracted using two algorithms, SigProfilerExtractor 594 

(https://github.com/AlexandrovLab/SigProfilerExtractor), based on nonnegative matrix 595 

factorization, and mSigHdp10 (https://github.com/steverozen/mSigHdp), based on the 596 

Bayesian hierarchical Dirichlet process. For SigProfilerExtractor, de novo mutational 597 

signatures were extracted from each mutational matrix using SigProfilerExtractor with 598 

nndsvd_min initialization (NMF_init="nndsvd_min") and default parameters (v1.1.9)11. Briefly, 599 

SigProfilerExtractor deciphers mutational signatures by first performing Poison resampling of 600 

the original matrix with additional renormalization (based on a generalized mixture model 601 

approach) of hypermutators to reduce their effect on the overall factorization11. Nonnegative 602 

matrix factorization (NMF) was performed using initialization with nonnegative singular value 603 

decomposition and by applying the multiplicative update algorithm using the Kullback–Leibler 604 

divergence as an objective function11. NMF was applied with factorizations between k=1 and 605 

k=20 signatures; each factorization was repeated 500 times11. De novo single base 606 

substitution mutational signatures were extracted with SigProfilerExtractor for both SBS-288 607 

and SBS-1536 contexts9. The results were largely concordant with the SBS-1536 de novo 608 

signatures allowing additional separation of mutational processes, therefore the SBS-1536 de 609 

novo signatures were taken forward for further analysis (Supplementary Table 2). Mutational 610 
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signatures for DBS and ID were extracted in DBS-78 and ID-83 contexts respectively 611 

(Supplementary Tables 3 & 4). Where possible, SigProfilerExtractor matched each de novo 612 

extracted mutational signature to a set of previously identified COSMIC signatures12, for SBS-613 

1536 signatures this requires collapsing the 1536 classification into the standard 96 614 

substitution type classification with six mutation classes having single 3’ and 5’ sequence 615 

contexts (Supplementary Table 5). This step makes it possible to distinguish between de novo 616 

signatures which can be explained by a combination of the known catalog of mutational 617 

process (which have not been completely separated during the extraction), and those which 618 

have not been previously identified. mSigHdp extraction of SBS-96 and ID-83 signatures was 619 

performed using the suggested parameters and using the country of origin to construct the 620 

hierarchy. SigProfilerExtractor’s decomposition module was subsequently used to match 621 

mSigHdp de novo signatures to previously identified COSMIC signatures12. Further details on 622 

the comparison of results between SigProfilerExtractor and mSigHdp and decomposition of de 623 

novo signatures into COSMIC reference signatures can be found in the supplementary note. 624 

 625 

Attribution of activities of mutational signatures 626 

The de novo (SigProfiler) and COSMIC signature (SigProfiler and mSigHdp) activities were 627 

attributed for each sample using the MSA signature attribution tool (v2.0, 628 

https://gitlab.com/s.senkin/MSA)13. For COSMIC attributions, only COSMIC reference 629 

signatures, which were identified in the decomposition of de novo signatures, where included 630 

in the panel for attribution, in addition to de novo signatures which could not be decomposed 631 

into COSMIC reference. At its core, the tool utilizes the nonnegative least squares (NNLS) 632 

approach minimizing the L2 distance between the input sample and the one reconstructed 633 

using available signatures. To limit false positive attributions, automated optimization 634 

procedure was applied by repeated removal of all signatures that do not increase the L2 635 

similarity of a sample by >0.008 for SBS, >0.014 for DBS, and >0.03 for ID mutation types, as 636 

suggested by simulations. These optimal penalties were derived using an optional parameter 637 

(params.no_CI_for_penalties = false) utilizing a conservative approach in calculation of 638 

All rights reserved. No reuse allowed without permission. 
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. 

The copyright holder for this preprintthis version posted June 29, 2023. ; https://doi.org/10.1101/2023.06.20.23291538doi: medRxiv preprint 

https://doi.org/10.1101/2023.06.20.23291538


 

 

penalties. Finally, a parametric bootstrap approach was applied to extract 95% confidence 639 

intervals for each attributed mutational signature activity.  640 

 641 

Driver mutations 642 

A dNdS approach was used to identify genes under positive selection in ccRCC14. The analysis 643 

was preformed both for the whole genome (q-value<0.01), and with restricted hypothesis 644 

testing (RHT) for a panel of 369 known cancer genes14. Variants in any gene identified as 645 

under positive selection in global dNdS or in the 369-cancer gene panel were assessed as 646 

potential drivers14. Candidate driver mutations were annotated with the mode of action using 647 

the Cancer Gene Census (https://cancer.sanger.ac.uk/census) and the Cancer Genome 648 

Interpreter tool (https://www.cancergenomeinterpreter.org). Missense mutations were 649 

assessed using the MutationMapper tool (http://www.cbioportal.org/mutation_mapper). 650 

Variants were considered likely drivers if they met any of the following criteria: (i) Truncating 651 

mutations in genes annotated as tumor suppressors; (ii) mutations annotated as likely or 652 

known oncogenic in MutationMapper; (iii) truncating variants in genes with selection (q-653 

value<0.05) for truncating mutations assumed to be tumor suppressors and thus likely drivers; 654 

(iv) missense variants in all genes under positive selection and with dN/dS ratios for missense 655 

mutations above 5 (assuming 4 of every 5 missense mutations are drivers) labelled as likely 656 

drivers; or (v) in-frame indels in genes under significant positive selection for in-frame indels. 657 

 658 

Evolutionary analysis 659 

Subclonal architecture reconstruction was performed using the DPClust R package v2.2.85,15, 660 

after obtaining cancer cell fraction (CCF) estimates by dpclust3p v1.0.8 661 

(https://github.com/Wedge-lab/dpclust3p) based on the variant allele frequency provided by 662 

the somatic variant callers and the copy number profiles determined by the BATTENBERG 663 

algorithm. Only tumors with at least 40% purity according to BATTENBERG were considered 664 

for further evolutionary analysis. For each tumor with at least one subclone, the respective 665 

somatic mutations were split into clonal and subclonal mutations using the most probable 666 
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cluster assignment for each mutation as per the DPClust output. Mutations not assigned to a 667 

cluster by DPClust were removed from further analysis. Clusters centered at a CCF>1.5 and 668 

ones where chromosome X contributed the highest number of mutations were deemed 669 

artifactual, and the respective mutations were removed. Samples with a total number of clonal 670 

or subclonal mutations below 256 were also removed. Additionally, samples with poor 671 

separation between the clonal and subclonal distributions (e.g., subclone centered at a 672 

CCF>0.80) were removed. Finally, only samples that had both a clone and at least one 673 

subclone post-filtering were retained for further analysis. This yielded a total of 223 samples, 674 

each with clonal and subclonal mutations. SigProfilerAssignment (v0.0.13) 675 

(https://github.com/AlexandrovLab/SigProfilerAssignment) was used to identify the activity of 676 

each mutational signature in each clone/subclone, and these activities were then normalized 677 

by the total number of mutations belonging to the clone/subclone (i.e., clonal mutations were 678 

not included in the subclone). A two-sided Wilcoxon Signed-Rank Test16 was used to assess 679 

the differences in the relative activity of each mutational signature between the clones and 680 

their respective subclones. P-values were corrected using the Benjamini-Hochberg 681 

procedure17 and reported as q-values in the manuscript. 682 

 683 

Regressions 684 

Signature attributions were dichotomized into presence and absence using confidence 685 

intervals, with presence defined as both lower and upper limits being positive, and absence as 686 

the lower limit being zero. If a signature was present in at least 75% of cases (SBS1, SBS40a, 687 

SBS40b, ID1, and ID5), it was dichotomized into above and below the median of attributed 688 

mutation counts. The binary attributions served as dependent variables in logistic regressions, 689 

and relevant risk factors were used as factorized independent variables. To adjust for 690 

confounding factors, sex, age of diagnosis, country, and tobacco status were added as 691 

covariates in regressions. The Bonferroni method was used to test for significant p-values (i.e., 692 

a total of 224 comparisons for regressions with signatures, and a total of 24 comparisons for 693 

regressions with mutation burden). P-values reported are raw (not corrected). Regressions 694 

All rights reserved. No reuse allowed without permission. 
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. 

The copyright holder for this preprintthis version posted June 29, 2023. ; https://doi.org/10.1101/2023.06.20.23291538doi: medRxiv preprint 

https://doi.org/10.1101/2023.06.20.23291538


 

 

with incidence of renal cancer were performed as linear regressions with mutation burdens or 695 

signature attributions with confidence intervals not consistent with zero as a dependent 696 

variable, and age-standardized rates (ASR) of renal cancer obtained from Global Cancer 697 

Observatory (GLOBOCAN)18, sex and age of diagnosis as independent variables. ASR of renal 698 

cancer for regions of Czech Republic were obtained from SVOD web portal19. 699 

 700 

Polygenic risk score (PRS) analysis of lifestyle risk factors 701 

In this analysis, we used the genome-wide association studies (GWAS) summary statistics 702 

estimated in European populations for well-established risk factors for ccRCC. For tobacco 703 

smoking status, we used results from the GSCAN consortium meta-analysis of smoking 704 

initiation (ever vs never status)20. For body mass index (BMI), the results of UK biobank (UKBB) 705 

meta-analysis of continuous BMI were used21. GWAS summary statistics related to 706 

hypertension, namely systolic blood pressure and diastolic blood pressure, as well as the ones 707 

related to diabetes22, such as fasting glucose and fasting insulin were also obtained using 708 

UKBB studies23.  709 

 710 

Since all the GWAS summary statistics used in the current work were based on European 711 

populations, we used ADMIXTURE tool (v1.3.0)24 and principal component analysis (PCA) to 712 

infer the unsupervised cluster of individuals with European genetic background within ccRCC 713 

cases. Hapmap SNPs (n=1,176,821 variants) were extracted from the ccRCC whole-genome 714 

sequence genotype data. After basic quality control using PLINK (v1.9b, www.cog-715 

genomics.org/plink/1.9/), 333 variants were removed due to missing genotype rate > 5%, 1,236 716 

variants failed Hardy-Weinberg equilibrium test (p-values<10-8), and 18,702 variants had 717 

MAF<1% in our cohort. Additionally, 3 ambiguous variants and 21,358 variants within regions 718 

of long-range, high linkage disequilibrium (LD) in the human genome (hg38) were excluded. 719 

After pruning for linkage disequilibrium, 143,727 variants remained in ccRCC genotype data. 720 

The 1000 genome reference population genotype data (phase 3) for Europeans (N=489), 721 

Africans (YRI, N=108) and East Asians (N=103 from China and 104 from Japan) 722 
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(https://www.internationalgenome.org/data/) were filtered and merged with ccRCC genotype 723 

data based on the pruned set of variants present in both datasets. ADMIXTURE was run on 724 

the merged genotype data with k=3, which would correspond to the three ancestral continental 725 

population groups that likely reflect the participants of our study. The ccRCC cases with 726 

European genetic fraction greater than 80% by the ADMIXTURE analysis were selected for 727 

the polygenic risk scores (PRS) analyses. To complement the ADMIXTURE analysis, PCA 728 

was run on the same samples. 729 

 730 

The initial genotype data based on whole-genome sequence from 849 ccRCC cases with 731 

European genetic background consisted of biallelic SNPs with MAF >0.01% (to exclude ultra-732 

rare variants; N ~ 30 million variants). After basic quality control, variants with missing 733 

genotype rate of greater than 5% (N=7,519,196 variants) with strong deviation from Hardy-734 

Weinberg equilibrium (p-values<10-8, N=220,862) were excluded. For each GWAS trait, we 735 

restricted our analyses to the biallelic SNPs with minor allele frequency (MAF) greater than 1% 736 

in the 1000 genomes reference for European populations. For the selection of the independent 737 

genome-wide significant hits (p-values<5 × 10-8) of each GWAS summary statistic used to 738 

generate the PRS, SNPs were clumped (r2=0.1 within a LD window of 10 MB) using PLINK 739 

(v1.9b, www.cog-genomics.org/plink/1.9/) based on the 1000 genomes European reference 740 

population genotype data (N=489; ~ 10 million variants). Where a selected GWAS hit was not 741 

found in ccRCC genotype data, we extracted proxies (r2>0.8 in 1000 genomes) also present 742 

in ccRCC dataset where possible (Supplementary Table 11). The variance of each genetic 743 

trait explained by the genetic variants were calculated as previously suggested25. PRS was 744 

subsequently calculated as the sum of the individual’s beta-weighted genotypes using PRSice-745 

2 software26. Associations were estimated per standard deviation increase in the PRS, which 746 

was normalized to have a mean of zero across ccRCC cases of European genetic ancestry. 747 

 748 

 749 

 750 
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Untargeted metabolomics association with signatures 751 

Of the 962 subjects from the main analysis, 901 subjects were included in this sub-study – all 752 

Japanese samples (n=36) as well as few cases from Czech Republic (n=13), Romania (n=5) 753 

and Russia (n=3) were not included due to lack of available plasma samples. Samples were 754 

randomized and analyzed as two independent analytical batches. Analysis was performed with 755 

a UHPLC-QTOF-MS system that consisted of a 1,290 Binary LC and a 6,550 QTOF mass 756 

spectrometer equipped with Jet Stream electrospray ionization source (Agilent Technologies), 757 

using previously described methods27. Pre-processing was performed using Profinder 758 

10.0.2.162 and Mass Profiler Professional B.14.9.1 software (Agilent Technologies). A “Batch 759 

recursive feature extraction (small molecules)” process was employed for samples and blanks 760 

to find [M+H]+ ions. The two batches were processes separately and the resulting features 761 

were aligned in Mass Profiler Professional. Chromatographic peak areas were used as a 762 

measurement of intensity. 763 

 764 

A total of 2,392 features were detectable in at least one of the 901 samples. Features present 765 

in only one of the two batches were filtered out. Recursive filtering elimination was applied to 766 

decrease redundancy from highly correlated variables (r≥0.85, Pearson's r calculated before 767 

any transformation/imputation) by selecting the features with least missing data within clusters 768 

of features. A total of 944 features were included in the statistical analysis. Features were pre-769 

processed: missing values were replaced with 1/5 of the minimal value of the feature before 770 

applying mean centering and Pareto scaling. Each feature was regressed against both de novo 771 

and COSMIC signatures, adjusting for sex and age of diagnosis, as well as body mass index 772 

(BMI) and technical factors (batch, acquisition order) that could impact chromatographic peak 773 

area. Models for SBS22a and SBS22b were restricted to Romanian and Serbian samples to 774 

find potential pathways of Aristolochic acid exposure in the Balkan region. Logistic models 775 

were used for zero-inflated signatures (≥30% zeros) while quasi-Poisson regressions were 776 

used for the least zero-inflated signatures (SBS1, SBS40a, and SBS40b). To derive specific 777 

false detection rates, random variables were created from permutations of the initial features 778 
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and regressed against signatures in the same fashion as true features. Maximum p-value 779 

thresholds from regressions with random features were compared to adjusted p-value 780 

thresholds according to Bonferroni’s procedure. The more conservative approach was used in 781 

selecting features of interest. Random forest models were also used as cross-checking 782 

multivariate models to assess the relative importance of each feature in explaining the 783 

signature attribution. As with univariate models, regression models were used for the least 784 

zero-inflated signatures (<30% of zeros) while classification models were used for all other 785 

signatures, with restriction to Romanian and Serbian samples for SBS22a and SBS22b. 786 

Importance was estimated from the total decrease in node impurities from splitting on the 787 

variable, averaged over all trees. Node impurity was measured by the Gini index for 788 

classification, and by residual sum of squares for regression. The significance of importance 789 

metrics for Random Forest models were estimated by permuting the response variable 790 

(https://github.com/EricArcher/rfPermute). 791 

 792 

Features considered for identification, along with their highly correlated counterparts, were 793 

searched in Human Metabolome Database (HMDB), LipidMaps, Metlin, and Kegg. Compound 794 

identity was confirmed by comparison of retention times and MS/MS fragmentation against 795 

chemical standards when available, or otherwise against reference MS/MS spectra. Since the 796 

feature 240.1468@0.8929933 was strongly correlated with several features identified as 797 

TMAP (Supplementary Table 13), the integration of these features was inspected and 798 

corrected manually, and regressed against SBS40b using the same model applied to features 799 

selected for analysis. Creatinine was identified among the features by matching its retention 800 

time and MS/MS spectra against a reference standard and also regressed against SBS40b in 801 

the same fashion as other metabolites. Estimation of correlation between metabolic features 802 

was done using linear regression adjusting for batch and acquisition order. 803 

 804 

 805 

 806 
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Targeted metabolomics analyses 807 

Circulating levels of PFAS (Per- and Polyfluorinated Substances) and cystatin C compounds 808 

were investigated using targeted mass spectrometry-based methods as described 809 

previously28,29. 810 

 811 

Out of the 962 subjects from the main analysis, plasma samples from 909 subjects (from all 812 

countries except Japan) were randomized and sent frozen in dry ice to each respective 813 

laboratory for analyses. Measurement of cystatin C from 906 subjects included its native form 814 

and isoforms (3Pro-OH cystatin C, cystatin C-desS, 3Pro-OH cystatin C-desS and cystatin C-815 

desSSP) that were modeled individually and for the total concentration of cystatin C isoforms. 816 

Measurements of PFAS compounds included PFOA (Perfluorooctanoic Acid; total, branch, 817 

linear), PFOS (Perfluorooctanoic Acid; total, branch, linear), PFHxS (Perfluorohexane 818 

sulfonate), PFNA (Perfluorononanoic acid), PFDA (Perfluorodecanoic acid), MePFOSAA (n-819 

methylperfluoro-1 octanesulfonamido acetic acid), EtPFOSAA (2-(N-Ethyl-perfluorooctane. 820 

sulfonamido) acetic acid). 821 

 822 

Multivariable quasi-Poisson (for the least sparse signatures SBS1, SBS40a and SBS40b) and 823 

logistic regression were used to estimate the association between plasma concentrations of 824 

the aforementioned substances and mutational signatures. All compounds were modeled 825 

continuously (log2-transformed) and categorically, with adjustments made by sex, age, date 826 

of recruitment, country, BMI, tobacco and alcohol status in the case of PFAS molecules and 827 

by sex, age and BMI, in the case of cystatin C. 828 

 829 

Geospatial analyses 830 

Geospatial analyses were performed to estimate the regional effect for signature attribution, 831 

particularly for signatures thought to be from exogenous exposure (SBS40b – unknown – and 832 

SBS22a/SB22b - Aristolochic acid). Residential history information was available for a large 833 

proportion of cases from the countries of interest: Czech Republic for SBS40b and 834 
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Romania/Serbia for SBS22a/SBS22b. The 259 cases from Czech Republic within this study 835 

were recruited from 4 separate regions including Prague, České Budějovice (in Southern 836 

Bohemia), as well as Brno and Olomouc in the east of the country. Each individual residence 837 

was geocoded to its administrative region. All locations outside the country of recruitment were 838 

labeled as “Abroad”. A multi-membership mixed model was used to account for the full list of 839 

regions in which each subject resided, as well as the proportion of life spent in that region 840 

before diagnosis. As dependent variable, signatures were inverse-normal transformed. Models 841 

were adjusted for sex and age of diagnosis (fixed effects). The regional effect was treated as 842 

random effect. 843 

 844 

Data availability 845 

Whole genome sequencing data and patient metadata are deposited in the European 846 

Genome-phenome Archive (EGA) associated with study EGAS00001003542. All other data is 847 

provided in the accompanying Supplementary Tables. 848 

 849 

Code availability 850 

All algorithms used for data analysis are publicly available with repositories noted within the 851 

respective method sections and in the accompanying reporting summary. Code used for 852 

regression analysis and figures is available at: 853 

https://gitlab.com/Mutographs/Mutographs_RCC.  854 
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Mutation burdens for single base substitutions (SBS) (a), doublet base substitutions (DBS) 999 

(b) and small insertions and deletions (ID) (c) show significant differences between countries 1000 

using the Kruskal-Wallis (two-sided) test (n=961 biologically independent samples). Four 1001 

SBS hypermutators and four ID hypermutators above mutation burden of 30000 and 3000, 1002 

respectively, were removed for clarity. Box and whiskers plots are in the style of Tukey. The 1003 

line within the box is plotted at the median while the upper and lower ends are indicated 25th 1004 

and 75th percentiles. Whiskers show 1.5*IQR (interquartile range) and values outside it are 1005 

shown as individual data points.  1006 

 1007 

Extended Data Fig. 2: Principal component analysis of relative mutation counts. 1008 

PCA performed on relative mutation counts of all ccRCC tumors incorporating the six 1009 

mutation classes (C>A, C>G, C>T, T>A, T>C, T>G). Principal component 1 (PC1) clearly 1010 

separates the cluster of mostly Romanian cases that are enriched with AA signatures, often 1011 

at high mutation burdens. Principal component 3 (PC3) identifies a cluster of mostly 1012 

Japanese cases, enriched with signature SBS12. 1013 

 1014 

Extended Data Fig. 3: Doublet-base substitution signatures operative in clear cell 1015 

renal cell carcinomas. 1016 

(a) Tumour mutation burden (TMB) plot showing the frequency and mutations per Mb for 1017 

each of the decomposed DBS signatures. (b) Average relative attribution for doublet-base 1018 

substitution (DBS) signatures across countries. Signatures contributing less than 5% on 1019 

average are grouped in the ‘Other’ category, apart from signature DBS_D. Category named 1020 

‘<95% confidence’ accounts for the proportion of mutation burden which could not be 1021 

assigned to any signature with confidence level of at least 95%. (c) Decomposed DBS 1022 

signatures, including reference COSMIC signatures as well as de novo signatures not 1023 

decomposed into COSMIC reference signatures. 1024 

 1025 
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Extended Data Fig. 4: Small insertions and deletion signatures operative in clear cell 1026 

renal cell carcinomas. 1027 

(a) Tumour mutation burden (TMB) plot showing the frequency and mutations per Mb for 1028 

each of the decomposed ID signatures. (b) Average relative attribution for small insertion and 1029 

deletion (ID) signatures across countries. Signatures contributing less than 5% on average 1030 

are grouped in the ‘Others’ category, apart from signature ID_C. Category named ‘<95% 1031 

confidence’ accounts for the proportion of mutation burden which could not be assigned to 1032 

any signature with confidence level of at least 95%. (c) Decomposed ID signatures, including 1033 

reference COSMIC signatures as well as de novo signatures not decomposed into COSMIC 1034 

reference signatures. 1035 

 1036 

Extended Data Fig. 5: Correlation amongst signatures SBS22a, SBS22b, DBS_D, ID_C.  1037 

 1038 

Extended Data Table 1: Presence of signatures SBS22a, SBS22b, DBS_D, ID_C across 1039 

countries. 1040 

 1041 

Extended Data Fig. 6: Single base substitution signatures showing significant 1042 

differences in attributed mutation burden between countries. 1043 

Signatures SBS40a (a) and SBS40b (b) were more prevalent in high-incidence regions of 1044 

Czech Republic and Lithuania. Signatures SBS22a (c) and SBS22b (d) were enriched in 1045 

Romania and Serbia. SBS1 (e), SBS5 (f) and SBS4 (g) showed moderate differences across 1046 

countries. Signature SBS12 (h) is highly prevalent in Japan. Five SBS1 hypermutators above 1047 

mutation burden of 1000 were removed for clarity. Box and whiskers plots are in the style of 1048 

Tukey. The line within the box is plotted at the median while the upper and lower ends are 1049 

indicated 25th and 75th percentiles. Whiskers show 1.5*IQR (interquartile range) and values 1050 

outside it are shown as individual data points.  1051 

 1052 

 1053 
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Extended Data Fig. 7: Association of mutational signatures with incidence of renal 1054 

cancer. 1055 

Number of mutations attributed to signatures (a) SBS40a, (b) ID5 and (c) ID8 against age-1056 

standardized incidence rate (ASR) of kidney cancer in each of the eleven countries 1057 

represented in the cohort. The p-values shown are for ASR variable in linear regressions 1058 

across all cases, adjusted for sex and age of diagnosis. 1059 

 1060 

Extended Data Fig. 8: Association of mutation burden with incidence of renal cancer. 1061 

Association of age-standardized rates (ASR) of kidney cancer incidence with SBS (a), DBS 1062 

(b) and ID (c) mutation burdens across countries. Romania (ASR≈7.7) and Serbia (ASR≈7.4) 1063 

were removed due to the region-specific exposure to Aristolochic acid, with AA-related 1064 

signatures accounting for a large proportion of mutation burden in these countries. The p-1065 

values shown are for ASR variable in linear regressions across all cases, adjusted for sex 1066 

and age of diagnosis. 1067 

 1068 

Extended Data Fig. 9: Evolutionary analysis of mutational signatures in ccRCC. 1069 

Comparison of mutational signatures between clonal and subclonal mutations. Lines show 1070 

the change in relative activity between the clonal mutations (main) and subclonal mutations 1071 

(sub) within a sample. Blue and red lines represent an activity change of more than 6% (blue 1072 

indicates higher in the clonal mutations; red indicates higher in the subclonal mutations). Bar 1073 

plots show the distribution of activities in samples where the signature was present in the 1074 

clonal and/or subclonal mutations; this number is represented in the title of each plot as 1075 

X/223 for each signature. Black bars indicate one standard deviation away from the mean. 1076 

Significance was assessed using a two-sided Wilcoxon signed-rank test, and q-values were 1077 

generated using the Benjamini-Hochberg Procedure. 1078 

All rights reserved. No reuse allowed without permission. 
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. 

The copyright holder for this preprintthis version posted June 29, 2023. ; https://doi.org/10.1101/2023.06.20.23291538doi: medRxiv preprint 

https://doi.org/10.1101/2023.06.20.23291538


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  

 

All rights reserved. No reuse allowed without permission. 
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. 

The copyright holder for this preprintthis version posted June 29, 2023. ; https://doi.org/10.1101/2023.06.20.23291538doi: medRxiv preprint 

https://doi.org/10.1101/2023.06.20.23291538


 

Country 
(ASR/100,000) 

  Brazil 
(4.5) 

Canada 
(10.4) 

Czechia 
(14.4) 

Japan 
(7.6) 

Lithuania 
(14.5) 

Poland 
(8.1) 

Romania 
(7.7) 

Russia 
(10.3) 

Serbia 
(7.4) 

Thailand 
(1.8) 

UK 
(10.3) 

Total 
(4.6) 

Number of cases   96 73 259 36 16 13 64 216 69 5 115 962 
Sex Female 44 22 93 8 9 5 25 98 30 4 42 380 
  Male 52 51 166 28 7 8 39 118 39 1 73 582 
  0-45 15 6 27 3 1 2 6 43 16 0 6 125 
  45-55 20 17 51 5 0 6 10 44 11 0 22 186 
Age at diagnosis  55-65 30 17 77 8 9 1 20 91 27 2 41 323 
(years) 65-75 24 27 72 13 4 4 20 32 9 2 31 238 
  75+ 7 6 32 7 2 0 8 6 6 1 15 90 
  1999-2005     93     13 14 18       138 
Year of 2005-2010   111    19 70 1  31 232 
recruitment 2010-2015  9 55 28   31 116 68  41 348 
 2015-2020 96 64  8 16   12  5 43 244 

  I 28 3 123 24 6 0 33 94 32  53 396 
  II 2 0 42 1 0 6 12 24 4  8 99 
Stage III 16 23 46 6 5 5 18 65 26  38 248 
  IV 7 10 38 5 2 2 1 33 7  16 121 
  Missing 43 37 10   3         5   98 
  <20 3 2 5 2 0 2 2 9 8 0 6 39 
 20-25 21 10 100 25 2 3 17 84 28 3 23 316 
Body mass index  25-30 35 24 85 7 6 6 30 40 20 1 45 299 
  >30 37 37 69 2 8 2 14 83 13 1 41 307 
  Missing             1         1  
  No 45 28 129 16 5 9 39 125 28 2 58 484 
Hypertension Yes 51 44 130 20 10 4 24 91 41 3 56 474 
  Missing   1     1   1       1 4 
  No 76 55 130 29 9  45 186 61 3 95 689 
Diabetes Yes 20 16 36 7 7  4 12 8 2 20 132 
  Missing  2 93     13 15 18       141 
Family history of  No 90 42 165 35 16  54 192 67 5 102 726 
ccRCC Yes 5 4 22 1 0  1 6 2 0 3 43 
 Missing 1 27 72     13 9 18     10 193 
  Current smoker 23 21 66 9 4 6 11 52 18 1 28 239 
Tobacco status Ex-smoker 21 30 62 15 3 3 15 27 15 0 44 235 
  Never 52 22 131 11 9 4 37 137 36 4 43 486 
  Missing       1     1         2 

PFOA (ng/mL)  
Mean 
(st. dev.) 

0.7 
(0.5) 

1.6 
(1.1) 

3.4 
(2.1)   

1.3 
(0.6) 

5.4 
(4.1) 

1.3 
(0.9) 

1.5 
(1.4) 

1.3 
(0.6) 

2.2 
(2.2) 

3.3 
(1.7) 

2.2 
(1.9) 
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Fig. 3 
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Extended Data Fig. 1. 
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Extended Data Fig. 2. 
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Extended Data Fig. 3. 
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Extended Data Fig. 4. 
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Country N cases SBS22a (%) SBS22b (%) DBS_D (%) ID_C (%) SBS22a or SBS22b (%) Any (%) 

Romania 64 45 (70.3) 48 (75.0) 42 (65.6) 13 (20.3) 53 (82.8) 54 (84.4) 

Serbia 69 16 (23.2) 33 (47.8) 11 (15.9) 3 (4.3) 35 (50.7) 36 (52.2) 

Thailand 5 3 (60.0) 3 (60.0) 0 (0.0) 0 (0.0) 4 (80.0) 4 (80.0) 

Brazil 96 3 (3.1) 3 (3.1) 1 (1.0) 0 (0.0) 3 (3.1) 3 (3.1) 

Canada 73 2 (2.7) 0 (0.0) 2 (2.7) 1 (1.4) 2 (2.7) 3 (4.1) 

Czechia 259 1 (0.4) 5 (1.9) 32 (12.4) 0 (0.0) 6 (2.3) 37 (14.3) 

UK 115 1 (0.9) 0 (0.0) 31 (27.0) 0 (0.0) 1 (0.9) 31 (27.0) 

Russia 216 0 (0.0) 1 (0.5) 26 (12.0) 0 (0.0) 1 (0.5) 27 (12.5) 

Poland 13 0 (0.0) 0 (0.0) 1 (7.7) 0 (0.0) 0 (0.0) 1 (7.7) 

Lithuania 16 0 (0.0) 1 (6.2) 1 (6.2) 0 (0.0) 1 (6.2) 2 (12.5) 

Japan 36 0 (0.0) 1 (2.8) 1 (2.8) 0 (0.0) 1 (2.8) 1 (2.8) 

 

 

 

 

 

Extended Data Fig. 5. 

Extended Data Table 1. 
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Extended Data Fig. 6. 
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Extended Data Fig. 7. 
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Extended Data Fig. 8. 
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