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Abstract 24 

Parts of East Asia have a very high upper tract urothelial carcinoma (UTUC) prevalence, and an 25 

etiological link between the medicinal use of herbs containing aristolochic acid (AA) and UTUC 26 

has been established. The mutational signature of AA, which is characterized by a particular 27 

pattern of A:T to T:A transversions, can be detected by genome sequencing. Thus, integrating 28 

mutational signatures analysis with clinicopathological data may be a crucial step toward 29 

personalized treatment strategies for the disease. Therefore, we performed whole-genome 30 

sequencing (WGS) of 90 UTUC patients from China. Mutational signature analysis via 31 

nonnegative matrix factorization method defined three etiologically distinct subtypes with 32 

prognostic relevance: (i) AA, the typical AA mutational signature characterized by signature 22, 33 

had the highest tumor mutation burden, the best clinical outcomes; (ii) Age, an age-related group 34 

featured by signatures 1 and 5, had the lowest weighted genome instability index score, the worst 35 

clinical outcomes; and (iii) DSB, signature with deficiencies in DNA double strand break-repair 36 

featured by signatures 3, the intermediate clinical outcomes. Additionally, the distinct AA subtype 37 

was associated with AA exposure, the highest number of predicted neoantigens and heavier 38 

lymphocytes infiltrating. Thus, it may be good candidate for immune checkpoint blockade therapy. 39 

Notably, we showed AA-mutational signature was also identified in histologically “normal” 40 

urothelial cells. Thus, non-invasive urine test based on the AA-mutational signature could take 41 

advantage of this “field effect” to screen individuals at increased risk of recurrence due to exposure 42 

to herbal remedies containing the carcinogen AA. Collectively, the findings here may accelerate 43 

the development of novel prognostic markers and personalized therapeutic approaches for UTUC 44 

patients in China. 45 
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Introduction 47 

The epidemiology and clinicopathological characteristics of UTUC is largely influenced by its 48 

geographic distribution. Parts of East Asia such as Taiwan have a much higher UTUC prevalence, 49 

accounting for more than 30% of urothelial cancers (UCs)(1-3) compared to only 5-10% of UCs 50 

in Western populations(4). Chinese patients are more frequently female, of higher rate for kidney 51 

failure(5). Conceivably, geographic differences in risk factors for UTUC, such as AA-containing 52 

herb drugs consumption may account for some of these observations(1, 6-8). It has been shown 53 

that AA-induced mutational signature was characterized by A:T to T:A transversions at the 54 

sequence motif A[C∣T]AGG(8, 9). The unusual genome-wide AA signature, termed signature 55 

22 in COSMIC, holds great potential as “molecular fingerprints” for AA exposure in multiple 56 

cancer types(7, 9). Similarly, other endogenous or exogenous DNA damaging agents will also 57 

create mutational signatures detectable by DNA sequencing(10). Thus, analyses of mutational 58 

signatures, informative in other tumors(11, 12), have not been comprehensively reported in UTUC 59 

especially Chinese patients. The most comprehensive genomic studies of UTUC in Western 60 

populations used exome sequencing or targeted panel sequencing of cancer-associated genes(13-61 

15). However, deriving signatures from whole-exome data may be problematic(16). Herein, we 62 

reported the first comprehensive genomic analysis of UTUC based on mutational signatures using 63 

WGS in 90 Chinese UTUC patients. Mutational signature analysis defined three UTUC subtypes 64 

with distinct etiologies and clinical outcomes. We further showed that geographically distinct AA 65 

subtype with high tumor mutation burden and higher level of tumor-infiltrating lymphocytes held 66 

great potential for immunotherapy. These results provided deeper insights into the biology of this 67 

cancer.  68 

 69 
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Results 70 

Copy number variations (CNVs) dominate the UTUC landscape  71 

The flowchart of selecting patients was shown in fig. S1. Clinicopathologic characteristics of 90 72 

UTUC patients were listed in table S1. The samples were sequenced by WGS to an average 30X 73 

depth which allowed us to comprehensively catalog both single nucleotide variations (SNVs), 74 

small insertions and deletions (indels) and copy number variations (CNVs). We identified a 75 

median of 19,639 (interquartile range [IQR], 16,578 to 32,937) SNVs and a median of 2,197 (IQR, 76 

1,615 to 2,650) indels. A median of 437 (IQR, 355 to 584) coding mutations was noted (fig. 1A). 77 

The increased mutation load was consistent with the increased prevalence of exposure to the potent 78 

mutagen AAs (fig. 1B). Next, we examined the candidate driver genes with MutSigCV (Q<0.05). 79 

Only two genes, TP53 and FRG2C, were identified (fig. 1C). However, many genes listed in the 80 

Cancer Gene Census as known driver genes were affected by non-silent mutations including genes 81 

which frequently mutated in Western UTUC patients, such as KMT2D (18%) and ARID1A (14%) 82 

(fig. 1C). Additionally, the overall genomic landscape confirmed the dominance of recurrent 83 

CNVs compared with SNVs and indels in the cohort (fig. 1D).  84 

Mutational signatures define three UTUC subtypes with distinct etiology 85 

Next, we explored the dynamic interplay of risk factors and cellular processes using mutational 86 

signature analysis. We identified 23 mutational signatures defined by COSMIC in our cohort, 87 

which were merged by shared aetiologies into 9 signatures by MutationalPatterns(17) (Materials 88 

and Methods). Hierarchical clustering based on the number of SNVs attributable to each signature 89 

confirmed three major subtypes (fig. 2A): (1) AA, there is significantly higher number of signature 90 

22(1, 8) mutations (a median of 1,871 ) compared to the other two subtypes (fig. 2B, Wilcoxon 91 

rank test); (2) Age, there is significantly higher number of signatures 1 and 5, attributed to clocklike 92 
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mutational processes accumulated over cell divisions(18) (fig. 2C, Wilcoxon rank test); and (3) 93 

DSB, there is significantly higher number of signature 3 mutations, associated with failure of DNA 94 

double-strand break-repair by homologous recombination (fig. 2D, Wilcoxon rank test). We 95 

further verified whether the subtypes defined by mutational signatures associated with their 96 

attributed etiological and clinicopathologic features. Consistent with previous epidemiological 97 

studies in Asian patients(6, 19-21), we found that the AA subtype was significantly associated 98 

with AA-containing herb drugs intake, poor renal function, female sex, multifocality and lower T 99 

stage (fig. 2E, Kruskal-Wallis test). Thus, the AA subtype defined by mutational signatures did 100 

capture the etiological subgroup of UTUC patients who had AAs exposure. Furthermore, 101 

consistent with the scenario that DNA damage repair deficiency may increase genomic instability, 102 

the DSB subtype exhibited both higher level weighted genome integrity index (wGII) and higher 103 

level microsatellite instability (MSI) compared to the Age subtype (fig. 2F and 2G). Additionally, 104 

lymphovascular invasion, an independent predictor of clinical outcomes for UTUC(22), was 105 

higher in the Age subtype compared to the DSB subtype. Although statistically significance was 106 

not achieved which may be due to limited number of cases (table S2).  107 

Subtypes defined by mutational signatures can predict clinical outcomes 108 

Next, we explored whether clinical outcomes of the three subtypes differed significantly. Notably, 109 

a Kaplan-Meier plot revealed that the subtypes can predict both cancer-specific survival (CSS) 110 

(fig. 3A, log-rank, p=0.006) and metastasis-free survival (MFS) (fig. 3B, log-rank, p=0.007). The 111 

AA and DSB subtypes exhibited favourable outcomes compared with the Age subtype. Since an 112 

improved prognostic stratification could offer more tailored therapeutic decisions, we further 113 

stratified the patients into subgroups, muscle invasion and non-muscle invasion subgroups. 114 

Consistently, the AA and DSB subtypes also exhibited favourable outcomes in muscle-invasive 115 
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UTUC patients (log-rank, p=0.001 for CSS, log-rank, p=0.002 for MFS) (fig. 3C and 3D). In 116 

multivariate Cox regression proportional analyses adjusted for the effects of standard 117 

clinicopathologic variables, mutational subtypes were still an independent risk factor for CSS 118 

(Hazard Ratio [HR]=4.05, 95% CI: 1.58~10.42, p=0.004) and MFS (HR=3.43, 95% CI: 1.46~8.06, 119 

p=0.006) (table S3). We also used the recently described mutational signature deconvolution 120 

method, Mutalisk, for comparison(23). This method was based on different statistical frameworks, 121 

and therefore some differences were to be expected. Nevertheless, we observed the same key 122 

signature patterns with similar-sized patient subgroups expressing the dominant signature types 123 

(fig. S2A). Both Mutalisk and MutationalPatterns identified the same group of patients with AA 124 

signature. MutationalPatterns identified 9 putative Age subtype of UTUC patients that Mutalisk 125 

did not identify (T002, T005, T013, T040, T047, T048, T087, T091 and T094) (fig. S2B). Since 126 

the Age subtypes by either MutationalPatterns and Mutalisk showed the worst CSS and MFS (fig. 127 

3, fig. S2C and S2D), we would propose that MutationalPatterns was preferable to err on the side 128 

of overcalling rather than undercalling the presence of age-related signature.   129 

Integration of mutational signature subtypes with copy number alterations 130 

One practical question was how this subtyping could be implemented clinically. Previous study 131 

had showed that 10X coverage data can confidently retrieve dominant signatures(11). Therefore, 132 

lower-coverage WGS could provide a cost-effective alternative for signature-based stratification 133 

especially for the AA subtype (more than 35% mutations contributed by signature 22 in our cohort). 134 

Although for the Age and DSB subtype which did not have the dominant signatures, we next 135 

explored whether CNV features can distinguish these two subtypes. First, we examined the 136 

landscape of CNVs in UTUC by ichorCNA(24) which can predict CNVs in tumor-only samples. 137 

Recurrent CNVs in UTUC patients of BCM/MDACC cohort were also identified in our study(13), 138 
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such as gain in 1q, 8q and loss in 2q, 5q, 10q (fig. S3A). However, the defined mutational subtypes 139 

presented similarities in terms of CNV profiles (fig. S4A and S4B). Of note, several focal CNVs 140 

were significantly associated with the mutational subtypes, such as deletion of 10q26.2-26.3 was 141 

more prevalent in the DSB subtype compared to the Age subtype, and amplification of 1q31.1-142 

1q32.1 was more prevalent in the AA subtype compared to the DSB subtype (fig. S4C). Moreover, 143 

we performed unsupervised hierarchical clustering which separated UTUCs into three groups with 144 

distinct CNV patterns. However, there was not significantly association between mutational 145 

signature subtypes and CNV subtypes (fig. S5A). Meanwhile, the overall survival of the CNV 146 

subtypes did not differ significantly (fig. S5B and S5C). Among all the recurrent CNV regions, 147 

only amplification of 17q25.1 was significantly associated with better overall survival (fig. S5D). 148 

Hence, the CNV profiles seem to capture a different type of clinicopathological information 149 

compared with the mutational signature subtypes.  150 

Field cancerization may contribute to malignant transformation especially for the AA 151 

subtype 152 

Clinical interest in the AA subtype is increasing especially in East Asia since AA-associated 153 

UTUCs are prevalent(1, 25). Consistent with our previous epidemiological study(21), we found 154 

an increased rate of multifocality and high bladder recurrence in the AA subtype (fig. 2B). Field 155 

cancerization(26), which is the development of a field with genetically altered cells, has been 156 

proposed to explain the development of multiple primary tumours and local recurrence. Therefore, 157 

we further sequenced three AA subtype patients (table S4) including a multifocal patient (fig. 4A 158 

and fig. S6). We did find that significant amount of SNVs and indels in the morphologically normal 159 

urothelium specimens in all three patients. Strikingly, the AA mutational signature was 160 

consistently identified in urothelium specimens and tumor tissues in all 3 patients (fig. 4B), which 161 

indicated that AA exposure may contribute to the field cancerization. Probably damaging 162 
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mutations in genes that were documented by the COSMIC and the KEGG pathway in cancer were 163 

shown in table S5. Moreover, in the multifocal patient, the urothelial tumour at renal pelvic from 164 

2007 shared no genetic alterations with a renal pelvic tumour from 2015 or a bladder tumour from 165 

2015. However, the two tumours from 2015 were genetically related (fig. 4C). Therefore, field 166 

cancerization and intraluminal seeding could co-contribute to the multifocality and increased 167 

bladder recurrence in the AA subtype patients.  168 

Potential for immunotherapy in the AA subtype of UTUC patients 169 

The AA subtype bears high mutation burdens thus may be good candidate for immune checkpoint 170 

blockade therapy(27). To address this possibility, we predicted neoantigens binding to patient-171 

specific human leukocyte antigen (HLA) types. The AA subtype had the highest number of 172 

predicted neoantigens (fig. 5A). Moreover, it has been reported that lymphocytes infiltration 173 

especially CD3+ lymphocytes in tumour region is associated with improved survival in a range of 174 

cancers including urothelial cancer(28-30). Previous study has shown that the number of tumor-175 

infiltrating lymphocyte independently correlates progress-free survival in NSCLC patients treated 176 

with nivolumab immunotherapy(31). Pathological assessment of tumor-infiltrating lymphocytes 177 

allows an easy evaluation of immune infiltration. Therefore, we further evaluated the extent of 178 

tumor-infiltrating mononuclear cells (TIMCs) and CD3+ lymphocytes in 76 available samples 179 

(table S6). We found the number of CD3+ lymphocytes was positively associated with the number 180 

of stromal TIMCs (R2=0.72; p<0.001) (fig. 5B). The AA subtype had the highest number of both 181 

stromal TIMCs (Wilcoxon rank test, p<0.001) and CD3+ lymphocytes (Wilcoxon rank, p<0.001) 182 

(fig. 5C and 5D). Representative images from a patient of the AA subtype and the Age subtype 183 

were shown in the fig. 5E and fig. 5F, respectively.  184 

 185 

Discussion 186 
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Herein, we performed the first comprehensive genomic analysis of Chinese UTUC patients. 187 

Three subtypes were defined by mutational signatures. We found that the AA subtype was 188 

significantly associated with the usage of AA-containing herb drugs. However, a substantial 189 

percentage of patients with the AA-mutational signature did not report usage of AA-containing 190 

herb drugs. This finding may be due to the difficulty to track the dosage of AAs from various 191 

herbal remedies. Some AA-containing herbal remedies have been officially prohibited in China 192 

since 2003, but Aristolochia contains over 500 species, many of which have medicinal 193 

properties(32). In the current study, we only took 70 AA-containing single products, such as 194 

Guang Fangchi, Qing Mu Xiang, Ma Dou Ling, Tian Xian Teng, Xun Gu Feng, and Zhu Sha Lian 195 

in Mandarin Chinese and mixed herbal formulas, such as, Long Dan Xie Gan, into account. And 196 

the detail list of AA-containing herb drugs surveyed by current study was shown in table S7. Some 197 

herb plants containing AA were not banned such as Xi Xin(33). Exposure to AAs and their 198 

derivatives may still be widespread in China. Notably, we showed AA-mutational signature was 199 

also identified in histologically “normal” urothelial cells. In a published study(34), similar “field 200 

effect” was also identified in an Chinese UTUC patient. Thus, non-invasive urine test based on the 201 

AA-mutational signature could take advantage of this “field effect” to screen individuals at 202 

increased risk of recurrence due to exposing to herbal remedies containing the carcinogen AA.  203 

One limitation of current study was lack of a matched normal for 85 of 90 UTUC patients due 204 

to lack of funds. Therefore, we relied on the public mutation database and in-house genomic data 205 

of 1000 healthy Chinese individuals for the filtering germline variances. But in recent years, these 206 

catalogs of human variation have grown exponentially, questioning the necessity of sequencing a 207 

matched normal for every tumor sample(35). Additionally, a matched normal will not be available 208 

in many pathological conditions, such as cancer cell lines and liquid biopsy. Although we can not 209 
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make definite conclusions that the SNVs identified in current study were somatic mutations. We 210 

may also overcall the Age subtypes without a matched normal since germline variants contributed 211 

to signature 5 in COSMIC which combined with signature 1 as age-related signature in current 212 

study. However, with this caveat, the mutational signature subtypes did capture distinct clinical 213 

and genomic features, such as better overall survival, higher level of wGII and higher level of MSI 214 

in DSB subtype compared to Age subtype of patients.  215 

Additionally, our study supports a rationale for management of UTUC, most notably the AA 216 

subtype. Patients with AA mutational signature may predict better checkpoint inhibitors response. 217 

Strikingly, the DSB subtype was featured by signature 3 in COSMIC. In pancreatic cancer, 218 

responders to platinum therapy usually exhibit signature 3 mutations(36). These results suggested 219 

that platinum-based therapy may also benefit UTUC patients of DSB subtype. More recently, 220 

protein components of the DNA damage repair (DDR) systems have been identified as promising 221 

avenues for targeted cancer therapeutics(37). We also further assessed the mutation rates across 222 

345 genes associated with DDR, as previously described in a pan-cancer analysis(37) (fig. S7). 223 

There was a 1.6 fold enrichment (P=0.007, 95% CI:1.12-2.20) and a 1.4 fold enrichment (P=0.01, 224 

95% CI:1.07-1.86) of DDR genes alterations in DSB and Age subtype, respectively. Further 225 

mechanistic insights of the DSB and Age subtypes may provide the basis for therapeutic 226 

opportunities within the DNA damage response. In summary, our study provides the most 227 

comprehensive genomic profile of Chinese UTUC patients to date. The findings may accelerate 228 

the development of novel prognostic markers and personalized therapeutic approaches for UTUC 229 

patients especially those from geographical regions with exposure to AA-containing herb drugs.  230 

 231 

Materials and Methods 232 
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Patients cohort 233 

All the fresh samples in this study were obtained from Peking University First Hospital between 234 

January 2016 to December 2017 (Grant No.2015[977]). These fresh samples were stored in liquid 235 

nitrogen after surgery immediately. Formalin-fixed, paraffin-embedded (FFPE) samples were 236 

provided by the Institute of Urology after pathologic diagnosis. The main endpoint events 237 

consisted of overall survival (OS), cancer-specific survival (CSS), metastasis-free survival (MFS), 238 

progression-free survival (PFS) and bladder-recurrence free survival (BRFS). All patients were 239 

not treated with neoadjuvant chemotherapy. AA exposure assessment was performed according to 240 

self-reported data on 70 AA and its derivatives-containing herb drugs (collectively, AA) intake(21, 241 

38). These herbs were taken as single products (Guan Mu Tong (Aristolochia manshuriensis Kom), 242 

Guang Fangchi (Aristolochia fangchi), Qing Mu Xiang (Radix Aristolochiae), Ma Dou Ling 243 

(Fructus Aristolochiae), Tian Xian Teng (Caulis Aristolochiae), Xun Gu Feng (herba 244 

Aristolochiae mollissimae), and Zhu Sha Lian (Aristolochia cinnabarina)) or were components of 245 

mixed herbal formulas (eg, Guan Mu Tong in the Long Dan Xie Gan mixture). And the detail list 246 

of AA-containing herb drugs surveyed by current study was shown in table S7. The accumulated 247 

self-reported usage for the above drugs more than a year was termed as AA exposure patients. 248 

Clinical and demographic information was obtained from a prospectively maintained institutional 249 

database. The study was approved by the Ethics Committee of Peking University First Hospital. 250 

Whole-genome sequencing  251 

The sheared DNA was repaired and 3  ́ dA-tailed using the NEBNext Ultra II End Repair/dA-252 

Tailing Module unit and then ligated to paired-end (PE) adaptors using the NEBNext Ultra II 253 

Ligation Module unit. After purification by AMPure XP beads, the DNA fragments were amplified 254 
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by PCR for 6-8 cycles. Finally, the libraries were sequenced with an Illumina X-ten instrument, 255 

thus generating 2 x 150-bp PE reads. 256 

Single nucleotide variations (SNVs) and indels calling 257 

SNVs and indels were called using VarScan2(39)and Vardict(40) in the form of single sample 258 

mode, then Rtg-tools(41) was used to remove variants called in a set of 1000 healthy, unrelated 259 

Chinese individuals (unpublished data from CAS Precision Medicine Initiative) and got the 260 

common variants called by the two software. Further filtering criteria were carried out according 261 

to the reference(11, 42). Finally, Annovar(43) was applied to remove variants whose mutation 262 

frequency was no less than 0.001 in 1000 Genomes project, latest Exome Aggregation Consortium 263 

dataset, NHLBI-ESP project with 6500 exomes, latest Haplotype Reference Consortium database 264 

and latest Kaviar database. 265 

Mutational signature analysis  266 

R package MutationalPatterns(17) was carried out to assign each sample’ signature. We discovered 267 

23 COSMIC signatures which were merged by shared etiologies into 9 signatures in our cohort. 268 

We named signature 22 which has been found in cancer samples with known exposures to 269 

aristolochic acid(1, 8) as AA, DNA double strand break-repair deficiency featured by signature 3 270 

as DSB. We merged signature 1 and 5 as Age(18), signature 2, 13 as APOBEC, combined 271 

signatures including signature 6, 15, 20, 21, 26, 27 as MSI, combined signatures including 272 

signature 8, 12, 16, 17, 18, 19, 23, 25, 28, 30 as unknown. Mutational signatures was extracted 273 

from the mutation count matrix, with non-negative matrix factorization (NMF). Hierarchical 274 

clustering was performed by the number of single nucleotide variants (SNVs) attributable to each 275 

signature.  276 

Copy number variations (CNVs) analysis 277 
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 To determine copy number states, we used a recently published method(44). Briefly, the genome 278 

was divided into bins of variable length with an equal amount of potential uniquely mapping reads. 279 

We simulated approximately 37X hg19 reads mapped by BWA and divided the genome into 280 

50,000 bins of the same mapping ability. Loess normalization was used to correct for GC bias.  281 

Candidate driver gene analysis 282 

Candidate driver genes were explored by MutSigCV(45) to analyse SNVs and indels. Chromatin 283 

state, DNA replication time, expression level and the first 20 principal components of 169 284 

chromatin marks(46) from the RoadMap Epigenomics Project(47) of the mutated gene were used 285 

as covariates. We applied the cut off  0.05 for Q value. Cancer census genes from COSMIC(48) 286 

release v87 were calculated for their mutation rates (mutations/gene length) and genes with more 287 

than 10 samples were selected with high mutation rates. 288 

The weighted genome integrity index score (wGII) analysis  289 

We calculated the wGII score as reported(49). Briefly, the percentage of gained and lost genomic 290 

material was calculated relative to the ploidy of the sample. The use of percentages eliminates the 291 

bias induced by differing chromosome sizes. The wGII score of a sample was defined as the 292 

average of this percentage value over the 22 autosomal chromosomes. 293 

Microsatellite instability (MSI) analysis  294 

mSINGS(50) was used to calculate the ratio of unstable loci in the genome of each sample. First, 295 

the microsatellites at the reference genome were calculated by MSIsensor(51). Sixteen 296 

microsatellite stable esophageal squamous cell carcinomas(52) were used to calculate the baseline 297 

for the absence of MSI signature (signature 6, 15, 20, 21, 26, 27) as defined by COSMIC(48).  298 

Neoantigen prediction 299 
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HLAscan(53) was used to genotype the HLA region with HLA-A, HLA-B and HLA-C taken into 300 

consideration. NetMHC4.0(54) was used for predictions of peptide-MHC class I interaction, SNVs 301 

annotated by Annovar(43) as nonsynonymous were used to do this analysis. An in-house script 302 

was carried out to obtain possible 9–amino acid sequences covering the mutated amino acids 303 

according to the manual. Rank in the output that was no more than two were considered as binding 304 

in the light of BindLevel suggestion. 305 

Assessing tumor-infiltrating lymphocytes 306 

The tumor infiltrating mononuclear lymphocytes were measured according to a standardized 307 

method from the International Immuno-Oncology Biomarkers Working Group(55). And the CD3 308 

antibody (ab5690, 1:10000; Abcam) was used to evaluate the CD3+ lymphocytes in tumor section.  309 
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 465 

 466 

467 
Fig. 1. Oncoplot of genomic alterations in UTUC. (A) The number of coding mutations were 468 

represented by barplots. (B) Selected patient clinical features were included. (C) Cancer consensus 469 

frequently mutated genes and mutation types were indicated in the legend. (D) Selected loci with 470 

high recurrence rate among patients were shown. Copy number gain/loss and 471 

amplification/deletion were inferred as genes with GISTIC scores of 1 and 2, respectively. BLCA: 472 

synchronous bladder cancer, bladder recurrence and bladder cancer history. AA: aristolochic acid. 473 

CKD: chronic kidney disease. 474 

 475 
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 477 
Fig. 2. Genomic subtypes defined by mutational signatures. (A) Bar plot of the number of 478 

SNVs attributable to 9 merged signatures in each of the 90 tumors, sorted by hierarchical clustering 479 

(dendrogram at bottom), revealing AA-related (AA, yellow), Age-related (Age, orange), and DNA 480 

damage repair deficient (DSB, green). Selected clinical features were represented in the bottom 481 

tracks. (B) The box plot showed the number of signature 22 mutations in tumors within each 482 

signature subtype. *P<0.05; **P<0.01; ***P< 0.001 (Wilcoxon rank test). (C) The box plot 483 

showed the number of signatures 1&5 mutations in tumors within each signature subtype. *P<0.05; 484 

**P<0.01; ***P< 0.001 (Wilcoxon rank test). (D) The box plot showed the number of signature 3 485 

mutations in tumors within each signature subtype. *P<0.05; **P<0.01; ***P< 0.001 (Wilcoxon 486 

rank test). (E) The bar graph showed the association between three subtypes and clinicopathologic 487 

features. *P<0.05; **P<0.01; ***P< 0.001 (Kruskal-Wallis test). (F) Comparison of the weighted 488 

Genome Instability Index (wGII) scores among three subtypes. (G) Microsatellite instability (MSI) 489 

status was evaluated by fraction of unstable microsatellite loci identified by WGS data. P-values 490 
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were calculated by Wilcoxon rank test (*P<0.05, **P< 0.01, ***P< 0.001).  491 

 492 

 493 
Fig. 3. Subtypes defined by mutational signatures predict clinical outcome. (A)-(D)Kaplan-494 

Meier survival curves showed the mutational signature subtypes can predict both CSS and MFS 495 

for the whole cohort, as well as for muscle-invasive UTUC patients. CSS: cancer-specific survival. 496 

MFS: metastasis-free survival. P-values were calculated by the log-rank test. n, the number of 497 

cases. 498 

 499 

 500 
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 501 

 502 
Fig. 4. Field cancerization may contribute to malignant transformation especially for the AA 503 

subtype. (A) Laser capture microdissection of urothelium from a representative patient. Magnified 504 

insets (13x) of the black frame area showed ureteral urothelium before laser capture and the 505 

remaining cells after laser capture. (B) Trinucleotide contexts for somatic mutations in biopsies 506 

from three patients of the AA subtype. The height of each bar (the y-axis) represented the 507 

proportion of all observed mutations that fall into a particular trinucleotide mutational class. AA: 508 
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aristolochic acid; UU: ureter urothelium; BU: bladder urothelium; RC: renal cortex; BT: bladder 509 

tumor; UT: urothelium tumor; and PT: pelvis tumour. (C) Phylogenetic relationships of the six 510 

samples from the multifocal patient were deciphered using mrbayes_3.2.2. Spatial locations of 511 

core biopsies of the patient were presented in the left panel.  512 

 513 

 514 

 515 

 516 
Fig. 5. Predicted neoantigens and tumor-infiltrating lymphocytes in each mutational subtype.  517 

(A) Neoantigen burden was significantly higher in the AA subtype. Statistical significance was 518 

determined by Wilcoxon rank test (***P<0.001). (B) Positive correlation of the percentage of 519 

stromal tumor-infiltrating mononuclear cells (TIMCs) and the number of CD3+ lymphocytes in 76 520 

UTUC patients of our cohort (nAA=23; nAge=32; nDSB=21). The percentage of stromal TIMCs (C) 521 

and CD3+ lymphocytes (D) were shown in each subtype of patients. Statistical significance was 522 

determined by the Wilcoxon rank test (**P<0.01, ***P<0.001). HP represented high-power field. 523 

Images of TIMCs and CD3+ lymphocytes of a representative patient from the AA subtype (E) and 524 

the Age subtype (F) Triangle highlighted the TIMCs or CD3+ lymphocytes in stromal tumour 525 

region. Arrow highlighted the TIMCs or CD3+ lymphocytes in intra-tumour region.   526 

 527 

 528 
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