
Frontiers in Immunology

OPEN ACCESS

EDITED BY

Jianzhong Ai,
Sichuan University, China

REVIEWED BY

Wang Bin,
Second Military Medical
University, China
Ruiqin Han,
Chinese Academy of Medical
Sciences, China

*CORRESPONDENCE

Liqun Zhou

zhoulqmail@sina.com

Xuesong Li

pineneedle@sina.com;

pineneedle_uro@163.com

†These authors have contributed
equally to this work

SPECIALTY SECTION

This article was submitted to
Cancer Immunity
and Immunotherapy,
a section of the journal
Frontiers in Immunology

RECEIVED 14 November 2022
ACCEPTED 19 December 2022

PUBLISHED 03 February 2023

CITATION

Tang Q, Zuo W, Wan C, Xiong S, Xu C,
Yuan C, Sun Q, Zhou L and Li X (2023)
Comprehensive genomic profiling of
upper tract urothelial carcinoma and
urothelial carcinoma of the bladder
identifies distinct molecular
characterizations with potential
implications for targeted
therapy & immunotherapy.
Front. Immunol. 13:1097730.
doi: 10.3389/fimmu.2022.1097730

COPYRIGHT

© 2023 Tang, Zuo, Wan, Xiong, Xu,
Yuan, Sun, Zhou and Li. This is an open-
access article distributed under the
terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use,
distribution or reproduction is
permitted which does not comply
with these terms.

TYPE Original Research
PUBLISHED 03 February 2023

DOI 10.3389/fimmu.2022.1097730
Comprehensive genomic
profiling of upper tract urothelial
carcinoma and urothelial
carcinoma of the bladder
identifies distinct molecular
characterizations with potential
implications for targeted
therapy & immunotherapy

Qi Tang1†, Wei Zuo1†, Chong Wan2, Shengwei Xiong1,
Chunru Xu1, Changwei Yuan1, Qiangqiang Sun3, Liqun Zhou1*

and Xuesong Li1*

1Department of Urology, Peking University First Hospital, Beijing, China, 2Precision Medicine Center,
Yangtze Delta Region Institute of Tsinghua University, Jiaxing, Zhejiang, China, 3Lifehealthcare
Clinical Laboratory, Beijing, China
Backgrounds: Despite the genomic landscape of urothelial carcinomas (UC)

patients, especially those with UC of bladder (UCB), has been comprehensively

delineated and associated with pathogenetic mechanisms and treatment

preferences, the genomic characterization of upper tract UC (UTUC) has yet

to be fully elucidated.

Materials and methods: A total of 131 Chinese UTUC (74 renal pelvis & 57

ureter) and 118 UCB patients were enrolled in the present study, and targeted

next-generation sequencing (NGS) of 618 cancer-associated genes were

conducted to exhibit the profile of somatic and germline alterations. The

COSMIC database, including 30 mutational signatures, were utilized to

evaluate the mutational spectrums. Moreover, TCGA-UCB, MSKCC-UCB, and

MSKCC-UTUC datasets were retrieved for preforming genomic alterations

(GAs) comparison analysis between Western and Chinese UC patients.

Results: In our cohort, 93.98% and 56.63% of UC patients were identified with

oncogenic and actionable somatic alterations, respectively. Meanwhile, 11.24%

of Chinese UC patients (of 14.50% and 7.63% of UTUC and UCB cases,

respectively) were identified to harbor a total of 32 pathogenic/likely-

pathogenic germline variants in 22 genes, with DNA damage repair (DDR)-

associated BRCA1 (1.20%) and CHEK2 (1.20%) being the most prevalent.

Chinese UTUC and UCB patients possessed distinct somatic genomic

characteristics, especially with significantly different prevalence in KMT2D/C/
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A, GNAQ, ERCC2, RB1, and PPM1D. In addition, we also found notable

differences in the prevalence of ELF3, TP53, PMS2, and FAT4 between renal

pelvis and ureter carcinomas. Moreover, 22.90% and 33.90% of UTUC and UCB

patients, respectively, had at least one deleterious/likely deleterious alteration

in DDR related genes/pathways. Subsequently, mutational signature analysis

revealed that UC patients with mutational signature 22, irrespective of UTUC or

UCB, consistently had the markedly higher level of tumor mutational burden

(TMB), which was proved to be positively correlated with the objective

complete/partial response rate in the IMvigor210 cohort. By comparison,

Chinese and Western UTUC patients also differed regrading GAs in

oncogenic-related genes/pathways, especially in TP53, RTK/RAS, and PI3K

pathways; besides, more alterations in WNT pathway but less TP53, RTK/RAS,

HIPPO, and PI3K pathways were identified in Chinese UCB.

Discussions: The in-depth analysis of genomic mutational landscapes revealed

distinct pathogenetic mechanisms between Chinese UTUC and UCB, and

specific genomic characterizations could identify high risk population of

UTUC/UCB and provided information regarding the selection of alternative

therapeutic regimens.
KEYWORDS

UTUC (renal pelvis & ureter), UCB, targeted next-generation sequencing, genomic
characterization, germline variants, DDR, mutational landscape
1 Introduction

Urothelial carcinoma (UC), including upper tract UC

(UTUC) and UC of bladder (UCB), is one of the most

common genitourinary malignancies worldwide (1, 2).

According to the latest cancer statistics reported by Chinese

National Cancer Center, the estimated incidence and mortality

rates of UCB in China have risen to 5.95/105 and 2.44/105,

respectively (3). Among UC patients, 90%-95% tumors originate

in bladder; while UTUC, only accounting for 5%-10% of UC, is

arising in the renal pelvis or ureter. Due to the similar

morphological and histological appearance, diagnostic and

therapeutic strategies for UTUC are largely derived from those

used for UCB. However, based on the data from Caucasian

patients, UTUC and UCB exhibit notably distinct clinical, and

molecular characteristics (4, 5). Molecular profiling is necessary

to recognize the distinct pathogenetic mechanisms, and provide

matched therapeutic regimens for patients with UC.

The genomic landscape of UC, including prevalent

alterations in signaling pathways and driver genes, such as

TP53, FGFR3, ERBB2, and PIK3CA, is closely associated with

tumor development and aggressiveness, and affects treatment

response (6). An earlier study discloses that TP53 alterations are

the most prevalent in UCB, simultaneously with MLL2 (has

aliases as KMT2D), ARID1A and KDM6A (chromatin
02
remodeling genes) (7). Genomic alterations (GAs) comparison

analysis between UTUC and UCB by a cohort study of Memorial

Sloan Kettering Cancer Center (MSKCC) reveals that TP53, RB1,

and ERBB2 alterations are more frequent in UCB; whereas,

FGFR3 and HRAS are more prevalently altered in UTUC (8).

Afterwards, the above results have been further confirmed in

another Western cohort study (9). Additionally, GAs in DNA

damage repair (DDR) genes are also prevalent in all UC subtypes

(10), and have been demonstrated to correlate with the

sensit ivi ty to plat inum-based treatments (11) and

immunotherapy (12). Notably, the ingestion of aristolochic

acid (AA), which can initiate aristolochic acid nephropathy

(13), is markedly associated with serious kidney damage and

urothelial carcinogenesis, along with a distinct mutational

signature (sig) in affected UC individuals (14). Also, exposure

to AA contained in some Chinese herbal medicines contributing

to the damage of renal functions is highly correlated with the

development of UTUC among Chinese patients (15). Recently, a

pan-cancer analysis mainly based on the data from The Cancer

Genome Atlas (TCGA) and International Cancer Genome

Consortium (TCGA/ICGC) delineates that COSMIC

(Catalogue of Somatic Mutations in Cancer) sig 22 is

specifically found in tumor tissue samples with the exposure to

AA, and there is an extremely high mutational burden in UC,

especially in renal pelvis tumors exposed to AA. In addition,
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more UTUC patients have predispositions in Lynch Syndrome

(LS) related features, such as tumor mutational burden (TMB)

and microsatellite instability (MSI) caused by germline

mutations in DNA mismatch repair (MMR) genes (16).

Nonetheless, there are few studies on the pathogenic/likely-

pathogenic (P/LP) germline variants of UTUC, particularly for

Chinese patients.

Overall, it is essential to investigate and comprehend the

germline and somatic landscape of Chinese UTUC and UCB,

leveraging into substantial advances in potentiating clinical

applicability, guiding clinical management, and promoting

precision medicine. Currently, only small retrospective

Chinese UC patient series have showed the discrepancies in

the prevalence of altered genes between UTUC and UCB;

however, due to the rarity of UTUC, results of these studies

are limited by small sample sizes. In the present study, a total of

249 Chinese UC patient samples, including 131 UTUC and 118

UCB cases, were enrolled and performed via the next-generation

sequencing (NGS) to characterize the genomic landscape of

Chinese UC patients.
2 Materials and methods

2.1 Study samples and ethics

UC patients, comprising 131 UTUC (79 male cases & 52

female cases, and diagnosis age ranged from 36 to 86 years old)

and 118 UCB (92 male cases & 26 female cases, and diagnosis

age ranged from 19 to 87 years old) patient samples, were

enrolled between January 1st, 2018 and October 9th, 2021, and

UTUC or UCB disease was diagnosed by a qualified physician.

Written informed consents of all involved patients have been

collected, and this study was conducted according to the

International Ethical Guidelines for Biomedical Research

Involving Human Subjects, the Declaration of Helsinki, and

approved by the ethics committee of Peking University First

Hospital. In the present study, there was no limit regarding the

gender, age, weight of involved patients when collecting UTUC

or UCB patient samples; however, pregnant or breastfeeding

female samples were excluded. Besides, a total of 3 qualified

surgeons participated into the surgical operations and all patient

samples were collected using simple randomization. Formalin-

fixed, paraffin-embedded (FFPE) tumor tissues and germline

DNA from matched blood samples were subsequently analyzed

by using a targeted NGS platform. The representative FFPE

tumor tissues were estimated by a qualified pathologist to

determine whether the tumor content was sufficient (at least

20%). Of these samples, 1 UTUC & 2 UCB samples were

removed because of insufficient tumor content and 1 UCB

samples were lost owing to technical problems during DNA

extraction, thus resulting in a total of 131 UTUC and 118 UCB

samples available for subsequent analysis. Of note, all involved
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workers were blinded as of sample collection, processing,

outcome assessment, and bioinformatic analysis.
2.2 DNA extraction and targeted NGS

The FFPE tumor tissue samples and white blood cell

samples, including tumor genomic DNA (gDNA) and

germline gDNA, respectively, were initially extracted by using

QIAamp Genomic DNA Kit (Qiagen, CA, USA) according to

the instructions of manufacturer. Next, the quality and quantity

of purified DNA were detected and analyzed via using Agilent

2100 Bioanalyzer (Agilent Technologies, CA, USA) and Qubit

3.0 Fluorometer (Thermo Fisher Scientific Life Technologies,

MA, USA). Then, 100 ng gDNA was sheared by a Covaris E210

system (Covaris, MA, USA), and both the FFPE tumor gDNA

and germline gDNA library construction were prepared by using

Accel-NGS 2S DNA Library Kit (Swift Biosciences, MI, USA).

The target-enriched libraries were constructed by using xGen

Lockdown Probes Kit (Integrated DNA Technology, IA, USA),

and the probes were synthesized by Integrated DNA

Technology, Inc for a panel of 618 genes (Supplementary

Table 1). In the present study, bioassays were replicated three

times. Eventually, paired-end sequencing with 150 bp length

each read was conducted for the target-enriched libraries on the

Illumina Novaseq 6000 platform (Illumina, CA, USA). The

coverage of at least 1000× and 200× was achieved for tissue

and germline gDNA, respectively.
2.3 Sequencing data analysis and
variant interpretation

The FASTQ files of paired-end sequencing reads were

obtained by the software FASTP (FASTP, RRID :

SCR_016962, https://github.com/OpenGene/fastp), and the

quality control was also conducted via CASAVA (CASAVA,

RRID : SCR_001802, http://support.illumina.com/sequencing/

sequencing_software/casava.html). The raw sequencing data

were then aligned to the UCSC Human Genome Reference

hg19 by Burrows-Wheeler alignment tool and a binary

sequence alignment map (BAM) file was generated. The

duplicate removal and local realignment were performed by

using Picard (Picard, RRID : SCR_006525, http://broadinstitute.

github.io/picard/) to improve the mapping quality. Variant

ca l l ing (s ing le nuc leot ide var ia t ion (SNV) , smal l

insertions/deletions (indels), etc.) was based on the Genome

Analysis Toolkit (GATK, RRID : SCR_001876, https://software.

broadinstitute.org/gatk/download/), and they were annotated by

using the software ANNOVAR (ANNOVAR, RRID :

SCR_012821, http://www.openbioinformatics.org/annovar/). In

addition, TMB was defined as the number of identified variants

per megabase (Mb). The somatic alterations were interpretated
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according to the standards and guidelines of Association for

Molecular Pathology, American Society of Clinical Oncology,

and College of American Pathologists. The germline variants

were determined by a molecular geneticist in accordance with

the standards and guidelines of American College of Medical

Genetics and Genomics, and the Association for Molecular

Pathology, it is necessary to state that variants with unknown

significance were also evaluated but not reported in the present

study. The oncogenic alterations were identified in ClinVar

(ClinVar, RRID : SCR_006169, http://www.clinvar.com/).

Actionable GAs analysis was conducted in OncoKB (OncoKB,

RRID : SCR_014782, https://www.oncokb.org/).
2.4 DDR pathways, mutational signature
and alterations analysis

Thirty-four DDR genes (Supplementary Table 2), included in

six canonical pathways of Checkpoint, Fanconi Anemia (FA),

Homologous Recombination (HR), Mismatch Repair (MMR),

Nucleotide Excision Repair (NER), and others, were obtained as

previously described (11), which was utilized for the analysis of

somatic alteration profiling. Besides, an additional EPCAM was

usually used to characterize potential UC patients with LS as a

MMR-associated gene (17) during the investigation of germline

variants in our cohort. Deleterious alterations were determined

according to the interpretation of OncoKB database via cBioPortal

(cBioPortal, RRID : SCR_014555, http://www.cbioportal.org/).

The landscape of GAs of UC patients was exhibited in the

Oncoprint plots by using the package maftools. According to the

previously described oncogenic signaling pathways in 33 cancer

types (18), somatic GAs in our study were categorized into

following canonical pathways: TP53, RTK/RAS, DDR, NOTCH,

PI3K, Cell Cycle, WNT, HIPPO, TGF-, MYC, and NRF2.

Besides, the comparison of GA types of selected genes between

UTUC and UCB was visualized in the lollipop plots also by using

the package maftools. In addition, 30 COSMIC mutational

signatures were downloaded from the COSMIC website

(COSMIC, RRID : SCR_002260, http://cancer.sanger.ac.uk/

cancergenome/projects/cosmic/), and mutational signature

analysis was conducted by using nonnegative matrix

factorization from the 96-channel mutational profiles (19).
2.5 Genomic data of western UC patients

Eventually, clinical and genomic data of UTUC (MSK, Nat.

Commun. 2020) (20), namely MSKCC-UTUC cohort in the

present study, were downloaded to investigate the difference in

GAs between Chinese and Western UTUC patients, and the

clinical comparison analysis was shown in Supplementary

Table 3. In addition, clinical and genomic data of UCB from
Frontiers in Immunology 04
TCGA, PanCancer Atlas (21) and MSKCC, Eur Urol 2014 (22),

namely TCGA-UCB and MSKCC-UCB cohort, respectively,

were retrieved to investigate the difference in GAs between

Chinese and Western UCB patients, and the clinical

comparison analysis between Chinese and TCGA-UCB or

MSKCC-UCB cohorts was exhibited in Supplementary

Table 4, 5. In the present study, muscle-invasive bladder

cancer (MIBC) patients were screened out for subsequent

analysis. It should be mentioned that a shared panel of 209

genes (Supplementary Table 6) was used when comparing GAs

between Chinese UTUC and MSKCC-UTUC cohorts, and also

the same shared panel of 209 genes was used when comparing

GAs between Chinese UCB and MSKCC-UCB cohorts, besides,

a panel of 618 genes (Supplementary Table 1) was used to filter

GAs of UCB patients from the TCGA-UCB cohort for

subsequent analysis. The IMvigor210 cohort (23), including

UC patients treated with immunotherapy by anti-PD-L1

therapy, was downloaded to explore the relationship between

TMB level and immunotherapy response. The defined criteria of

therapy response: CR: complete response, PR: partial response,

SD: stable disease, PD: progressive disease.
2.6 Statistical analysis

Statistical analysis was conducted in R studio (v.3.4.3, https://

rstudio.com/) or by using the software Statistical Package for the

Social Sciences (SPSS, RRID : SCR_002865, http://www-01.ibm.

com/software/uk/analytics/spss/) and GraphPad Prism v8.0

(GraphPad Prism, RRID : SCR_002798, http://www.graphpad.

com/), and chi-square and Fisher’s exact tests were used to

determine the statistical significance of differences among

demographic categorical variables, and the Kruskal-Wallis’ test

was used to compare the continuous variables. The p-value <

0.05 was considered statistically significant.
3 Results

3.1 Patient characteristics

After investigation, all involved Chinese UC samples

(Table 1), including 131 UTUC and 118 UCB tumors (UCB

samples had no prior history of UTUC), were found with valid

somatic alterations, and the median and mean TMB values were

12.00 [0.66, 277.32] and 17.64, respectively. Besides, the median

and mean TMB values of UTUC vs. UCB were 9.88 vs. 14.00 and

17.31 vs. 18.00, respectively. Except a significantly higher

proportion of female patients diagnosed with UTUC tumors

instead of UCB, no statistically significant difference in other

clinical features was observed between UTUC and UCB in our

cohort (Table 1).
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3.2 Somatic and actionable alterations of
Chinese UC patients

In total, genomic landscape of Chinese UC samples

demonstrated that the most frequently altered genes

(Figure 1A) included TP53 (44.58%), ARID1A (18.00%), and

KDM6A (15.26%); whereas, it was noticed that the alteration

frequencies of FGFR3were only 7.63% and 5.93%, respectively in

UTUC and UCB. When grouping GAs by functional

significance, it was revealed that the top prevalently enriched

pathways were TP53 (50.60%), DDR (49.00%), RTK/RAS

(45.78%), NOTCH (34.94%), PI3K (27.71%), and Cell Cycle

(21.29%). While 93.98% (234/249) of Chinese UC patients were

identified as having oncogenic alterations, which were the most

abundant l y enr i ched in TP53 s igna l ing pa thway

(48.59%, Figure 1B).

Furthermore, a total of 141 (56.63%) Chinese UC patients

with 220 actionable alterations were identified in our cohort.

Irrespective of UTUC or UCB, it was found that more patients

had level 3 actionable GAs (level 3 vs. level 4 vs. level 1, UTUC:

44.44% vs. 32.22% vs. 23.33%; UCB: 39.33% vs. 37.08% vs.

23.60%, Supplementary Figure 1). UC patients had the most

actionable GAs in ARID1A (N = 34, 13.65%; UTUC vs. UCB:

12.21% vs. 15.25%). Besides, remaining actionable GAs were

mostly enriched in the RTK/RAS, PI3K, and DDR related

signaling pathways (Figure 1C). According to the statistical

analysis, there was no difference in the prevalence of
Frontiers in Immunology 05
actionable GAs between Chinese UTUC and UCB, except that

more AKT1 and ERCC2 actionable GAs were presented in

Chinese UCB (p < 0.05, Figure 1C). In comparison with the

TCGA-UCB cohort, more AKT1 (4.24% vs. 0.24%), EGFR

(1.69% vs. 0.00%), and PALB2 (2.54% vs. 0.24%) actionable

GAs occurred in the Chinese UCB cohort; whereas, ERBB2

(9.29% vs. 1.69%), FGFR3 (12.96% vs. 3.39%), KDM6A

(20.29% vs. 0.00%), and PIK3CA (18.34% vs. 5.08%) actionable

GAs were prevalent in the TCGA-UCB cohort (p < 0.05,

Supplementary Figure 2). Regarding the comparison of

actionable GAs between Chinese UCB and MSKCC-UCB

cohort, it was discovered that MSKCC-UCB cohort had more

prevalent actionable GAs in ARID1A (27.52% vs. 15.25%),

FGFR3 (18.35% vs. 3.39%), KDM6A (37.61% vs. 0.00%), and

PIK3CA (22.02% vs. 5.08%), while ERCC2 (7.63% vs. 0.92%)

actionable GAs were more prevalent in the Chinese UCB cohort

(p < 0.05, Supplementary Figure 3). In addition, FGFR3 (44.34%

vs. 8.47%), KDM6A (23.48% vs. 0.00%), and TSC1 (10.43% vs.

2.54%) actionable GAs were more frequent in the MSKCC-

UTUC cohort (p < 0.05, Supplementary Figure 4)
3.3 Spectrum of germline variants in
Chinese UC patients

In addition, a total of 32 P/LP germline variants were

identified within 11.24% (28/249) of individuals with UC in
TABLE 1 UTUC and UCB patient characteristics in Chinese cohort.

Variables UTUC (N = 131) UCB (N = 118) p-value

Diagnosis age 66 [36, 86] 66 [19, 87] 0.59

Gender

Male 79 92 < 0.01

Female 52 26

Smoker

Yes 20 25 0.28

No 23 17

NA 88 76

Tumor site

Renal pelvis 74 NA NA

Ureter 57 NA

Clinical stage

I/II 47 32 0.17

III/IV 84 84

NA 0 2
fron
UTUC, upper tract urothelial carcinoma; UCB, urothelial carcinoma of the bladder; TMB, tumor mutation burden; Bold represented there was a statistical significance; NA, not
applicable.
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our cohort, including 14.50% and 7.63% of UTUC and UCB

patients (Table 2). Interestingly, there were four UTUC patients

harboring two P/LP germline variants. The top prevalently

altered genes in UC were BRCA1 (N = 3, 1.20%, UCB vs

UTUC: 2:1), CHEK2 (N = 3, 1.20%, UCB vs UTUC: 1:2),

MSH2 (N = 2, 0.80%, UCB vs UTUC: 0:2), ERCC5 (N = 2,

0.80%, UCB vs UTUC: 1:1), BRCA2 (N = 2, 0.80%, UCB vs

UTUC: 1:1), BAX (N = 2, 0.80%, UCB vs UTUC: 0:2), and

PALB2 (N = 2, 0.80%, UCB vs UTUC: 0:2). In addition, 25 out of

32 P/LP germline variants were in genes associated with DDR in

UC, of which 5 were in MMR-associated genes, includingMSH2

(N = 2),MSH6 (N = 1), PMS1 (N = 1), EPCAM (N = 1). In UCB,

it was observed that the Chinese UCB cohort had the germline

variants of MMR-associated PMS1 (N = 1), and other DDR-

associated BRCA1 (N = 2), BRCA2 (N = 1), BRIP1 (N = 1),

CHEK2 (N = 1), ERCC5 (N = 1), RAD54L (N = 1), & RECQL4 (N

= 1). Whereas, the Chinese UTUC cohort harbored the germline

variants of MMR-associated MSH2 (N = 2), MSH6 (N = 1),

EPCAM (N = 1), and other DDR-associated BRCA1 (N = 1),

BRCA2 (N = 1), CHEK2 (N = 2), ERCC3 (N = 1), ERCC4 (N = 1),

ERCC5 (N = 1), FANCL (N = 1), MUTYH (N = 1), PALB2 (N =

2), RAD51C (N = 1), and non-DDR-associated ASXL1 (N = 1),

BAX (N = 2), CDKN2A (N = 1), SDHA (N = 1) & VHL (N =

2) (Figure 2).
Frontiers in Immunology 06
3.4 Comparison of the genomic
difference between Chinese
UTUC and UCB

GA enrichment analysis revealed that KMT2D (25.19% vs.

3.39%), KMT2C (12.98% vs. 1.69%), GNAQ (7.63% vs. 0.85%),

KMT2A (5.34% vs. 0.00%), RUNX2 (5. 34% vs. 0.00%), and

SPTA1 (5.34% vs. 0.00%) were significantly more prevalently

altered in UTUC; whereas, ERCC2 (11.02% vs. 2.29%), RB1

(7.63% vs. 1.53%), and PPM1D (6.78% vs. 0.76%) were more

prevalently altered in UCB instead (Figure 3A). Grouped by

signaling pathway, it was found that there was no significant

difference in the prevalence of altered pathway between UTUC

and UCB tumors, with the exception of Cell Cycle signaling

pathway which was more prevalent in UCB (27.97% vs.

15.27%, Figure 3B).

The difference in the prevalence of KMT2D between UTUC

and UCB was consistent in both the diseases with early (I/II) and

advanced (III/IV) clinical stages. Meanwhile, some novel

difference emerged, such as more ERCC2 (18.75% vs. 2.13%),

CDKN1A (18.75% vs. 2.13%), BRCA2 (15.63 vs. 2.13%) and Cell

Cycle signaling pathway alterations (37.50% vs. 8.51%) were

prevalent in early stage UCB (Figures 3C, D). For tumors in

advanced clinical stage (III/IV), KMT2C (13.10% vs. 1.19%) and
frontiersin.o
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FIGURE 1

Profiling of prevalent somatic and actionable alterations in Chinese UTUC and UCB. (A) Comparison of the most prevalently altered genes
between Chinese UTUC and UCB. (B) Oncogenic canonical pathways in Chinese UC. (C) Comparison of actionable alterations between Chinese
UTUC and UCB. UTUC, upper tract urothelial carcinoma, UCB, urothelial carcinoma of the bladder.
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TABLE 2 The detail information of 32 germline P/PL variants in the Chinese cohort.

Patient Age Gender Stage Gene Chr. Exon Coding sequence change Amino acid change

UTUC

1 69 Male IV
MUTYH 1 10 c.C790T p.Q264X

PALB2 16 9 c.G2968T p.E990X

2 72 Male
III CDKN2A 9 2 c.C364T p.R122X

MSH2 2 12 c.C1861T p.R621X

3 57 Female III
BAX 19 3 c.C386A p.S129X

ERCC4 16 8 c.1441_1444del p.K481fs

4 83 Female II
VHL 3 1 c.115dupG p.S38fs

VHL 3 1 c.120_126del p.P40fs

5 36 Male III SDHA 5 1 c.A1G p.M1V

6 51 Male III BRCA1 17 10 c.3407delC p.P1136fs

7 54 Male III ERCC5 12 23 c.4753delA p.N1585fs

8 54 Male III FANCL 2 13 c.1066_1067del p.S356fs

9 57 Male IV EPCAM 2 NA
c.344_352delTGTGCTGGT
insCGTGCTG

p.Met115ThrfsTer17

10 60 Male IV CHEK2 22 11 c.C1111T p.H371Y

11 69 Male IV PALB2 16 5 c.2192dupT p.L731fs

12 76 Male III MSH6 2 1 c.C194A p.S65X

13 83 Male II ASXL1 20 11 c.C1564T p.Q522X

14 33 Female IV BRCA2 13 20 c.8529_8530del p.N2843fs

15 39 Female IV MSH2 2 13 c.C2038T p.R680X

16 56 Female IV ERCC3 2 1 c.A1G p.M1V

17 64 Female IV RAD51C 17 8 c.1022_1026del p.I341fs

18 72 Female IV BAX 19 4 c.260dupC p.S87fs

19 73 Female IV CHEK2 22 11 c.C1111T p.H371Y

UCB

20 42 Male III BRIP1 17 17 c.C2392T p.R798X

21 50 Male IV PMS1 2 3 c.C163T p.R55X

22 59 Male III BRCA1 17 23 c.5470_5477del p.I1824fs

23 62 Male IV BRCA2 13 11 c.G5416T p.E1806X

24 63 Male IV BRCA1 17 10 c.T938G p.L313X

25 66 Male IV ERCC5 13 19 c.3821_3827del p.H1274fs

26 67 Male IV RAD54L 1 19 c.2081_2082del p.P694fs

27 67 Male IV RECQL4 8 21 c.3430delC p.R1144fs

28 63 Female II CHEK2 22 11 c.C1111T p.H371Y
F
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Chr, chromosome; UTUC, upper tract urothelial carcinoma; UCB, urothelial carcinoma of the bladder; Bold, patients with two germline P/PL variants; NA, not applicable.
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PPM1D (1.19% vs. 9.52%) showed significantly differed

prevalence in UTUC and UCB (Figure 3E). More prevalent

alterations in the NRF2 pathway (p = 0.06) but less alterations in

NOTCH pathways (p < 0.05) were identified in patients with

advanced UTUC, comparing with those with advanced UCB

(Figure 3F). Additionally, identification of FGFR3 alteration site

further revealed that p.Arg248Cys (0.00% vs. 10.64%, p < 0.05,

Supplementary Figure 5) was less prevalent in early-stage UCB

when compared with early-stage UTUC.
3.5 Genomic landscape, stratified by
clinical stage, of Chinese UTUC & UCB

In UTUC, the most prevalently altered genes were TP53

(38%), KMT2D (23%), and FGFR3 (17%) in clinical stage I/II

tumors, while TP53 (51%), KMT2D (26%), and ARID1A (21%)

in clinical stage III/IV tumors (Figure 4A). Of note, the

frequency of FGFR3 (17.02% vs. 2.38%) and EP300 (14.89% vs.

4.76%) was significantly higher in UTUC patients with low

clinical stage, along with a higher prevalence of GAs in RTK/

RAS pathway (38.30% vs. 21.43%, Figure 4B).

For UCB, TP53 (46%), KDM6A (33%), and CDKN1A (15%)

were the most prevalent in clinical stage I/II tumors; whereas,

TP53 (41%), ARID1A (23%), and EP300 (14%) were the most

prevalent in clinical stage III/IV tumors (Figure 4C). In addition,

it was found that KDM6A (34.38% vs. 14.28%) was more

prevalent in UCB tumors with lower clinical stage, but HRAS

(9.52% vs. 0.00%) was more prevalent in UCB tumors with

advanced clinical stage. While there was no difference in the
Frontiers in Immunology 08
frequency of altered signaling pathways between lower and

higher clinical stage UCB tumors (Figure 4D).
3.6 Genomic comparison between renal
pelvis and ureter tumor

To fully understand the genomic profile of Chinese UTUC

patients, we further compared the genomic difference between

UTUC patients with different disease sites. The oncoprint plot

(Figure 5A) initially exhibited the genomic landscape of Chinese

UTUC samples including 74 renal pelvis & 57 ureter tumors

(Table 3). GA enrichment analysis based on the primary tumor

location (renal pelvis vs. ureter) revealed that ELF3 GAs (14.86%

vs. 3.51%) were more enriched in renal pelvis tumors;

conversely, the frequency of TP53 (61.40% vs. 35.14%), PMS2

(8.77% vs. 0.00%), FAT4 (8.77% vs. 0.00%) was significantly

higher in patients with ureter tumors (Figure 5B).

Correspondingly, significantly more GAs in TP53 (70.18% vs.

40.54%) and Cell Cycle (22.81% vs. 9.46%) signaling pathways

were observed within patients with ureter tumors, compared

with those with renal pelvis tumors (Figure 5C).
3.7 Alterations in DDR related genes/
pathways of Chinese UTUC & UCB

In our cohort, a total of 122 (49.00%) UC patients, including

66 (50.38%) UTUC and 56 (47.46%) UCB cases, were found to

harbor at least one GA in 34 DDR-related genes (Figure 6A). Of
FIGURE 2

Germline pathogenic/likely-pathogenic variants in Chinese UTUC and UCB. UTUC, upper tract urothelial carcinoma, UCB, urothelial carcinoma
of the bladder; MMR, mismatch repair; DDR, DNA damage repair.
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note, the top prevalently altered genes (Figure 6B), respectively

in six canonical pathways of Checkpoint, FA, HR, MMR, NER,

and others, were ATM (N = 24, 9.64%), BRCA2 (N = 20, 8.03%),

BRCA1 (N = 16, 6.43%),MSH6 (N = 10, 4.02%), ERCC2 (N = 16,

6.43%), and RECQL4 (N = 16, 6.43%). Statistical analysis further

disclosed that the frequency of RECQL4 (9.16% vs. 3.39%), was
Frontiers in Immunology 09
significantly higher in UTUC; whereas, there were significantly

more ERCC2 (11.02% vs. 2.29%) and PMS1 (3.39% vs. 0.00%)

GAs in UCB (Figures 6A, B). GAs distributed in the pathways of

HR & others (19.85%) and FA (19.49%) were the most prevalent

in UTUC and UCB, respectively (Figure 6C). Besides, no

significant difference was observed in the distribution of GAs
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FIGURE 3

Genomic differences between Chinese UTUC and UCB. (A) Prevalently altered genes, respectively in UTUC and UCB. (B) Comparison of the
differences in the prevalence of commonly altered molecular pathways between UTUC and UCB. (C) Prevalently altered genes at early stage,
respectively in UTUC and UCB. (D) Comparison of the differences in the prevalence of commonly altered molecular pathways at early stage,
between UTUC and UCB. (E) Prevalently altered genes at advanced stage, respectively in UTUC and UCB. (F) Comparison of the differences in
the prevalence of commonly altered molecular pathways at advanced stage, between UTUC and UCB. UTUC, upper tract urothelial carcinoma;
UCB, urothelial carcinoma of the bladder. *: p < 0.05; **: p < 0.01; ****: p < 0.0001. ns, not significant.
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among these six DDR related pathways between UTUC and

UCB, with one exception in the pathway of others which was

more prevalent in UTUC (19.85% vs. 7.63%, p < 0.01).

Additionally, a total of 70 (28.11%) UC patients, including 30

(22.90%) UTUC and 40 (33.90%) UCB patients, had at least one

deleterious/likely deleterious GA in DDR related pathways

(Figure 6D). Whereas, statistical analysis showed that there

was no significant difference in the number of deleterious/

likely deleterious GAs among these six canonical pathways

between UTUC and UCB.
Frontiers in Immunology 10
3.8 Mutational spectrums and signatures
in Chinese UTUC & UCB

Known to have a high level of heterogeneity, UTUC and UCB

have distinct mutational signatures and etiologies. Of note, it was

revealed in our cohort that sig 3 (correlated with failure of DNA

double-strand break-repair by HR) was the most prevalent both in

UTUC (18.26%) and UCB (34.55%) (Figure 7A). Other dominant

mutational signatures in UTUC included sig 1 (correlated with

spontaneous deamination of 5-methylcytosine), sig 2 (correlated
A

B D

C

FIGURE 4

Genomic landscape, stratified by clinical stages and molecular pathways, of Chinese UTUC and UCB. (A) Differences of prevalent GAs between
early-stage and advanced tumors in UTUC. (B) Comparison of the differences in the prevalence of commonly altered molecular pathways
between early-stage and advanced tumors in UTUC. (C) Differences of prevalent GAs between early-stage and advanced tumors in UCB. (D)
Comparison of the differences in the prevalence of commonly altered molecular pathways between early-stage and advanced tumors in UCB.
UTUC, upper tract urothelial carcinoma; UCB, urothelial carcinoma of the bladder.
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with APOBEC cytidine deaminase, C>T), sig 4 (correlated with

exposure to tobacco mutagens), sig 10 (defective DNA mismatch

repair), sig 16 (etiology: unknown), and sig 22 (correlated with

exposure to AA). On the other hand, sig 1, 4, 13 (correlated with

APOBEC-mediated mutagenesis), and 22 were predominantly
Frontiers in Immunology 11
included in UCB instead. Notably, sig 5 (etiology: unknown) and

sig 23 (etiology: unknown) were exclusive to UTUC and UCB

samples, respectively, albeit with a low prevalence.

Of note, Chinese UC patients with sig 22, particularly UTUC

patients, had markedly elevated TMB level (Figure 7B). Besides,
TABLE 3 UTUC patient (Renal pelvis & Ureter) characteristics in Chinese cohort.

Variables Renal pelvis (N = 74) Ureter (N = 57) p-value

Diagnosis age 64 [36, 84] 66 [36, 86] 0.34

Gender

Male 46 33 0.72

Female 28 24

Smoker

Yes 9 11 0.07

No 17 6

NA 48 40

Clinical stage

I/II 28 19 0.71

III/IV 46 38
fron
UTUC, upper tract urothelial carcinoma; NA, not applicable.
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C

FIGURE 5

Genomic differences between renal pelvis and ureter tumors in the Chinese cohort. (A) Comparison of the most prevalently altered genes
between renal pelvis and ureter. (B) Enrichment of GAs for renal pelvis and ureter tumors. (C) Comparison of the differences in the prevalence
of commonly altered molecular pathways between renal pelvis and ureter. *: p < 0.05. ns, not significant.
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significantly differed TMB levels were also identified in Chinese

UTUC patients presenting with sig 2, 12 and 25 or UCB patients

with sig 6, 7 and 13, respectively (Figure 7B). Impressively, the

analysis of IMvigor210 cohort further revealed that TMB-high

group had the significantly better clinical outcomes, and

importantly, TMB-high was markedly correlated with

complete/partial responses of immunotherapy (Supplementary

Figure 6). Moreover, KDM6A, ATM, POLD1, and BCOR were

more frequently altered in UTUC patients with sig 22 than in

those without it (Figure 7C). Whereas in UCB, NCOR1, BRCA2,

ARID1B, and PBRM1 were more frequently altered in patients

with sig 22 than the counterparts without it (Figure 7D). In
Frontiers in Immunology 12
addition, NCOR1, FBXW7, ATR, RNF43, and AKT2 were more

prevalent in UCB patients with sig 13 (Figure 7E).
3.9 Genomic comparison between
chinese and western cohorts

Finally, GA comparison analysis was conducted to reveal the

differentiation of molecular characterization of UTUC and UCB

between Chinese and Western cohorts. TP53 was significantly

more prevalent in the Chinese UTUC cohort compared to the

MSKCC-UTCC cohort; on the contrary FGFR3, KDM6A, and
A
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FIGURE 6

Differences in the prevalence of DDR related genes/pathways between Chinese UTUC and UCB. (A) Comparison of prevalent alterations in
thirty-four DDR related genes between Chinese UTUC and UCB. (B) Number of UTUC and UCB patients harboring at least one alteration in six
DDR-related canonical pathways of Checkpoint, FA, HR, MMR, NER, and Others. (C) Comparison of the differences in the prevalence of altered
DDR-related pathways between UTUC and UCB. (D) Comparison of the differences in the prevalence of deleterious/likely deleterious alterations
in DDR related pathways between UTUC and UCB. UTUC, upper tract urothelial carcinoma; UCB, urothelial carcinoma of the bladder; DDR,
DNA damage repair; FA, Fanconi Anemia; HR, Homologous Recombination; MMR, Mismatch Repair; NER, Nucleotide Excision Repair.
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KMT2C were more frequently altered in the MSKCC-UTUC

cohort (Figure 8A, Supplementary Table 7). Accordingly, TP53

signaling pathway was significantly more common in our UTUC

cohort; whereas, RTK/RAS and PI3K signaling pathways were

more prevalent in the MSKCC-UTUC cohort (Figure 8B). In

addition, PPM1D and ERCC5 GAs were prevalent in Chinese

UCB cohort, compared with TCGA-UCB cohort (Figure 8C,

Supplementary Table 8), but ERCC2GAs were frequently altered

in our cohort, compared with MSKCC-UCB cohort (Figure 8D,

Supplementary Table 9). In contrast, ARID1A, PIK3CA, RB1,

ERBB2, and FAT1 GAs were significantly more prevalent both in

the TCGA- and MSKCC-UCB cohort. Pathway enrichment

further revealed that WNT signaling pathway was more

prevalent in the Chinese UCB cohort when compared to the

TCGA-UCB or MSKCC-UCB cohort; whereas, GAs in TP53,

RTK/RAS, HIPPO and PI3K signaling pathways were more

prevalent in these two Western cohorts (Figures 8E, F).
Frontiers in Immunology 13
4 Discussions

Compared to other kinds of malignancies, UC has the third

highest mutational load and a high degree of heterogeneity of

GAs following lung carcinoma and melanoma (24). The in-

depth interpretation of genomic characteristics discloses

biomarkers or signatures, highly unique to certain

malignancies, implicating the decision-making of potential

targeted therapy and immunotherapy in UC (25).

Unfortunately, the majority of Chinese UC patients are usually

diagnosed at advanced stages, and there is a dearth of precision

treatment strategies. Especially for UTUC patients who are

prone to chronic kidney diseases but treated by following the

strategies of UCB, as aforementioned, the standard platinum

chemotherapy is usually intolerant (15). Hence, understanding

the genomic characteristics of Chinese UTUC patients is crucial

for therapy development and improving patient outcomes. To
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FIGURE 7

Spectrum of mutational signatures in Chinese UTUC and UCB. (A) Comparison of mutational signatures between Chinese UTUC and UCB. (B)
Comparison of the TMB levels between patients with or without one extent mutational signature, respectively in UTUC and UCB. (C) Enrichment of GAs
for UTUC patients with or without mutational signature 22. (D) Enrichment of GAs for UCB patients with or without mutational signature 22. (E)
Enrichment of GAs for UCB patients with or without mutational signature 13. *: p < 0.05; **: p < 0.01; ****: p < 0.001; ***: p < 0.0001. ns, not significant.
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the best of our knowledge, this study is composed of the largest

Chinese UC sample size, especially UTUC, comprehensively

revealing the genomic characterization of UTUC and UCB.

Additionally, it is also the first time comparing the GA

profiling of renal pelvis with ureter in a Chinese cohort.

Overall , the present study might contribute to the

development of molecular oncology and provide more

opportunities of treatment intervention for UC patients.
Frontiers in Immunology 14
Distinct from the Western cohort, GAs in TP53 gene and

TP53-related signaling pathway were significantly more

prevalent in the UTUC samples from Chinese cohort, and

particularly, patients with ureter tumors harbored more GAs

in TP53 and TP53-related signaling pathway. The tumor-

suppressing gene TP53 plays a central role in the UC

development and progression, contributing to genomic

instability, anomalous regulation of Cell Cycle and/or
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FIGURE 8

Genomic differences of UTUC or UCB between Chinese and Western cohorts. (A) Enrichment of GAs, respectively in Chinese UTUC and
MSKCC-UTUC cohorts. (B) The frequency of altered molecular pathways [Log10 (odds ratio)] by significance [−Log10 (p-value)], respectively in
Chinese UTUC and MSKCC-UTUC cohorts. Enrichment of GAs, respectively in Chinese UCB and TCGA-UCB cohorts (C), and respectively in
Chinese UCB and MSKCC-UCB cohorts (D). The frequency of altered molecular pathways [Log10 (odds ratio)] by significance [−Log10 (p-value)],
respectively in Chinese UCB and TCGA-UCB cohorts (E), and respectively in Chinese UCB and MSKCC-UCB cohorts (F). *: p < 0.05. ns, not
significant.
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apoptotic signaling pathways, and copy number alterations (26).

Simultaneously, its alterations are markedly correlated with the

high risk of recurrence (27). Altogether, Chinese UTUC patients,

especially for those with ureter tumors, may have relatively more

invasive tumors and increased risk of disease recurrence than the

Western counterparts. The differences in somatic and actionable

alterations between the Chinese and Western cohorts together

revealed that the mechanisms of mutation-driven carcinogenesis

were dis t inct , f rom another perspect ive , genomic

characterization would greatly help clinical decision-making of

potential targeted therapy and immunotherapy. Identification of

clinically significant P/LP germline variants in our cohort also

demonstrated that DDR gene alterations were especially

frequent, which is consistent with the finding in Western UC

patients (28). Nowadays, only LS is regarded as the hereditary

cancer syndrome highly correlated with elevated risk of UC,

which is caused by germline inactivating alterations in MMR-

associated genes (29, 30). It had been found that patients with LS

had the increased risk of UTUC up to 12% that was greater than

accumulative risk for UCB, particularly for carriers of MSH2

mutations (31). The incidence of LS in UTUC is rare, while we

found in the present study that 2.01%, 3.05% and 0.85% of

Chinese UC, UTUC and UCB patients were diagnosed as LS,

respectively. This was supported by another Chinese cohort

study which revealed that 1.4% UTUC patients were

confirmed with LS (32). In two independent western UC

cohorts, as reported, 8.77% (28) and over 13.00% (33) of

UTUC patients harbored LS-associated gene variants,

respectively. Comparatively, Chinese UTUC patients harbored

remarkably less germline variants in LS-associated genes. Other

than those with LS, 7.63% of Chinese UC patients had other P/

LP germline DDR alterations, which were also highly correlated

with the carcinogenesis of UC. Furthermore, Germline variants

of MMR and other DDR genes might be of guiding significance

for treatment selection, as MMR deficiency was correlated with

immunotherapy response of PD-L1/PD-1 blockade and ATM,

ERCC2, or other DDR gene alterations were associated with

chemotherapy response (34–36). Altogether, it was suggested

that germline DDR alterations should be investigated together

with somatic alterations profiling, as of therapy response

evaluation. In addition, P/LP germline alterations in ASXL1,

BAX, CDKN2A, SDHA, and VHL were rarely reported in

Chinese UC patients which was firstly identified in the present

study, although P/LP germline alterations in ASXL1, CDKN2A,

SDHA, and VHL have been reported in the Western UC cohort

(28). The molecular characterizations of P/LP germline variants

provided the preliminary evidence for the subsequent researches

of hereditary UC, and would be of guiding significance to

helping establish prevention and surveillance strategies to

suppress the incidence of UC.

Furthermore, a total of 122 (49.00%) UC patients harbored

alterations in the DDR related signaling pathway, similar to the

finding of another Chinese UC cohort (37). Of note, RECQL4
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alterations were significantly more prevalent in Chinese UTUC;

whereas, ERCC2 and PMS1 alterations were common in UCB.

RECQL4, as a DNA helicase belonging to the RecQ helicase family,

was important in preserving genome stability, thus, its alterations

were highly associated with the carcinogenesis (38). As described

before, ERCC2, known to be involved in the NER pathway for

DDR-related mechanism, was markedly associated with

chemotherapy or immunotherapy response in UCB. PSM1, a

component of MMR system, was responsible for the repair of

DNAmismatches. The prevalence of PSM1was also correlated with

therapy response, and its germline variants were usually associated

with LS predisposition (39). Moreover, nearly one third of Chinese

UC patients, including 33.90% and 22.90% of UCB and UTUC

patients, respectively, harbored at least one deleterious/likely

deleterious alteration in DDR related pathways. The potential

treatment by poly (ADP ribose) polymerase inhibitors (PARPi)

could be used for these UC patients with deleterious/likely

deleterious DDR related pathway alterations, especially for

patients with altered BRCA1/2 presenting with higher sensitivity,

and this monotherapy by PARPi inhibitors has approved in clinic

for BRCA1/2-altered breast and ovarian tumors (40). For metastatic

UC patients harboring gene mutations in HR, PARPi inhibition

also play a potential role to improve clinical outcomes of those

receiving Durvalumab plus Olaparib (41). In spite of limited efficacy

of monotherapy of PARPi inhibitors, immunotherapy combined

with PARPi inhibitors has shown collaborative effects for the

treatment of UC patients with alterations in the HR pathway

(42). In addition, a pan-cancer study highlighted that altered

PARP1 was correlated with the high degree of immune cell

infiltrations, such as CD8+ T cells, in most cancers (43),

simultaneously, there were higher expression levels of PD-1,

LAG3, and CTLA-4 in the PARP1-altered group (44, 45).

When comparing the whole genomic profiling of Chinese

UTUC with UCB, more alterations in chromatin remodeling

related genes (KMT2A, KMT2D, KMT2C), prevalent in Chinese

UTUC patients, consistent with the findings in Western cohorts

(8, 26). Epigenetic abnormality, such as alterations in chromatin

remodeling, DNA methylation, and histone modification, were

strongly associated with tumor development and progression

(46), meanwhile, epigenetic regulation of chromatin function

controlled gene expression pattern (47). Notably, our finding

was in consistent with previous studies (37, 48) that the

alteration frequency of FGFR3 was significantly higher in

western UTUC patients, which is the main actionable gene in

UC. Therefore, Erdafitinib and pemigatinib as effective FGFR

inhibitors approved by the FDA-US (49) might be clinically

applicable for less patients in China. Notably, FGFR3 alterations

were frequently correlated with the non-T cell inflamed tumor

microenvironment which was associated with resistance to

immunotherapy (50), besides, frequently altered FGFR3 was

found to be enriched in the luminal UC subtype poorly

responding to immunotherapy (51). On the other hand, this

might infer that relatively more Chinese UC patients could make
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responses to the immunotherapy compared with the Western

UC patients, due to the lower prevalence of FGFR3. However, in

light of recently emerging contradictory results, more studies are

required to confirm the relationship between FGFR3 and

sensitivity to ICIs (52). Besides, FGFR3 alterations were also

correlated with lower responses to platinum-based

chemotherapy (53). However, FGFR3 alterations were closely

associated with lower pT stage, tumor grade, and other favorable

clinical features and outcomes (54), altogether, it was highly

recommended that UC patients with FGFR3-altered tumors

would be more likely to benefit from anti-FGFR3 therapy.

Whereas, platinum-based chemotherapy, immunotherapy, or

neoadjuvant chemotherapy was more suitable for UC patients

with FGFR3 wild-type tumors. Moreover, ERCC2 and RB1

alterations were prevalent in Chinese UCB, especially for

early-stage tumors harboring significantly more alterations in

ERCC2 and RB1, of which ERCC2 might improve the

immunotherapy response in UCB (55). Additionally, the

inhibition of PPM1D could be a promising anti-tumor strategy

to treat PPM1D-altered UCB patients (56), and intriguingly, all

PPM1D alterations were only presented in advanced UCB

tumors. Of note, GA analysis of early-stage UTUC and UCB

tumors showed that Cell Cycle signaling pathway alterations

were quite prevalent in early-stage UCB, probably leading to the

increased mutation load which could stimulate tumor

progression; on the contrary, accumulative tumor mutations

were highly associated with chemotherapy and immunotherapy

response. Besides, NOTCH signaling pathway alterations were

significantly prevalent in advanced UCB, as known, NOTCH

signaling pathway majorly functioned to control cell

differentiation and stem cell maintenance (57), of which

dysregulation was highly correlated with the epithelial-

mesenchymal transition (EMT) in bladder cancer. Therefore,

therapies targeting to NOTCH signaling pathway might prevent

the EMT of UCB tumors effectively.

Ultimately, this study further revealed the distinct patterns of

mutational spectrums in Chinese UTUC&UCB. As acknowledged,

characteristic mutational signature within cancer genomes

represented specific mutational processes underlying

carcinogenesis (58). In the present study, it was found that sig 3,

correlated with failure of DNA double-strand break-repair by HR,

was the most prevalent both in UTUC (18.26%) and UCB (34.55%)

cohorts. However, another Chinese UC cohort demonstrated that

sig 1 (41.86%) was predominant in the UTUC cohort (N = 45) and

sig 13 (42.99%) was the most frequent in the UCB cohort (N =73)

(48), which were also predominant in our cohort. The COSMIC

database depicted that sig 1 was an endogenous mutation process

attributed to spontaneous deamination of 5-methylcytosine,

besides, the AID/APOBEC family of cytidine deaminases

converting cytosine to uracil resulted in sig 13. Of note, sig 4 and

22, correlated with exposure to tobacco mutagens and AA,

respectively, were observed both in UTUC and UCB cohorts. As

known, tobacco exposure is the major risk factor for UC, regardless
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of UTUC or UCB tumors (59). In addition, a multicenter study had

discovered the presence of sig 22 in Chinese UCB, although it only

occupied 3% of samples (60), however, the present study revealed

that sig 22 was also prevalent among Chinese UCB patients,

probably caused by the exposure to AA in traditional Chinese

herbal medicine. Altogether, our findings first disclosed that sig 22,

correlated with AA exposure, was also highly prevalent in Chinese

UCB. Remarkably, it was first time finding that sig 5 (etiology:

unknown) and sig 23 (etiology: unknown) were exclusive to a small

part of UTUC andUCB samples, respectively, which needed further

verifications. Of note, we further disclosed that KDM6A, ATM,

POLD1, and BCOR alterations were positively associated with sign

22 in UTUC, as demonstrated in the present study, the presence of

sig 22 was remarkably correlated with increased TMB level. Indeed,

both of KDM6A (61) and ATM (62) alterations were markedly

associated with a higher level of TMB, whereas, it was firstly

identified that POLD1 and BCOR alterations were also correlated

with increased TMB level as well as sig 22 in UTUC. Besides that

BRCA2 (63) and PBRM1 (64) alterations might lead to the elevated

TMB level, also it was first time revealing that NCOR1 and ARID1B

alterations were associated with TMB level and sig 22 in UCB.

Regarding patients with sig 13, NCOR1, FBXW7, ATR, RNF43, and

AKT2 alterations were abundantly enriched in our UCB cohort, as

acknowledged, all of which were first found to be correlated with

occurring sig 13 and increased TMB level in UCB. TMB level was

positively correlated with immunotherapy response in UC (65),

moreover, the IMvigor210 cohort directly revealed that TMB level

was positively correlated with not only immunotherapy response

but also clinical outcomes. In summary, these identified altered

genes in the present study had potential roles as biomarkers for

immunotherapy response and we further confirmed that Chinese

UTUC and UCB patients had distinct patterns of mutational

spectrums, and mutational characteristics.

Even though, to the best of our knowledge, this study has

analyzed the genomic landscape of the greatest number of

Chinese UTUC cases to date, the limited sample size and

retrospective nature of study design may have influenced our

findings. Moreover, there were differences between our

sequencing methods and those with which we compared even

under the same detected gene spectrum, which may potentially

have affected the results. Therefore, further research with

expanded sample size may be necessary to validate the findings.
5 Conclusions

In the present study, the systematic investigation of germline

variants first proposed that germline alterations in Chinese UC

occur predominantly in DDR-related genes. Moreover,

comprehensive genomic characterizations of Chinese UTUC

and UCB provided more and deeper insights of distinct

pathogenetic mechanisms, and offered more precision

therapeutic regimens for different UC patients.
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