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Deep Genomic Sequencing of
Bladder Urothelial Carcinoma
in Southern Chinese Patients:
A Single-Center Study

Dong-Yang Li'*, Fei Yang'?, Wei-Qiang Liao?, Xiang-Fu Zhou, Wen-Biao Li’,
Jia-Rong Cai’, Bo-Long Liu', Yun Luo™* and Hai-Lun Zhan™*

7 Department of Urology, The Third Affiliated Hospital of Sun Yat-Sen University, Guangzhou, China, 2 Department of
Urology, Luoding People’s Hospital, Luoding, China

Objective: Bladder urothelial carcinoma (BUC) is a common urological malignancy with
molecular heterogeneity. However, the genetic feature of Chinese BUC patients is still
not well-identified.

Methods: We performed deep sequencing by a large panel (450 genes) on 22 BUC
samples and using matched normal bladder tissue as control. Genomic alterations (GAS),
pathways and Tumor Mutation Burden (TMB) were investigated.

Results: The frequencies of GAs (TERT, 54.5%; CREBBP, 27.3%; GATA3, 22.7%;
BRAF, 18.2%; TEK, 18.2% and GLI1, 18.2%) were significantly higher in Chinese than
Western BUC patients. Other GAs’ frequencies were in accordance with previous study
(TP53, 50.0%; KDMB6A, 31.8%; KMT2D, 22.7%; etc.). Besides, we detected gene
amplification in ERBB2, FRS2, FAS, etc. The gene fusion/rearrangement took place in
the chromosome 11, 12, 14, 17, 19, 22, and Y. Other than cell cycle and PISK-AKT-
mTOR, mutated genes were more associated with the transcription factor, chromatin
modification signaling pathways. Interestingly, the TMB value was significantly higher in
the BUC patients at stages T1-T2 than T3-T4 (P = 0.025).

Conclusion: Deep genomic sequencing of BUC can provide new clues on the unique
GAs of Chinese patients and assist in therapeutic decision.

Keywords: deep sequencing, genomic alteration, Chinese, bladder urothelial carcinoma, tumor mutation burden

INTRODUCTION

Bladder cancer (BCa) is a common malignancy among urological cancers, ranking only second to
prostate cancer (1). The American Cancer Society estimated that there would be 80,470 new BCa
cases and 12,870 deaths in the United States in 2019 (2). Approximately 90% histological subtype of
BCa is bladder urothelial carcinoma (BUC) (3). Non-muscle invasive bladder cancer (NMIBC)
accounts for nearly 75% of BCa at diagnosis and transurethral resection of bladder tumor (TURBT)
is usually the preferred treatment (4). Even though traditional treatment strategies such as surgery,
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instillation chemotherapy or vaccine therapy can be applied, up
to 70% NMIBC will recur within 2 years (5). In addition, about
1-45% NMIBC cases will infiltrate deeper and progress to muscle
invasive bladder cancer (MIBC) in 5 years (6). Thus, novel and
individualized therapies are demanded for the patients with BCa.

In the past decades, immunotherapy of cancer has been
developing rapidly. The immunotherapy categories generally
contain monoclonal antibody, tumor vaccine, engineered
chimeric antigen receptor (CAR) T cells and immune cells
modulator. Recently, the immune checkpoint inhibitors (ICIs),
such as cytotoxic T-lymphocyte antigen 4 (CTLA-4) blocking
antibodies and anti-programmed death-1 (PD-1), have
experienced remarkable advances in the clinical application of
melanoma, non-small cell lung cancer, etc. (7). Clinical trials
showed the striking effects of ICIs in locally advanced and
metastatic BCa, however, because of genomic heterogeneity,
only 20% BCa patients can benefit from ICIs (8, 9). Hence,
precision medicine calls for the transition to targeted therapy.
Next generation sequencing can facilitate urologists to identify
specific clinically relevant gene mutation and formulate
corresponding treatment measures.

In the present study, genomic alterations (GAs) were
investigated in 22 BUC samples and paired normal bladder
tissues/peripheral blood samples by a 450-gene sequencing
panel. The different GAs were compared between southern
Chinese BUC patients and Western BUC patients. The tumor
mutation burden (TMB) was also calculated, and the correlations
of TMB and GAs with clinical factors were analyzed. To the best
of our knowledge, there is still no literature about the large panel
genomic sequencing data on southern Chinese BUC patients.
The purpose of this study was to further elucidate the GAs profile
of southern Chinese BUC patients based on a single center.

PATIENTS AND METHODS

Patients and Samples

A total of 22 southern Chinese patients who received TURBT or
radical cystectomy in the third affiliated hospital of Sun Yat-Sen
University from July, 2014 to January, 2019 were enrolled in this
study. All the 22 patients were Han ethnic. All patients were
diagnosed as BUC after surgery by two senior pathologists. None
of these 22 patients had chemotherapy prior to sequencing. The
TNM stages were determined according to the 8th American
Joint Committee on Cancer (AJCC) staging system. Frozen or
formalin-fixed paraffin-embedded (FFPE) cancer tissues and
matched normal bladder tissues/matched peripheral blood
samples from these 22 BUC patients were collected and sent to
the laboratory of OrigiMed, (Shanghai, China) for GAs
detection. If multiple bladder cancers occurred in one patient,
only the highest histological grade cancer tissue was collected.
This study was conducted in accordance with the Declaration of
Helsinki. This study was approved by the Ethical Committee of
the Third Affiliated Hospital of Sun Yat-Sen University (No.
2019-02-253-01) and written informed consent was obtained
from each patient enrolled.

Sequencing and Genomic Alterations
Detection

At least 50 ng cancer tissue DNA was extracted from each cancer
tissue by DNA Extraction Kit (Qiagen, Hilden, Germany) according
to the manufacturer’s protocols. The GAs were measured by using
the Yuan-Su450 " panel (OrigiMed, Shanghai, China), which
covers all exons of 450 cancer-related genes and 39 selected genes’
introns that frequently take part in rearrangement. This panel
contains genes which were related to targeted drugs,
immunotherapy, chemoradiotherapy, genetic risks, and other
cancer-related genes of cancer signal pathways, epigenetic
modulation and prognosis. In addition, this panel is benefit for
patients in the clinical practice and costs less than the whole
genomic sequencing. For the low read depths region, the probe
density of capture panel was increased to guarantee reliability. The
DNA libraries were then sequenced with 900x mean coverage for
cancer and matched normal tissues/matched blood samples on an
Ilumina NextSeq-500 platform (Illumina, San Diego, USA). The
data processing pipeline in this study contained pre-prossing,
alignment, detection and annotation (10). The strictly quality
control for each step was launched (11-13). The GAs include
single nucleotide variation (SNV, truncation, substitution), copy
number variation (CNV), long/short fragment indel/deletion and
gene rearrangement/fusion. Although the sequencing results were
not validated by Sanger or gPCR, all of the detected mutations were
compared with the in-house database (OrigiMed) of genomic
changes specific to clinical annotation. A suite of bioinformatics
pipelines and manual review were performed to ensure no false
positives or mistakes (14).

Statistical Analysis

Statistical analyses were performed by using the SPSS 22.0
software (IBM, Chicago, IL, USA). The genetic mutation data
of 410 Western BUC patients (The Cancer Genome Altas,
TCGA) were acquired from the cbioportal website (www.
cbioportal.org) (15). Differences between groups were tested by
Fisher’s exact test (n < 40). For the comparison of quantitative
variables, the Student’s t-test was used. It was defined as
statistically significance when the P value < 0.05.

RESULTS

Characteristics of Participants

Twenty male and two female BUC patients were enrolled in this
study. The median age of these patients was 68.5 years (ranging
from 56 to 86 years). All the participants possessed the genomic
feature of microsatellite stable. Staging, grade, tumor mutation
burden (TMB) and other clinical data are listed in Table 1.

GAs Profile of Chinese BUC Patients

All the 22 BUC patients were tested to possess clinical relevant
GAs. As for a single patient, the number of mutated genes ranged
from 2 to 45. The mutated genes profiles of the 22 participants
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TABLE 1 | Characteristics of participants with bladder urothelial carcinoma.

Characteristics Number Percentage
Age

<65 years 8 36.4

>65 years 14 63.6
Sex

Male 20 90.9

Female 2 9.1
Subtype

NMIBC 14 63.6

MIBC 8 36.4
Histological Grade

Low grade 7 31.8

High grade 15 68.2
MSI status

MSS 22 100.0
T stage

T 14 63.6

T2 5 22.7

T3 2 9.1

T4 1 4.5
N stage

NO 19 86.4

N1 2 9.1

N3 1 4.5
M stage

MO 22 100.0
TMB status

<10 muts/Mb 11 50.0

10-20 muts/Mb 6 27.3

>20 muts/Mb 5 22.7
Total 22

NMIBC, non-muscle invasive bladder cancer; MIBC, muscle invasive bladder cancer; MSI,
microsatellite instability; MSS, microsatellite stable; TMB, tumor mutation burden; muts,
mutant numbers; Mb, mega byte; T, tumor; N, node; M, metastasis.

are displayed in Figure 1. The most frequently found genes were
TERT (n = 12, 54.5%), TP53 (n = 11, 50.0%), KDMG6A (n = 7,
31.8%), KMT2D (n=7,31.8%), ARIDIA (n = 6, 27.3%), CREBBP
(n =6, 27.3%), PI3KCA (n = 6, 27.3%), BRCA2 (n = 5, 22.7%),
FGFR3 (n = 5, 22.7%), GATA3 (n = 5, 22.7%) and RBI (n =5,
22.7%). Moreover, the alteration types were clearly shown in
different colors, including splice site, truncation, substitution,
deletion, rearrangement, amplification and short indel (Figure 1).
The overall sequencing data of the 22 BUC patients were listed in
Supplementary Table 1. The raw sequencing data of this study
have been deposited into CNGB Sequence Archive (CNSA) of
China National GeneBank DataBase (CNGBdb) with accession
number CNP0001762 (16).

The “C > T” dominated the different forms of SNV,
accounting for 22.1% among the whole SNVs. Besides, the base
“TCA > TTA” was the most frequent mode in “C > T” SNV
(Figure 2A and Supplementary Table 2). Whereas the “T > G”
ranked the last within the different forms of SNV. With regard to
the CNV, the gene FRS2 had the highest copy numbers (CN,
91). The other two top amplified genes were ERBB2 (CNs = 81),
FAS (CNs = 66). While the following deleted genes were
identified: AXIN1, TNFSF1, BRCA2, FOXOI, RB1, CDKN2B,
CDKN2A, NR4A3, TEK (Figure 2B and Supplementary Table 2).
Gene fusion/rearrangement was detected in four patients among

the total 22 BUC participants. In addition, multiple gene
rearrangements were found in only one patient. The gene
fusion/rearrangement took place in chromosomes 11, 12, 14, 17,
19,22, and Y (Figure 2C). The patient with multiple gene fusion/
rearrangement was detected with MAP4K5/DGKZ in the
chromosome 14, SMARCA4/KANK?2 in the chromosome 19 and
SPEN/ARHGEF19 in the chromosome Y (Figure 2C).

Gene Mutations in Signaling Pathways
There were 82 mutated genes which occurred in at least two
Chinese BUC patients. We subsequently summarized the
relevant signal pathways based on these 82 genes. The five
commonest signaling pathways in BUC were associated with
transcription factor, chromatin modification, cell cycle, PI3K-
AKT-mTOR and DNA repair. The mutated genes and number
of cases were demonstrated in Table 2.

Comparison of GAs Between Chinese and
Western BUC Patients

The TCGA (BCa) data included the whole genomic sequencing
(WGS) results of 410 Western BUC patients. We compared the
differences between the top 16 GAs our center and TCGA data
by Chi-square test (Figure 3). The following gene variation
frequencies were significantly higher in the southern Chinese
BUC patients: TERT (P <0.001), CREBBP (P = 0.045), GATA3
(P <0.001), BRAF (P <0.001), TEK (P <0.001) and GLII
(P <0.001). We subsequently analyzed the expression and
promoter methylation level of TERT between cancer samples
and matched normal bladder samples in the TCGA-BLCA
cohort (Figure 4). The TERT mRNA expression (Figure 4A)
and promoter methylation level (Figure 4C) was significantly
higher in BUC samples than in normal bladder samples
(P <0.001). The TERT mRNA expression was significantly
lower in Asian BUC patients than in Caucasian (P = 0.031)
and African-American (P = 0.024, Figure 4B), whereas the
promoter methylation level of TERT in Asian BUC patients
was not significantly different from Caucasian (P = 0.737) and
African-American (P = 0.604, Figure 4D). We also investigated
the genes correlated with TERT in the TCGA-BLCA cohort
using the Pearson correlation analysis. The top-five genes were
PDCD6 (Pearson correlation coefficient, PCC = 0.64), MRPL36
(PCC = 0.63), NDUFS6 (PCC = 0.60), DUSP23 (PCC = 0.55)
and PDZK1 (PCC = 0.53).

Tumor Mutation Burden Analysis

The TMB was calculated as the total number of base deletions,
substitutions or insertions per mega-base. The TMB value
ranged from 1.5 to 86.7 (median, 10.4) among the 22 BUC
patients. We compared the TMB value between T1-T2 stages
and T3-T4 stages afterwards. The TMB was significantly higher
in the T1-T2 group (P = 0.025, unpaired t-test with Welch’s
correction, Figure 5A). However, no significant difference of
TMB value was found in NMIBC/MIBC (P = 0.375) or in
different N stages (P = 0.543). We obtained the follow-up data
from all the 22 involved patients. During the process of follow-up
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FIGURE 1 | Gene mutation profiles of 22 southern Chinese patients with bladder urothelial carcinoma. The types of gene mutations are shown in different colors.
TMB, tumor mutation burden.

from 9 to 63 months, five patients suffered BUC recurrence and
only one died. Hence, we tried to investigate the relationship of
TMB value and the recurrence free survival (RFS) of BUC. The
Kaplan-Meier plot revealed that BUC patients with low TMB
value (<10.4) seemed to have poor RFS time in the first 15
months, however, the statistical difference was not significant
(logrank P = 0.449, Gehan-Breslow-Wilcoxon test P = 0.228,
Figure 5B).

DISCUSSION

Deep next-generation sequencing by using large panel is a great
progress in the understanding of molecular alterations in cancer.
Targeted therapy by using agents on the mutated gene can
prolong the survival of patients who own specific drive gene
alterations. For example, it was found that patients with
metastatic cancer who received targeted therapy had a mean
progress free survival (PFS) of 22.9 weeks, compared with 12
weeks in the control group who received standard therapy (17). It
is well acknowledged that HER2 is a crucial target in breast/

gastric cancer and the HER2-targeted therapy has been
recommended in the first-line clinical guide. However, the BCa
heterogeneity poses a severe challenge to adjust drug choices
because BCa usually has multi-gene mutation. The WGS results
in the TCGA project have facilitated to elucidate the underlying
GAs of BCa. Nevertheless, WGS costs much money and time, so
it is unpractical to be promoted in clinical practice. We
investigated the gene mutation features in BUC patients by a
large panel targeted sequencing (450 genes). By comparison with
the GAs in Western BCa patients, we aimed to provide new
insights into the treatment optimization in southern
Chinese patients.

In this study, we found a mass of genes with substitution,
truncation and deletion/amplification. The most frequent
mutated gene was TERT, which was detected in 54.4% patients.
Interestingly, the mutation frequency of TERT was only 2% in
410 Western BCa patients in the TCGA project. This obvious
distinction may be beneficial for small molecule drug
development to suit Chinese BUC patients. The TERT
promoter mutation was found to be correlated with higher
level of TERT mRNA, and elevated TERT mRNA was
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FIGURE 2 | Summary of different genomic alteration types in 22 southern Chinese patients with bladder urothelial carcinoma. (A) The single nucleotide variation
status in bladder urothelial carcinoma. (B) The genes with copy number variation are displayed in all chromosomes. The copy number of each mutant gene is the
average number of mutated samples. Blue, gene deletion; Red, amplification; Del, deletion; Amp, amplification; CNs, copy numbers. (C) Gene fusion/rearrangement
results of four patients. Patient 1: BRCA1-RUNDC; patient 2: TBX3 intergenic; patient 3: EWSR1-SLC5A4; patient 4: MAP4K5-DGKZ, SMARCA4-KANK2 and

significantly associated with reduced disease specific survival in
two independent BCa patient cohorts (18). We came up with a
possible hypothesis: TERT mutation will cause the increase of
telomerase activity, and then lead to the aggressiveness of BUC
cells (19). Researchers used a panel of 23 urothelial cancer cell
lines to investigate the TERT expression, mutation in urothelial
cancer (18). It was reported that TERT mRNA levels were
significantly elevated in the BUC cell lines harboring —124 or
—146 promoter mutations, while both of the expression level of

TERT protein and telomerase activity were higher in those BUC
cell lines harboring TERT mutations (18). Other than TERT, our
results suggested that the gene mutation frequencies of CREBBP,
GATA3, BRAF, TEK and GLII were also significantly higher in
Chinese than Western BUC patients. As for common mutation
genes like TP53, KDM6A, KMT2D, ARIDIA, our results were in
accordance with Western BUC patients. Previous studies
reported that mutations in FGFR3, KDM6A were more
common in NMIBC while mutations in TP53, KMT2D were
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TABLE 2 | The top five pathways and genes involved in Chinese patients with

bladder urothelial carcinoma.

Pathway Genes involved

Transcription  TERT (12, 22), CREBBP (6, 22), GATAS (5, 22), ASXL1 (3,22),
factor ETV1 (2, 22), GLI3 (2, 22), NCORT (2, 22), WT1 (2, 22), ZNF217
(2,22), FRS2 (2, 22), TBX3 (2, 22), U2AFT (2, 22), SF3B1 (2, 22),

MED12 (2, 22).

Chromatin KMT2D (7, 22), KDMBA (7,22), ARIDTA (6,22), KMT2C (4, 22),
modification  ATRX (3,22), TETT (2, 22), EP300 (2, 22), NR4A3 (2, 22), TET3 (2,

22), KMT2A (2,22), SETD2 (2, 22).

Cell cycle TP53 (11, 22), RB1 (4, 22), CDKN1A (3, 22), CCND1 (3, 22),
CDKN2A (3, 22), PAK3 (3, 22), BCL2L11 (2, 22), USP6 (2, 22).
PI3K-AKT-  PIK3CA (6, 22), TEK (4, 22), RHOA (3, 22), IL7R (2, 22), RICTOR

more common in MIBC (20-22). Therefore, molecular
alterations may help to identify risk subsets and make
treatment choices for BUC patients. The two signaling
pathways, cell cycle and PI3K-AKT-mTOR were testified by a
great deal of studies as key pathways in BUC tumorgenesis,
proliferation and invasion (23). GAs in chromatin remodeling
and transcription regulation were especially frequent. In this
study, we found that the transcription factor and chromatin
modification were also two important pathways in the southern
Chinese BUC patients.

We also detected gene amplification of FRS2, ERBB2, FAS, etc.
in Chinese BUC patients. A recent study reported that FRS2
duplication mutation was significantly associated with poor

mTOR (2, 22), FGF19 (2, 22), MTOR (2, 22), TSC2 (2, 22), AKT2 (2, 22),
PTEN (2, 22). prognosis in BUC patients and would act as angiogenesis
DNA repair BRCAZ2 (4, 22), ATM (3, 22), BAP1 (2, 22), ATR (2, 22). related drivers (24). Researchers found that ERBB2 or FGFR3
TERT 19 peo.001
54.5 .
o =2 49.3
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500 P=0.947
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FIGURE 3 | Comparison of the gene mutation frequencies between 22 Chinese and 410 Western patients with bladder urothelial carcinoma. Bolded text: The
P-value < 0.05, which was considered as statistically significant.
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promoter methylation level of TERT was significantly higher in BLCA samples from Caucasian, African-American, Asian than in normal bladder samples (Normal VS
Caucasian: P <0.001, Normal VS African-American: P <0.001, Normal VS Asian: P <0.001, Caucasian VS African-American: P = 0.737, Caucasian VS Asian: P =
0.240, African-American VS Asian: P = 0.604). BLCA, bladder urothelial carcinoma.

mutations were present in 57% of a 105 NMIBC patients cohort
(25). Gene fusion alteration is not common in BUC. We detected
RUNDCI/BRCA1, MAP4K5/DGKZ, RUNDCI/BRCA1 and
SPEN/ARHGEFI19 fusion/rearrangement for the first time in
BUC. Further PCR and immunohistochemistry experiments
should be warranted to verify these possible gene fusion
alterations. The TMB value in T1-T2 stage was significantly
higher than T3-T4 stage BUC according to our results. Although
researchers did not found significant difference of TMB in T1/T2
versus T4/T4 stages in 412 patients, they identified that high low
TMB value was significantly correlated with poorer OS (P =
0.006) and poorer RFS (P = 0.029) in BUC patients (26). GAs
may help urologists to select treatment. For example, mitomycin-
C, doxorubicin and gemcitabine, were reported more sensitive to
BUC with the TP53 mutation (27). Other researchers verified
that BUC patients with high mutation load and activated cell
cycle were significantly responsive to an anti-PD-L1 agent (28). It

was reported that TERT promoter mutations and chromatin-
modifying GAs occurred early in NMIBC tumorigenesis, while
ERBB2 or FGFR3 alterations were present in 57% of high-grade
NMIBC tumors (29). And somatic ERCC2 mutation was found
to be important in improving response to cisplatin-based
chemotherapy in MIBC (30). The GAs contributing to NMIBC
to MIBC development still need further investigation. And we
need more clinical trials to study the actionable mutations and
targeted drugs in BUC treatment.

There are some limitations that should be addressed in this
study. First, the sample size was small for multivariate analysis,
which was unfortunate because there would be potentially some
interesting clinical correlations to further analyze. Second, the
follow-up time of BUC patients was not long enough, so we did
not analyze the overall survival. Third, we will perform further
molecular studies based on more BUC tissues, different BUC cell
lines, and in vivo nude mice models to investigate the potential
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FIGURE 5 | Tumor mutation burden (TMB) analyses. (A) Comparison of the TMB value between T1-T2 and T3-T4 patients with bladder urothelial carcinoma.
(B) Kaplan—Meier plots of recurrence free survival in high TMB (>10.4) and Low TMB (<10.4) patients with bladder urothelial carcinoma. TMB, tumor mutation burden.

pathways about the GAs in our future studies. For example,
telomere length between cancer and adjacent normal tissue,
hTERT assay/telomerase activity analysis, C-circles. Moreover,
we are planning to analyze the promoter methylation level and
downstream pathways of TERT in BUC patients with and
without the TERT variant. Despite the deficiencies above, this
study may provide new possibilities on developing new targets
for bladder cancer therapy, especially on those unique
characteristics that southern Chinese BUC patients possess.

DATA AVAILABILITY STATEMENT

Publicly available datasets were analyzed in this study. These can
be found in the cbioportal website (www.cbioportal.org).

ETHICS STATEMENT

This study was approved by the Ethical Committee of the Third
Affiliated Hospital of Sun Yat-Sen University (No. 2019-02-253-
01) and written informed consent was obtained from each
patient enrolled.

AUTHOR CONTRIBUTIONS

All authors made substantial contributions to conception and
design, acquisition of data, or analysis and interpretation of data;
took part in drafting the article or revising it critically for

REFERENCES

1. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global
Cancer Statistics 2018: GLOBOCAN Estimates of Incidence and Mortality

important intellectual content. All authors contributed to the
article and approved the submitted version.

FUNDING

This work was supported by grants from the National Natural
Science Foundation of China (Nos. 81670688 and 81800666),
Guangdong Province Natural Science Foundation of China (Nos.
2016A030313192, 2017A030310414, 2018A030313459 and
2018A0303130330), Guangdong Province Medical Science and
Technology Research Foundation Project of China (Nos.
A2017365 and 201610010016), the first batch of special grants
from the Chinese Post-doctoral Science Foundation (No.
2019TQ0382), foundation from the 3rd Affiliated Hospital of
Sun Yat-sen University (YL) and foundation from the Sun Yat-
sen University (No. 19ykpy33).

ACKNOWLEDGMENTS

The authors thank Dr. Ming Yao and Mr. He-Jun Huang from
the OrigiMed Company for their assistance in gene sequencing.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fonc.2021.538927/
full#supplementary-material

Worldwide for 36 Cancers in 185 Countries. CA: Cancer J Clin (2018) 68:394—
424. doi: 10.3322/caac.21492

2. Siegel RL, Miller KD. Cancer Statistics, 2019. CA: Cancer ] Clin (2019) 69:7-
34, doi: 10.3322/caac.21551

Frontiers in Oncology | www.frontiersin.org

May 2021 | Volume 11 | Article 538927


http://www.cbioportal.org
https://www.frontiersin.org/articles/10.3389/fonc.2021.538927/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2021.538927/full#supplementary-material
https://doi.org/10.3322/caac.21492
https://doi.org/10.3322/caac.21551
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Lietal

Genomic Alterations in Bladder Cancer

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

. Comperat E, Varinot J, Moroch J, Eymerit-Morin C, Brimo F. A Practical

Guide to Bladder Cancer Pathology. Nat Rev Urol (2018) 15:143-54. doi:
10.1038/nrurol.2018.2

. Kaufman DS, Shipley WU, Feldman AS. Bladder Cancer. Lancet (London

England) (2009) 374:239-49. doi: 10.1016/S0140-6736(09)60491-8

. Park JC, Hahn NM. Bladder Cancer: A Disease Ripe for Major Advances. Clin

Adv Hematol Oncol HéO (2014) 12:838-45.

. van Rhijn BW, Burger M, Lotan Y, Solsona E, Stief CG, Sylvester R], et al.

Recurrence and Progression of Disease in non-Muscle-Invasive Bladder
Cancer: From Epidemiology to Treatment Strategy. Eur Urol (2009)
56:430-42. doi: 10.1016/j.eururo.2009.06.028

. van den Bulk J, Verdegaal EM, de Miranda NF. Cancer Immunotherapy:

Broadening the Scope of Targetable Tumours. Open Biol (2018) 8. doi:
10.1098/rsob.180037

. Rouanne M, Loriot Y, Lebret T, Soria JC. Novel Therapeutic Targets in

Advanced Urothelial Carcinoma. Crit Rev oncology/hematology (2016)
98:106-15. doi: 10.1016/j.critrevonc.2015.10.021

. Braun DA, Burke KP, Van Allen EM. Genomic Approaches to Understanding

Response and Resistance to Immunotherapy. Clin Cancer Res an Off ] Am
Assoc Cancer Res (2016) 22:5642-50. doi: 10.1158/1078-0432.CCR-16-0066
He X, Chen S, Li R, Han X, He Z, Yuan D, et al. Comprehensive Fundamental
Somatic Variant Calling and Quality Management Strategies for Human
Cancer Genomes. Briefings Bioinf (2020). doi: 10.1093/bib/bbaa083
Frampton GM, Fichtenholtz A, Otto GA, Wang K, Downing SR, He J, et al.
Development and Validation of a Clinical Cancer Genomic Profiling Test
Based on Massively Parallel DNA Sequencing. Nat Biotechnol (2013) 31:1023—
31. doi: 10.1038/nbt.2696

Gao Q, Zhu H, Dong L, Shi W, Chen R, Song Z, et al. Integrated
Proteogenomic Characterization of HBV-Related Hepatocellular
Carcinoma. Cell (2019) 179:561-77.€22. doi: 10.1016/j.cell.2019.08.052
Zheng B, Qu Y, Wang J, Shi Y, Yan W. Pathogenic and Targetable Genetic
Alterations in Resected Recurrent Undifferentiated Pleomorphic Sarcomas
Identified by Targeted Next-Generation Sequencing. Cancer Genomics
Proteomics (2019) 16:221-8. doi: 10.21873/cgp.20127

Cao J, Chen L, Li H, Chen H, Yao J, Mu S, et al. An Accurate and Comprehensive
Clinical Sequencing Assay for Cancer Targeted and Immunotherapies. oncologist
(2019) 24:21294-€302. doi: 10.1634/theoncologist.2019-0236

Gao ], Aksoy BA, Dogrusoz U, Dresdner G, Gross B, SO S, et al. Integrative
Analysis of Complex Cancer Genomics and Clinical Profiles Using the
Cbioportal. Sci Signaling (2013) 6:pl1. doi: 10.1126/scisignal.2004088

Guo X, Chen F, Gao F, Li L, Liu K, You L, et al. CNSA: A Data Repository for
Archiving Omics Data. Database ] Biol Database Curation (2020) 2020. doi:
10.1093/database/baaa055

Haslem DS, Van Norman SB, Fulde G, Knighton AJ, Belnap T, Butler AM,
et al. A Retrospective Analysis of Precision Medicine Outcomes in Patients
With Advanced Cancer Reveals Improved Progression-Free Survival Without
Increased Health Care Costs. ] Oncol Pract (2017) 13:e108-e19. doi: 10.1200/
JOP.2016.011486

Borah S, Xi L, Zaug AJ, Powell NM, Dancik GM, Cohen SB, et al. Cancer. TERT
Promoter Mutations and Telomerase Reactivation in Urothelial Cancer. Sci (New
York N.Y.) (2015) 347:1006-10. doi: 10.1126/science.1260200

Isharwal S, Audenet F, Drill E, Pietzak EJ, Iyer G, Ostrovnaya I, et al.
Prognostic Value of TERT Alterations, Mutational and Copy Number

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Alterations Burden in Urothelial Carcinoma. Eur Urol Focus (2019) 5:201-
4. doi: 10.1016/j.euf.2017.07.004

Kim J, Akbani R, Creighton CJ, Lerner SP, Weinstein JN, Getz G, et al.
Invasive Bladder Cancer: Genomic Insights and Therapeutic Promise. Clin
Cancer Res an Off ] Am Assoc Cancer Res (2015) 21:4514-24. doi: 10.1158/
1078-0432.CCR-14-1215

Sanchez-Carbayo M, Cordon-Cardo C. Molecular Alterations Associated
With Bladder Cancer Progression. Semin Oncol (2007) 34:75-84. doi:
10.1053/j.seminoncol.2006.12.013

Sethakorn N, O’Donnell PH. Spectrum of Genomic Alterations in FGFR3:
Current Appraisal of the Potential Role of FGFR3 in Advanced Urothelial
Carcinoma. BJU Int (2016) 118:681-91. doi: 10.1111/bju.13552

Audenet F, Attalla K, Sfakianos JP. The Evolution of Bladder Cancer
Genomics: What Have We Learned and How can We Use it? Urologic
Oncol (2018) 36:313-20. doi: 10.1016/j.urolonc.2018.02.017

Wu§, Ou T, Xing N, Lu ], Wan S, Wang C, et al. Whole-Genome Sequencing
Identifies ADGRG6 Enhancer Mutations and FRS2 Duplications as
Angiogenesis-Related Drivers in Bladder Cancer. Nat Commun (2019)
10:720. doi: 10.1038/s41467-019-08576-5

Kiss B, Wyatt AW, Douglas J, Skuginna V, Mo F, Anderson S, et al. Her2
Alterations in Muscle-Invasive Bladder Cancer: Patient Selection Beyond
Protein Expression for Targeted Therapy. Sci Rep (2017) 7:42713. doi:
10.1038/srep42713

Zhang C, Shen L, Qi F, Wang J. Multi-Omics Analysis of Tumor Mutation
Burden Combined With Immune Infiltrates in Bladder Urothelial Carcinoma.
J Cell Physiol (2019) 235(4):3849-63. doi: 10.1002/jcp.29279

Wu G, Wang F, Li K, Li S, Zhao C, Fan C, et al. Significance of TP53 Mutation
in Bladder Cancer Disease Progression and Drug Selection. Peer] (2019) 7:
€8261. doi: 10.7717/peer;j.8261

Song BN, Kim SK, Mun JY, Choi YD, Leem SH, Chu IS. Identification of an
Immunotherapy-Responsive Molecular Subtype of Bladder Cancer.
EBioMedicine (2019) 50:238-45. doi: 10.1016/j.ebiom.2019.10.058

Pietzak EJ, Bagrodia A, Cha EK, Drill EN, Iyer G, Isharwal S, et al. Next-
Generation Sequencing of Nonmuscle Invasive Bladder Cancer Reveals
Potential Biomarkers and Rational Therapeutic Targets. Eur Urol (2017)
72:952-9. doi: 10.1016/j.eururo.2017.05.032

Li Q, Damish AW, Frazier Z, Liu D, Reznichenko E, Kamburov A, et al. Ercc2
Helicase Domain Mutations Confer Nucleotide Excision Repair Deficiency
and Drive Cisplatin Sensitivity in Muscle-Invasive Bladder Cancer. Clin
Cancer Res an Off ] Am Assoc Cancer Res (2019) 25:977-88. doi: 10.1158/
1078-0432.CCR-18-1001

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Li, Yang, Liao, Zhou, Li, Cai, Liu, Luo and Zhan. 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.

Frontiers in Oncology | www.frontiersin.org

May 2021 | Volume 11 | Article 538927


https://doi.org/10.1038/nrurol.2018.2
https://doi.org/10.1016/S0140-6736(09)60491-8
https://doi.org/10.1016/j.eururo.2009.06.028
https://doi.org/10.1098/rsob.180037
https://doi.org/10.1016/j.critrevonc.2015.10.021
https://doi.org/10.1158/1078-0432.CCR-16-0066
https://doi.org/10.1093/bib/bbaa083
https://doi.org/10.1038/nbt.2696
https://doi.org/10.1016/j.cell.2019.08.052
https://doi.org/10.21873/cgp.20127
https://doi.org/10.1634/theoncologist.2019-0236
https://doi.org/10.1126/scisignal.2004088
https://doi.org/10.1093/database/baaa055
https://doi.org/10.1200/JOP.2016.011486
https://doi.org/10.1200/JOP.2016.011486
https://doi.org/10.1126/science.1260200
https://doi.org/10.1016/j.euf.2017.07.004
https://doi.org/10.1158/1078-0432.CCR-14-1215
https://doi.org/10.1158/1078-0432.CCR-14-1215
https://doi.org/10.1053/j.seminoncol.2006.12.013
https://doi.org/10.1111/bju.13552
https://doi.org/10.1016/j.urolonc.2018.02.017
https://doi.org/10.1038/s41467-019-08576-5
https://doi.org/10.1038/srep42713
https://doi.org/10.1002/jcp.29279
https://doi.org/10.7717/peerj.8261
https://doi.org/10.1016/j.ebiom.2019.10.058
https://doi.org/10.1016/j.eururo.2017.05.032
https://doi.org/10.1158/1078-0432.CCR-18-1001
https://doi.org/10.1158/1078-0432.CCR-18-1001
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Deep Genomic Sequencing of Bladder Urothelial Carcinoma in Southern Chinese Patients: A Single-Center Study
	Introduction
	Patients And Methods
	Patients and Samples
	Sequencing and Genomic Alterations Detection
	Statistical Analysis

	Results
	Characteristics of Participants
	GAs Profile of Chinese BUC Patients
	Gene Mutations in Signaling Pathways
	Comparison of GAs Between Chinese and Western BUC Patients
	Tumor Mutation Burden Analysis

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


