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Abstract: Bladder cancer (BC) is the most common neoplasm of the urinary tract, which originates
in the epithelium that covers the inner surface of the bladder. The molecular BC profile has led to
the development of different classifications of non-muscle invasive bladder cancer (NMIBC) and
muscle-invasive bladder cancer (MIBC). However, the genomic BC landscape profile of the Mexican
population, including NMIBC and MIBC, is unknown. In this study, we aimed to identify somatic
single nucleotide variants (SNVs) and copy number variations (CNVs) in Mexican patients with BC
and their associations with clinical and pathological characteristics. We retrospectively evaluated
37 patients treated between 2012 and 2021 at the National Cancer Institute—Mexico (INCan). DNA
samples were obtained from paraffin-embedded tumor tissues and exome sequenced. Strelka2 and
Lancet packages were used to identify SNVs and insertions or deletions. FACETS was used to
determine CNVs. We found a high frequency of mutations in TP53 and KMT2D, gains in 11q15.5 and
19p13.11-q12, and losses in 7q11.23. STAG2 mutations and 1q11.23 deletions were also associated
with NMIBC and low histologic grade.

Keywords: bladder cancer; Hispanics; Mexican population; mutations; cancer genomics; non-muscle
invasive bladder cancer; muscle-invasive bladder cancer

1. Introduction

Bladder cancer (BC) is the most common neoplasm of the urinary tract. It generally
originates from the epithelium that covers the inner surface of the bladder [1]. BC is
the tenth most common cancer type, with an estimated 570,000 new cases worldwide
in 2020 [2]. Smoking is the leading risk factor associated with BC incidence [3]. Within
the total incidence rate, men tend to be diagnosed with bladder cancer 3 to 4 times more
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frequently than women. In addition, Non-Hispanic white patients are the most frequently
affected, followed by Non-Hispanic blacks and Hispanics [4].

BC arises in two different pathways depending on the origin site. Non-muscular
invading bladder cancer (NMIBC) or superficial BC represents about 60% of all BC cases.
NMIBC is characterized by the loss of heterozygosity in chromosome 9 and mutations in
FGFR3. In 10% to 20% of the cases, NMIBC can invade the muscular layer and evolve as
muscular invasive bladder cancer (MIBC); this evolution is characterized by the loss of the
tumor suppressor genes TP53 and RB1 [5]. MIBC is the most aggressive BC type, and it is
characterized by genomic instability and a high mutational rate. Patients with MIBC tend
to present with a 5-year survival rate of 60% when they have a localized tumor, but less
than 10% when distant metastases are present [6].

Most NMIBCs are exophytic tumors; however, some lesions present an endophytic
growth pattern affecting the lamina propria. Two main subepithelial growth patterns
have been described: the endophytic growth pattern (EGP) and the von Brunn’s nest
involvement (VBNI). These growth patterns have been associated with high-grade tumors
and higher stages of the disease; however, no positive correlations with bladder cancer
recurrence have been associated with these growth patterns [7,8].

The molecular analysis of BC has led to the development of different classifications
of both NMIBC and MIBC [9–12]. After an international consensus, MIBC was classified
into six different molecular subtypes: Basal/Squamous, Neuroendocrine-like, Stroma-rich,
Luminal-papillary, Luminal-unstable, and Luminal-non-specified [6]. Molecular analysis
has also identified mutational signatures associated with the mutational processes for
carcinogenesis in bladder cancer. One of the most common mutational signatures in
bladder cancer is the single base substitution signature 13 (SBS13), which is based on six
types of substitutions: C > A, C > G, C > T, T > A, T > C, and T > G, and is related to the
cytidine deaminase activity of APOBEC. Other mutational signatures reported for bladder
cancer included SBS01 and SBS05 associated with the aging process, SBS02 associated with
APOBEC, SBS04 associated with smoking, and SBS22 associated with aristolochic acid
exposure [13,14].

The improvements in molecular biology and our understanding of tumorigenesis
opened the window to the personalized medicine era for patients with BC [1]. For example,
the description of mutational processes affecting bladder cancer tumorigenesis. However,
the molecular and genomic data found for BC had been obtained principally from European
and European descendant patients; other ethnic groups, such as Hispanics, are underrep-
resented in these classifications. Here, we aim to identify the somatic single nucleotide
variants (SNVs) and copy number variations (CNVs) present in Mexican patients with
bladder cancer, exploring their association with clinical-pathological characteristics.

2. Results
2.1. Clinical-Pathological Characteristics of the BC Patients

We included 37 patients treated at the Instituto Nacional de Cancerología (INCan)
between 2012 and 2021. The mean age of patients was 62.46 years (standard deviation [SD]:
11.41 years) with a mean time to follow-up of 39.91 months (SD: 19.44). Men accounted
for 70.73% of the patients included in this study. Of the total patients, 59.46% had an
educational level of high school or less, and 48.56% had a history of smoking. Nearly half of
the patients had a MIBC phenotype (45.95%), whereas 59.46 were found with subepithelial
infiltration. Details of the characteristics of the patients are shown in Table 1.
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Table 1. Demographic characteristics of patients with bladder cancer treated at the INCan between
2012 and 2021 (N = 37).

Variable Mean/n SD/%

Age (Years) 62.49 11.41

BMI (kg/m2) 26.75 3.99

Time to follow-up (Months) 39.91 19.44

Sex

Women 11 29.73%

Men 26 70.73%

Education level

High school or less 22 59.46%

College or vocational school 5 13.51%

Grad school or higher 10 27.03%

Smoking 18 48.65%

Symptoms at diagnosis

Asymptomatic 1 2.70%

Symptomatic 1 2 5.41%

Hematuria 34 91.89%

Muscle invasion disease

Yes 17 45.95%

Subepithelial infiltration

Yes 22 59.46%

Histological grade

Low 10 27.03%

High 27 72.97%

Recurrence 11 29.73%

SD = standard deviation; 1 Symptomatic = Irritative symptoms during urination (dysuria or burning sensation);
BMI: Body Mass Index.

When evaluating the overall survival of the patients, a median value for survival in
this cohort was not reached (Figure 1a). When grouping patients according to their muscle
invasion phenotype, the patients with MIBC showed a poor overall survival compared to
patients with NMIBC (p-value = 0.001), with a median survival of 25 months (Figure 1b).
In addition, we found a significant difference in the overall survival of the patients when
sorting them according to their histological grade (p-value = 0.047); however, we did not
observe any differences related to overall survival in the Kaplan-Meier curves related to
smoking or sex (Supplementary Figure S1). Additionally, when performing a sensitivity
analysis, we found no modification in the influence of muscular invasion on mortality
(Hazard Ratio [HR] = 13.11; 95% Confidence Interval [95%CI] = 1.66, 103.60) when adjusting
for other clinical characteristics, but a mild decrease when adjusting by histological grade
(HR = 6.83, 95%CI = 0.86, 54.02, Supplementary Table S1).
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Figure 1. Overall survival of the patients with bladder cancer treated at the INCan (N = 37) 
between 2012 and 2021; (a) Kaplan-Meier curve depicting the overall survival of all the patients 
included in the study; (b) Kaplan-Meier curve showing the overall survival differences between 
the patients with non-muscle invasive bladder (NMIBC) cancer and muscle-invasive bladder 
cancer (MIBC); The p-value was calculated using the Log Rank test. 

2.2. Tumor Mutational Burden and Clinical-Pathological Characteristics 
Whole exome sequencing (WES) was achieved successfully with an average 

sequencing depth on the target region of 183.90× and an average coverage of the target 
region of 99.65%. Samples had a mean of 94.83% Q30 quality in the sequenced bases. 
FASTQ files were obtained, and further bioinformatics analysis was performed to detect 
somatic and structural variations. Samples showed a median of 623 somatic variants 
(ranging from 136 to 2552 mutations per case), including SVNs and InDels (Insertion-or-
Deletion). The total number of somatic variants, including driver and passenger 
mutations, present in the exome region, was used to identify the tumor mutational burden 
(TMB) of each tumor. The TMB values ranged from 2.27 to 42.53 mutations/Mb. A total of 
43% tumors had TMB values greater than 10 mutations/Mb and were classified as having 
high TMB status (Figure 2). The relationship between TMB and clinical features is shown 
in Supplementary Figure S2. 

 
Figure 2. Tumor mutational burden (TMB) patients with bladder cancer treated at the INCan (N = 
37) between 2012 and 2021. Bar plot depicts TMB distribution among all the patients. Pink bars 
represents patients with high TMB, and blue bars represents low TMB. 

2.3. Somatic Variants and Clinical-Pathological Characteristics of the Patients 
High-confidence somatic variants were classified as driver and passenger mutations. 

All the samples had driver somatic variants. The tumor suppressor gene TP53 was the 
most frequently affected in our study, which was mutated in 43% of the patients. Other 
genes which frequently mutated included the gene encoding for the lysine 

Figure 1. Overall survival of the patients with bladder cancer treated at the INCan (N = 37) between
2012 and 2021; (a) Kaplan-Meier curve depicting the overall survival of all the patients included in
the study; (b) Kaplan-Meier curve showing the overall survival differences between the patients
with non-muscle invasive bladder (NMIBC) cancer and muscle-invasive bladder cancer (MIBC); The
p-value was calculated using the Log Rank test.

2.2. Tumor Mutational Burden and Clinical-Pathological Characteristics

Whole exome sequencing (WES) was achieved successfully with an average sequenc-
ing depth on the target region of 183.90× and an average coverage of the target region of
99.65%. Samples had a mean of 94.83% Q30 quality in the sequenced bases. FASTQ files
were obtained, and further bioinformatics analysis was performed to detect somatic and
structural variations. Samples showed a median of 623 somatic variants (ranging from
136 to 2552 mutations per case), including SVNs and InDels (Insertion-or-Deletion). The
total number of somatic variants, including driver and passenger mutations, present in
the exome region, was used to identify the tumor mutational burden (TMB) of each tumor.
The TMB values ranged from 2.27 to 42.53 mutations/Mb. A total of 43% tumors had
TMB values greater than 10 mutations/Mb and were classified as having high TMB status
(Figure 2). The relationship between TMB and clinical features is shown in Supplementary
Figure S2.
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Figure 2. Tumor mutational burden (TMB) patients with bladder cancer treated at the INCan (N = 37)
between 2012 and 2021. Bar plot depicts TMB distribution among all the patients. Pink bars represents
patients with high TMB, and blue bars represents low TMB.

2.3. Somatic Variants and Clinical-Pathological Characteristics of the Patients

High-confidence somatic variants were classified as driver and passenger mutations.
All the samples had driver somatic variants. The tumor suppressor gene TP53 was the most
frequently affected in our study, which was mutated in 43% of the patients. Other genes
which frequently mutated included the gene encoding for the lysine methyltransferase 2C
(KMT2C) (35%), the fibroblast growth factor receptor 3 (FGRFR3) (32%), the cell division
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cycle protein (CDC27) (27%), the lysine demethylase 6A (KDM6A) (27%), the SWI/SNF-
Related protein ARID1A (27%), and lysine methyltransferase 2D KTM2D (27%). Missense
SNVs were the most common type of somatic variant (Figure 3).
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FDR = 0.513), and STAG2 (p-value = 0.011, FDR = 0.513) (Figure 4d). 

Figure 3. Driver somatic variants and clinical characteristics of patients with bladder cancer treated
at INCan between 2012 and 2021 (N = 37). Oncoprint, sorted by muscular invasion (Non-muscle
invasive bladder cancer [NMIBC], n = 20 and muscle invasive bladder cancer [MIBC], n = 17),
depicting the genes affected by driver somatic variants (single nucleotide variations, small insertions,
and small deletions) in 16% or more of the samples. The variants are represented according to the
mutation type, each described on the right color panel. The upper bar plot represents the number of
driver somatic variants per patient, and the right bar plot represents the number of driver somatic
variants per gene. The lower paneer represents the muscular invasion, histologic grade, smoking
history, and sex of the patients.

When grouping the patients according to their muscle invasion phenotype, we observed
that TP53 (p-value = 0.014, False Discovery Rate [FDR]: 0.54) and KMT2D (p-value = 0.060,
FDR = 0.540) tend to have a high frequency of mutations in patients with MIBC (Figure 4a).
All patients with MIBC had a high histologic grade, but not all patients with NMIBC
had a low histologic grade. Mutations in STAG2 were exclusive of patients with NMIBC
phenotype and tended to be associated with a low histologic grade (p-value = 0.003,
FDR = 0.72). Mutations in FGFR3 also tended to be associated to patients with low histologic
grade (p-value = 0.005, FDR = 0.729) (Figure 4b). Patients with positive smoking history
were mainly associated with a high frequency of mutations of KMT2D (p-value = 0.015,
FDR = 0.514) (Figure 4c). On the other hand, male patients tended to present a high
frequency of mutations in FGFR3 (p-value < 0.001, FDR = 0.288), EP300 (p-value = 0.004,
FDR = 0.513), and STAG2 (p-value = 0.011, FDR = 0.513) (Figure 4d).



Int. J. Mol. Sci. 2023, 24, 1092 6 of 15Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 6 of 15 
 

 

 
Figure 4. Muscle invasion, histologic grade, smoking status, sex, and the frequency of somatic vari-
ants. The 10 most affected genes were ordered in ascending order according to smallest p-value on 
the top, obtained with the Fisher’s exact test; (a) Comparison of somatic variant frequency according 
to the muscular invasion phenotype; (b) Comparison of somatic variant frequency according to the 
histologic grade; (c) Comparison of somatic variant frequency according to the smoking status; (d) 
Comparison of somatic variant frequency according to the sex of the patients. 

2.4. Structural Variants and Clinical-Pathological Characteristics of the Patients 
The structural variants were identified for the patients as CNV gains and CNV losses. 

As shown in Figure 5a, chromosomes 8 and 19 and were affected almost entirely by CNV 
gains, while chromosomes 9, 10, 17, 21, and 22 were affected mainly by CNV losses. Even 
though large chromosomic regions were affected by structural variants, our cohort also 
showed cytobands with a higher frequency of CNVs (Figure 5a). Cytoband chr5q31.3 was 
the most frequently affected, showing CNV losses in 98% of the samples. Therefore, the 
protocadherin gamma cluster genes (PCDHG), encoded in chr5q31.3, were the most 
frequently affected genes, with CNV losses in 95% of the patients. ZMAT2 was also 
present in this cytoband and was found to be affected in 73% of the patients. Chr1p36.21 
was affected completely by CNV losses in 95% of the cases and chr19q13.42 was affected 
in 82% of the cases by CNV gains and losses. Within chr1p36.21 and ch19q13.42, the genes 
frequently affected by CNV included: RPS9 (78%), LILRB3 (73%), PRAMEF12 (54%), and 
PRAMEF1 (38%). Figure 5b shows an arrangement of the cytobands frequently affected 
by CNV gains and losses among the patients evaluated and according to their muscle 
invasive phenotype. 

When grouping according to the muscle invasive phenotype of the patients (Figure 
6a), those with MIBC tended to show a high frequency of CNV gains in cytobands 
chr11p15.5 (p-value = 0.010, FDR = 0.540) and chr19p13.11-q12 (p-value = 0.024, FDR = 
0.540). MUC2 encoded in chr11p15.5 was found in all the patients affected by CNV gains, 
with log2 values ranging from 0.22 to 2.19. In the same direction, ZNF429 harbored in 

Figure 4. Muscle invasion, histologic grade, smoking status, sex, and the frequency of somatic
variants. The 10 most affected genes were ordered in ascending order according to smallest p-value on
the top, obtained with the Fisher’s exact test; (a) Comparison of somatic variant frequency according
to the muscular invasion phenotype; (b) Comparison of somatic variant frequency according to
the histologic grade; (c) Comparison of somatic variant frequency according to the smoking status;
(d) Comparison of somatic variant frequency according to the sex of the patients.

2.4. Structural Variants and Clinical-Pathological Characteristics of the Patients

The structural variants were identified for the patients as CNV gains and CNV losses.
As shown in Figure 5a, chromosomes 8 and 19 and were affected almost entirely by CNV
gains, while chromosomes 9, 10, 17, 21, and 22 were affected mainly by CNV losses. Even
though large chromosomic regions were affected by structural variants, our cohort also
showed cytobands with a higher frequency of CNVs (Figure 5a). Cytoband chr5q31.3
was the most frequently affected, showing CNV losses in 98% of the samples. Therefore,
the protocadherin gamma cluster genes (PCDHG), encoded in chr5q31.3, were the most
frequently affected genes, with CNV losses in 95% of the patients. ZMAT2 was also present
in this cytoband and was found to be affected in 73% of the patients. Chr1p36.21 was
affected completely by CNV losses in 95% of the cases and chr19q13.42 was affected in
82% of the cases by CNV gains and losses. Within chr1p36.21 and ch19q13.42, the genes
frequently affected by CNV included: RPS9 (78%), LILRB3 (73%), PRAMEF12 (54%), and
PRAMEF1 (38%). Figure 5b shows an arrangement of the cytobands frequently affected
by CNV gains and losses among the patients evaluated and according to their muscle
invasive phenotype.

When grouping according to the muscle invasive phenotype of the patients (Figure 6a),
those with MIBC tended to show a high frequency of CNV gains in cytobands chr11p15.5
(p-value = 0.010, FDR = 0.540) and chr19p13.11-q12 (p-value = 0.024, FDR = 0.540). MUC2
encoded in chr11p15.5 was found in all the patients affected by CNV gains, with log2 values
ranging from 0.22 to 2.19. In the same direction, ZNF429 harbored in chr19p13.11-q12 was
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found in all the patients affected by CNV gains. CNV gains in chr11p15.5 also tended to
be frequent in patients with a high histologic grade, but did not reach the threshold of
statistical significance for the raw p-value (p-value = 0.057, FDR 0.729), whereas CNV losses
in chr7q11.23 (p-value = 0.005, FDR = 0.729), chr18p11.21 (p-value = 0.019, FDR = 0.729),
and chr7q35 (p-value = 0.021, FDR = 0.729) were frequently affected in patients with low
histologic grade (Figure 6b). Regarding the smoking status of the patients, CNV deletions
in cytoband chr15q13.1 (p-value = 0.046, FDR = 0.513) were found to be as significant in
patients with a smoking history (Figure 6c). No significant associations between the sex of
the patients and the affected cytobands were found (Figure 6d).
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Figure 5. Structural variants present in Mexican patients with bladder cancer treated at the INCan
(N = 37). (a) Karyoplot depicting the regions on each chromosome affected by copy number variations
(CNV). The pink bars depict the genomic regions with CNV losses, and the green bars indicate the
genomic regions with CNV gains on each chromosome present by one or more patients. The black
dots within the pink and green bars indicate the start position of the CNV event per patient. The
red dot indicates CNV events with a log2 greater than 3 or lower than - 3 per patient; (b) Bar plot
presenting the ten cytobands more frequently affected by CNV gains and losses in the cohort. Green
bars indicate CNV gains, and pink bars indicate CNV losses.
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Figure 6. Muscle invasion, histologic grade, smoking, gender, and frequency of cytobands affected
by CNV. The 10 most affected cytobands are ordered in ascending order from the smallest p-value
according to Fisher’s exact test on top: (a) Comparison of the frequency of gains and losses in copy
number according to the muscle invasion phenotype; (b) Comparison of the frequency of copy
number gains and losses according to histological grade; (c) Comparison of the frequency of copy
number gains and losses according to smoking; (d) Comparison of the frequency of gains and losses
in the number of copies according to the sex of the patients.
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In addition, we found no modification in the influence of muscular invasion on
mortality when performing a sensitivity analysis adjusting for the genomic alterations that
were found to be associated with muscular invasion (HR = 13.11, 95%CI = 1.66, 103.60). A
mild reduction in the influence was observed when adjusting for TP53 mutation (HR = 8.09,
CI95% = 0.95, 68.78); however, no modifications were observed when adjusting for KMT2D
mutation, chr11p15.5 amplification, and chr19p13.11-q12 amplification. (Supplementary
Table S2).

2.5. Mutational Processes and Clinical-Pathological Characteristics

The mutational processes implicated in bladder cancer were evaluated through muta-
tional signature analysis, identifying the contribution of single-base substitution signatures
(SBS). Signature SBS16, related to liver cancer and defective nucleotide excision repair
pathway, was the most frequent mutational process, with a contribution greater than 0.2
and found in 89% of the patients, followed by SBS05 present in 51% and SBS13 in 19% of
the patients (Figure 7a). When evaluating the association of the mutational processes, we
observed that patients with smoking history were associated with greater contribution val-
ues of SBS05 (Supplementary Figure S3). High TMB status was also associated with SBS02
and SBS13, whereas a low TMB status was associated with SBS01 and SBS05 (Figure 7b).
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Figure 7. Mutational processes and their association with TMB status of patients with bladder cancer
treated at the INCan (N = 37) between 2012 and 2021: (a) Heatmap showing the contribution of the
mutational signatures to the carcinogenic process. Only single-base substitution signatures (SBS)
with a contribution more significant than cero were depicted. The gradient red color indicates the
grade of the contribution of each signature; (b) Violin plot depicting the association between the
tumoral mutational burden (TMB) status of the patients and SBS01, SBS02, SBS05, SBS13, and SBS16.
We did not find any association between TMB and clinical features (Supplementary Figure S1).
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3. Discussion

To our best knowledge, this is the first report of the somatic mutational landscape of
bladder cancer in Mexican patients. Using WES, we identified a differential mutational
pattern between patients with MIBC and NMIBC. Patients with MIBC were associated with
a higher frequency of mutations in TP53 and KMT2D and CNV gains in chr11q15.5 and
chr19p13.11-q12. In contrast, mutations in STAG2 and CNV deletions in chr7q11.23 were
associated with patients with NMIBC and a low histologic grade.

The patients included in our study showed similar characteristics to other previously
published Mexican bladder cancer studies. A descriptive epidemiological study of 20 years
of experience with bladder cancer in the INCan identified a median age at diagnosis of
54 years with a predominance of male patients and smoking as the main risk factor. A
high rate of patients were diagnosed in late disease stages, with 70% of the cases with
metastasis [15]. Another study performed in a general hospital in Mexico reported a median
age at diagnosis of 62.5 years with a predominance of male patients. Within this study, a
prevalence of 36% was reported for patients with MIBC [16].

Overall, non-Hispanic whites are the ethnic group with the highest incidence of
bladder cancer, followed by Blacks and Hispanics [8]. These differences are also seen to be
associated with the overall survival of the patients, with non-Hispanic whites as the ethnic
group with the best rates [8]. Differences in the tumor biology and somatic mutations
could be influenced by the ethnicity of the patients; a higher frequency of TP53, ARID1A,
ERBB3, and CDKN1A mutations have been reported for white patients compared to non-
white patients [17]. TP53 was the gene most frequently mutated in our cohort. Similar
to reports in other populations [18], we identified an association between TP53 mutation
and muscular invasion. In addition, mutations in TP53 have been associated with poor
overall survival [18]. Within the multivariate analysis performed in this study, we observed
a positive influence of TP53 on the mortality of the patients, suggesting that mutations in
TP53 affect Mexican patients in the same way that affects other populations.

This group of patients evaluated included a similar proportion of patients with MIBC
and NMIBC, with a greater proportion of cases with high histologic grades. We identified
KMT2D as a gene frequently mutated in patients with MIBC and high histologic grade.
KMT2D encodes the lysine methyltransferase 2D; the loss of this gene has been associated
with abnormal epigenetic reprogramming of different molecular pathways [19]. KMT2D is
mutated in different types of cancer, including bladder cancer [20]. In bladder cancer cell
lines, KMT2D overexpression was associated with tumor suppressor effects, as it promoted
the expression of PTEN and TP53, as well as the repression of STAG2 [21]. In lung cancer, it
has been observed that KMT2D mutations increase the glycolysis of tumor cells. For this
reason, it has been proposed to study the pharmacological inhibition of glycolysis in tumors
deficient in KMT2D [22]. The expression of KMT2D has also been proposed as a prognostic
biomarker for bladder cancer in European patients, observing a trend towards greater
survival in patients with higher expression of this protein [23]. However, it is unknown
whether this effect was also present in Mexican patients.

We also observed that patients with MIBC frequently showed copy number gains of
the chr11p15.5 cytoband. MUC2 was seen to be affected in all patients with these gains. This
protein has been seen to contribute to the development of colorectal cancer [24]. Similarly,
there is evidence suggesting that the expression of MUC2 is associated with invasion
and metastasis in various malignant tumors, including gastric cancer, prostate cancer,
and colorectal cancer [25]. In the case of bladder cancer, the presence of MUC2 has been
associated with the non-invasive proliferation of tumors or with a favorable outcome for
patients [26]. It has also been seen that the expression of MUC2 is observed more frequently
in low-grade urothelial carcinomas and correlates with a low pathological stage [26].

Within our cohort, nearly half of the patients were associated with TMB values greater
than 10 mutations/Mb. TMB has been used as a biomarker for the selection of different
immune checkpoint inhibitors presenting a wider range of therapeutic strategies for the
treatment of bladder cancer patients [27,28]. To our best knowledge, there are no studies
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exposing the clinical uses of TMB in Mexican patients with bladder cancer. We found no
associations between High-TMB and clinical characteristics, which could mean a greater
number of patients that could benefit from TMB as a biomarker for treatment selection.

We are aware that the limited number of patients included in this study could hinder
the statistical power of the analysis. Nonetheless, this study provides new information
about the clinical and pathological characteristics of Mexican patients regarding bladder
cancer, which could guide us in the design of further studies that feature a larger cohort to
test some of the identified variants as biomarkers of prognosis for patients treated.

4. Material and Methods
4.1. Population

A total of 37 patients treated between 2012 and 2021 at the Instituto Nacional de
Cancerología (INCan), located in Mexico City, were selected randomly for this study from
the total of patients that met the inclusion criteria. Inclusion criteria involved patients
with formalin-fixed paraffin-embedded (FFPE) tumor tissue blocks stored at the pathology
department of the INCan, who were older than 18 years old and had a positive diagnosis
of urothelial bladder cancer. FFPE samples were collected by transurethral resection of
the bladder tumor (TURBT) before any kind of treatment. Patients with a history of other
cancer or any type of treatment prior to TURBT were not included in this study. Tumor
samples were selected from formalin-fixed paraffin-embedded tissue (FFPE) blocks for an
experienced pathologist. Selected tumor samples had at least 70% of tumor cellularity. This
project was approved by the institutional ethics board (017/034/IBI) and the institutional
ethics in research committee (CEI/1175/17) of the INCan. Due to the minimal risk and the
nature of this study for the patients and following the guidelines of the institutional ethics
board, the informed consent was waived.

4.2. Clinical Data Collection

Clinical data, including age at diagnosis, body mass index (BMI), sex, education level,
smoking status, symptoms at diagnosis, muscular invasion, subepithelial invasion, and
histological grade, were collected from the electronic clinical records of each patient. The
follow-up time was calculated from the clinical records as the period between the date of
diagnosis and the date of death or loss of follow-up.

4.3. DNA Extraction and Quality Control

Samples were homogenized using QIAshredder (QIAGEN, 79654), and DNA was
extracted using the QIAamp® DNA FFPE Tissue Kit (QIAGEN, 56404), following the
protocol recommendations. Purity of DNA was evaluated with a Thermo Fisher Scientific
NanoDrop 2000. Quantity and DNA fragmentation status were evaluated with the Agilent
2200 TapeStation System using the genomic DNA ScreenTape assay (Agilent, 5067–5365)
to obtain a DNA integrity number [29]. Samples with DIN from 6 to 10 and a minimum
concentration of 20 ng/µL were selected for WES.

4.4. Library Preparation, Hybridation Capture, and WES

Library preparation, hybridization capture, and WES procedures were performed by
the New York Genome Center. TruSeq DNA PCR-Free libraries were prepared from FFPE
tissues using 1µg of input DNA according to the manufacturer’s instructions (Ilumina,
San Diego, CA, USA). Sequencing was performed on HiSeq2500 (Ilumina, San Diego,
CA, USA).

4.5. Bioinformatics Pipeline

Sequencing reads for the tumor samples were first trimmed for adapters using Trim-
Galore (v0.4.0). The trimmed reads were then aligned to the reference genome using
BWA-MEM (v0.7.15) [30], GATK (v4.1.0) [31] FixMateInformation was run to verify and
fix mate-pair information, followed by Novosort (v1.03.01) markDuplicates to merge indi-
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vidual lane BAM files into a single BAM file per sample. Duplicates were then sorted and
marked, and GATK’s base quality score recalibration (BQSR) was performed to obtain a
coordinated sorted BAM file for each sample.

A matched normal sample was not available. In its place, we used the HapMap
sample NA12878, which was prepared and sequenced using the same protocol as the tumor
sample. This normal sample was used to remove some of the false positives that were due
to library preparation and sequencing (that would manifest in the same way in the tumor
and NA12878), as well as some germline variants that were common to the tumor sample
and NA12878.

The tumor and normal BAM files were processed using (GATK v4.0.5.1) [31], Strelka2
(v2.9.3) [32], and Lancet (v1.0.7) [33] for calling SNVs and short Indels. SvABA (v0.2.1) [34]
for calling Indels. FACETS (v0.5.5) [35] for calling CNVs. High-confidence variants identi-
fied by at least two variant callers and variants with a variant allele frequency equal to or
in between 0.1 and 0.45 were selected for subsequent analysis.

SNVs and Indels were annotated with Ensembl, as well as databases such as COSMIC
(v86) [36], 1000Genomes (Phase3) [37], ClinVar (201706) [38], PolyPhen (v2.2.2) [39], SIFT
(v5.2.2) [40], FATHMM (v2.1) [41], gnomAD (r2.0.1) [42], and dbSNP (v150) [43] using
Variant Effect Predictor (v93.2) [44]. Synonymous mutations and mutations annotated in
non-coding regions were filtered out.

For CNVs, segments with log2 > 0.2 were categorized as amplifications, and segments
with log2 < −0.235 were categorized as deletions (corresponding to a single copy change
at 30% purity in a diploid genome, or a 15% Variant Allele Fraction). CNVs of a size less
than 20 Mb were denoted as focal and the rest were considered large-scale. Only focal
CNV were selected for subsequent analysis. We used Bedtools [45] for annotating CNVs.
All predicted CNVs were annotated with germline variants by overlapping with known
variants in 1000 Genomes and Database of Genomic Variants (DGV) [46].

4.6. Mutational Signature Analysis

Mutational signatures analysis of single-base substitutions (SBS) was performed to
identify the contribution of the different mutational processes to carcinogenesis according
to COSMIC database [47,48]. Mutational signatures were calculated for each sample using
the R package deconstuctSigs (v2) [49]. COSMIC signatures were set as reference signatures,
and the count method was set as default. Mutational signature weight ≥0.2 was considered
a positive contribution to the mutational process. The “tri.counts.method” parameter in
deconstructSigs was set to “exome2genome” and a custom exome trinucleotide counts file
based on the target interval was provided.

4.7. Statistical Analysis

Associations between clinical characteristics such as muscular invasion, histologic
grade smoking history, and sex were assessed with the presence of somatic variations
and CNVs. Patients were grouped according to their clinical characteristics, then the
frequency of the variants between the groups was compared using Fisher’s exact test.
p-values were adjusted using the Benjamini–Hochberg procedure. The Kaplan-Meier curve
was analyses by Log rank test. The mutational signatures contribution was compared
with the clinical characteristics of the patients using the Mann-Whitney U test. Statistical
significance was set at p-value < 0.05. All statistical analyses were performed using R
software (https://cran.r-project.org, accessed on 23 March 2022).

5. Conclusions

This is the first work in a Mexican population in which the mutational panorama
of BC is characterized for both MIBC and NMIBC. Patients with MIBC showed a higher
frequency of mutations in TP53 and KMT2D, gains in chr11q15.5 and chr19p13.11-q12, and
losses in chr7q11.23. STAG2 mutations and CNV deletions at chr1q11.23 were frequently

https://cran.r-project.org
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found in patients with NMIBC and low histologic grade. These genomic changes may open
new research lines toward their specific detection at diagnosis in prospective studies.
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Author Contributions: Conceptualization, M.D.P.-M. and D.P.; methodology, D.C.-I. and Y.S.-P.;
software, D.C.-I.; formal analysis, D.C.-I., Y.S.-P., J.D.-C., C.C.C.-G., J.A.R., M.A.J.-R., L.A.H., A.S.,
D.C.-d.-L., A.M.-G., R.H.-M., F.V.-P., A.R., A.O. and D.P.; investigation, R.H.-M., A.R., A.O. and D.P.;
resources, D.P.; data curation, D.C.-I.; writing—original draft preparation, D.C.-I., R.H.-M. and D.P.;
writing—review and editing, D.C.-I., R.H.-M. and D.P.; visualization, D.C.-I.; supervision, D.P.; project
administration, A.O.; funding acquisition, D.P. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by CONACYT, grant numbers FOSISS-2017-290412 and FOSISS-
2017-289503.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board (or Ethics Committee) of the National
Cancer Institute—Mexico (protocol code CEI/1193/17).

Informed Consent Statement: Due to the retrospective design of this study, informed consent was
not obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available upon request to the
corresponding author if you want to partner with or contribute to the project. The data are not
publicly available due to Institutional Review Board policy.

Acknowledgments: We thank Clementina Castro for the critical revision of this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Dobruch, J.; Oszczudłowski, M. Bladder Cancer: Current Challenges and Future Directions. Medicina 2021, 57, 749. [CrossRef]

[PubMed]
2. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN

Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209–249. [CrossRef]
3. Freedman, N.D.; Silverman, D.T.; Hollenbeck, A.R.; Schatzkin, A.; Abnet, C.C. Association between smoking and risk of bladder

cancer among men and women. JAMA 2011, 306, 737–745. [CrossRef] [PubMed]
4. Kirkali, Z.; Chan, T.; Manoharan, M.; Algaba, F.; Busch, C.; Cheng, L.; Kiemeney, L.; Kriegmair, M.; Montironi, R.; Murphy, W.M.;

et al. Bladder cancer: Epidemiology, staging and grading, and diagnosis. Urology 2005, 66, 4–34. [CrossRef] [PubMed]
5. Siracusano, S.; Rizzetto, R.; Porcaro, A.B. Bladder cancer genomics. Urologia 2020, 87, 49–56. [CrossRef] [PubMed]
6. Kamoun, A.; de Reyniès, A.; Allory, Y.; Sjödahl, G.; Robertson, A.G.; Seiler, R.; Hoadley, K.A.; Groeneveld, C.S.; Al-Ahmadie, H.;

Choi, W.; et al. A Consensus Molecular Classification of Muscle-invasive Bladder Cancer. Eur. Urol. 2020, 77, 420–433. [CrossRef]
7. Miyake, M.; Hirao, S.; Mibu, H.; Tanaka, M.; Takashima, K.; Shimada, K.; Hirao, K. Clinical significance of subepithelial growth

patterns in non-muscle invasive bladder cancer. BMC Urol. 2011, 11, 17. [CrossRef]
8. Gofrit, O.N.; Shapiro, A.; Pode, D.; Katz, R.; Yutkin, V.; Zorn, K.C.; Pizov, G. Subepithelial growth patterns in urothelial

carcinoma-frequency and prognostic significance. Urol. Oncol. 2012, 30, 49–54. [CrossRef]
9. Hedegaard, J.; Lamy, P.; Nordentoft, I.; Algaba, F.; Høyer, S.; Ulhøi, B.P.; Vang, S.; Reinert, T.; Hermann, G.G.; Mogensen, K.; et al.

Comprehensive Transcriptional Analysis of Early-Stage Urothelial Carcinoma. Cancer Cell 2016, 30, 27–42. [CrossRef]
10. Sjödahl, G.; Lauss, M.; Lövgren, K.; Chebil, G.; Gudjonsson, S.; Veerla, S.; Patschan, O.; Aine, M.; Fernö, M.; Ringnér, M.; et al. A

molecular taxonomy for urothelial carcinoma. Clin. Cancer Res. 2012, 18, 3377–3386. [CrossRef]
11. Cancer Genome Atlas Research Network. Comprehensive molecular characterization of urothelial bladder carcinoma. Nature

2014, 507, 315–322. [CrossRef]
12. Robertson, A.G.; Kim, J.; Al-Ahmadie, H.; Bellmunt, J.; Guo, G.; Cherniack, A.D.; Hinoue, T.; Laird, P.W.; Hoadley, K.A.; Akbani,

R.; et al. Comprehensive Molecular Characterization of Muscle-Invasive Bladder Cancer. Cell 2018, 174, 1033. [CrossRef]
13. Seok Ju, Y. The mutational signatures and molecular alterations of bladder cancer. Transl. Cancer Res. 2017, 6, S689–S701.
14. Poon, S.L.; Huang, M.N.; Choo, Y.; McPherson, J.R.; Yu, W.; Heng, H.L.; Gan, A.; Myint, S.S.; Siew, E.Y.; Ler, L.D.; et al. Mutation

signatures implicate aristolochic acid in bladder cancer development. Genome Med. 2015, 7, 38. [CrossRef] [PubMed]
15. Ariza, V.P.; Solares, S.M.E.; Chanona, V.J.G.; Martínez, C.P.; Jiménez-Ríos, M.A. Adenocarcinoma primario de vejiga. Experiencia

de 20 años en el Instituto Nacional de Cancerología. Rev. Mex. Urol. 2007, 67, 256–260.

https://www.mdpi.com/article/10.3390/ijms24021092/s1
https://www.mdpi.com/article/10.3390/ijms24021092/s1
http://doi.org/10.3390/medicina57080749
http://www.ncbi.nlm.nih.gov/pubmed/34440955
http://doi.org/10.3322/caac.21660
http://doi.org/10.1001/jama.2011.1142
http://www.ncbi.nlm.nih.gov/pubmed/21846855
http://doi.org/10.1016/j.urology.2005.07.062
http://www.ncbi.nlm.nih.gov/pubmed/16399414
http://doi.org/10.1177/0391560319899011
http://www.ncbi.nlm.nih.gov/pubmed/31942831
http://doi.org/10.1016/j.eururo.2019.09.006
http://doi.org/10.1186/1471-2490-11-17
http://doi.org/10.1016/j.urolonc.2009.11.010
http://doi.org/10.1016/j.ccell.2016.05.004
http://doi.org/10.1158/1078-0432.CCR-12-0077-T
http://doi.org/10.1038/nature12965
http://doi.org/10.1016/j.cell.2018.07.036
http://doi.org/10.1186/s13073-015-0161-3
http://www.ncbi.nlm.nih.gov/pubmed/26015808


Int. J. Mol. Sci. 2023, 24, 1092 14 of 15

16. Mayorga, G.E.; Ibarra, O.I.; Sedano, B.J.; Trujillo, O.L.; Cornejo, D.V.; Palmeros, R.A.; Uberetagoyena, T.I.; Garza, S.G.; Osornio,
S.V.; Camacho, C.A.; et al. Aplicación de nomogramas en México para cáncer de vejiga en pacientes del Hospital General “Dr.
Manuel Gea González”. Rev. Mex. Urol. 2014, 74, 3–8. [CrossRef]

17. Nyame, Y.A.; Baker, K.K.; Montgomery, R.B.; Grivas, P.; Redman, M.W.; Wright, J.L. Racial and sex differences in somatic
mutations in bladder cancer patients: An analysis of the cBioPortal for Cancer Genomics. J. Clin. Oncol. 2020, 38, 556. [CrossRef]

18. Burgess, E.F.; Sanders, J.A.; Livasy, C.; Symanowski, J.; Gatalica, Z.; Steuerwald, N.M.; Arguello, D.; Brouwer, C.R.; Korn, W.M.;
Grigg, C.M.; et al. Identification of potential biomarkers and novel therapeutic targets through genomic analysis of small cell
bladder carcinoma and associated clinical outcomes. Urol. Oncol. 2022, 40, 383.e1–383.e10. [CrossRef]

19. Dhar, S.S.; Lee, M.G. Cancer-epigenetic function of the histone methyltransferase KMT2D and therapeutic opportunities for the
treatment of KMT2D-deficient tumors. Oncotarget 2021, 12, 1296–1308. [CrossRef]

20. Ding, B.; Yan, L.; Zhang, Y.; Wang, Z.; Xia, D.; Ye, Z.; Xu, H. Analysis of the role of mutations in the KMT2D histone lysine
methyltransferase in bladder cancer. FEBS Open Bio 2019, 9, 693–706. [CrossRef]

21. Sun, P.; Wu, T.; Sun, X.; Cui, Z.; Zhang, H.; Xia, Q.; Zhang, D. KMT2D inhibits the growth and metastasis of bladder Cancer cells
by maintaining the tumor suppressor genes. Biomed. Pharm. 2019, 115, 108924. [CrossRef] [PubMed]

22. Alam, H.; Tang, M.; Maitituoheti, M.; Dhar, S.S.; Kumar, M.; Han, C.Y.; Ambati, C.R.; Amin, S.B.; Gu, B.; Chen, T.-Y.; et al.
KMT2D Deficiency Impairs Super-Enhancers to Confer a Glycolytic Vulnerability in Lung Cancer. Cancer Cell 2020, 37, 599–617.e7.
[CrossRef]

23. Laukhtina, E.; Lemberger, U.; Bruchbacher, A.; Ilijazi, D.; Korn, S.; Berndl, F.; D’Andrea, D.; Susani, M.; Enikeev, D.; Compérat, E.;
et al. Expression Analysis and Mutational Status of Histone Methyltransferase. J. Pers. Med. 2021, 11, 1147. [CrossRef] [PubMed]

24. Betge, J.; Schneider, N.I.; Harbaum, L.; Pollheimer, M.J.; Lindtner, R.A.; Kornprat, P.; Ebert, M.P.; Langner, C. MUC1, MUC2,
MUC5AC, and MUC6 in colorectal cancer: Expression profiles and clinical significance. Virchows Arch. 2016, 469, 255–265.
[CrossRef] [PubMed]

25. Li, C.; Zuo, D.; Yin, L.; Lin, Y.; Liu, T.; Wang, L. Prognostic Value of MUC2 Expression in Colorectal Cancer: A Systematic Review
and Meta-Analysis. Gastroenterol. Res. Pr. 2018, 2018, 6986870. [CrossRef]

26. Gonul, I.I.; Cakir, A.; Sozen, S. Immunohistochemical expression profiles of MUC1 and MUC2 mucins in urothelial tumors of
bladder. Indian J. Pathol. Microbiol. 2018, 61, 350–355. [CrossRef]

27. Voutsadakis, I.A. Urothelial Bladder Carcinomas with High Tumor Mutation Burden Have a Better Prognosis and Targetable
Molecular Defects beyond Immunotherapies. Curr. Oncol. 2022, 29, 1390–1407. [CrossRef]

28. Natesan, D.; Zhang, L.; Martell, H.J.; Jindal, T.; Devine, P.; Stohr, B.; Espinosa-Mendez, C.; Grenert, J.; Van Ziffle, J.; Joseph, N.;
et al. APOBEC Mutational Signature and Tumor Mutational Burden as Predictors of Clinical Outcomes and Treatment Response
in Patients With Advanced Urothelial Cancer. Front. Oncol. 2022, 12, 816706. [CrossRef]

29. Pena-Llopis, S.; Brugarolas, J. Simultaneous isolation of high-quality DNA, RNA, miRNA and proteins from tissues for genomic
applications. Nat. Protoc. 2013, 8, 2240–2255. [CrossRef]

30. Li, H.; Durbin, R. Fast and accurate long-read alignment with Burrows-Wheeler transform. Bioinformatics 2010, 26, 589–595.
[CrossRef]

31. McKenna, A.; Hanna, M.; Banks, E.; Sivachenko, A.; Cibulskis, K.; Kernytsky, A.; Garimella, K.; Altshuler, D.; Gabriel, S.; Daly, M.;
et al. The Genome Analysis Toolkit: A MapReduce framework for analyzing next-generation DNA sequencing data. Genome Res.
2010, 20, 1297–1303. [CrossRef] [PubMed]

32. Saunders, C.T.; Wong, W.S.; Swamy, S.; Becq, J.; Murray, L.J.; Cheetham, R.K. Strelka: Accurate somatic small-variant calling from
sequenced tumor-normal sample pairs. Bioinformatics 2012, 28, 1811–1817. [CrossRef]

33. Narzisi, G.; Corvelo, A.; Arora, K.; Bergmann, E.A.; Shah, M.; Musunuri, R.; Emde, A.K.; Robine, N.; Vacic, V.; Zody, M.C.
Genome-wide somatic variant calling using localized colored de Bruijn graphs. Commun. Biol. 2018, 1, 20. [CrossRef] [PubMed]

34. Wala, J.A.; Bandopadhayay, P.; Greenwald, N.F.; O’Rourke, R.; Sharpe, T.; Stewart, C.; Schumacher, S.; Li, Y.; Weischenfeldt, J.;
Yao, X.; et al. SvABA: Genome-wide detection of structural variants and indels by local assembly. Genome Res. 2018, 28, 581–591.
[CrossRef] [PubMed]

35. Shen, R.; Seshan, V.E. FACETS: Allele-specific copy number and clonal heterogeneity analysis tool for high-throughput DNA
sequencing. Nucleic Acids Res. 2016, 44, e131. [CrossRef] [PubMed]

36. Tate, J.G.; Bamford, S.; Jubb, H.C.; Sondka, Z.; Beare, D.M.; Bindal, N.; Boutselakis, H.; Cole, C.G.; Creatore, C.; Dawson, E.; et al.
COSMIC: The Catalogue Of Somatic Mutations In Cancer. Nucleic Acids Res. 2019, 47, D941–D947. [CrossRef] [PubMed]

37. Auton, A.; Brooks, L.D.; Durbin, R.M.; Garrison, E.P.; Kang, H.M.; Korbel, J.O.; Marchini, J.L.; McCarthy, S.; McVean, G.A.;
Abecasis, G.R.; et al. A global reference for human genetic variation. Nature 2015, 526, 68–74.

38. Landrum, M.J.; Lee, J.M.; Riley, G.R.; Jang, W.; Rubinstein, W.S.; Church, D.M.; Maglott, D.R. ClinVar: Public archive of
relationships among sequence variation and human phenotype. Nucleic Acids Res. 2014, 42, D980–D985. [CrossRef]

39. Adzhubei, I.; Jordan, D.M.; Sunyaev, S.R. Predicting functional effect of human missense mutations using PolyPhen-2. Curr.
Protoc. Hum. Genet. 2013, 76, 7–20. [CrossRef]

40. Vaser, R.; Adusumalli, S.; Leng, S.N.; Sikic, M.; Ng, P.C. SIFT missense predictions for genomes. Nat. Protoc. 2016, 11, 1–9.
[CrossRef]

41. Shihab, H.A.; Gough, J.; Mort, M.; Cooper, D.N.; Day, I.N.; Gaunt, T.R. Ranking non-synonymous single nucleotide polymor-
phisms based on disease concepts. Hum. Genom. 2014, 8, 11. [CrossRef]

http://doi.org/10.1016/S2007-4085(15)30002-1
http://doi.org/10.1200/JCO.2020.38.6_suppl.556
http://doi.org/10.1016/j.urolonc.2022.04.019
http://doi.org/10.18632/oncotarget.27988
http://doi.org/10.1002/2211-5463.12600
http://doi.org/10.1016/j.biopha.2019.108924
http://www.ncbi.nlm.nih.gov/pubmed/31100540
http://doi.org/10.1016/j.ccell.2020.03.005
http://doi.org/10.3390/jpm11111147
http://www.ncbi.nlm.nih.gov/pubmed/34834500
http://doi.org/10.1007/s00428-016-1970-5
http://www.ncbi.nlm.nih.gov/pubmed/27298226
http://doi.org/10.1155/2018/6986870
http://doi.org/10.4103/IJPM.IJPM_12_18
http://doi.org/10.3390/curroncol29030117
http://doi.org/10.3389/fonc.2022.816706
http://doi.org/10.1038/nprot.2013.141
http://doi.org/10.1093/bioinformatics/btp698
http://doi.org/10.1101/gr.107524.110
http://www.ncbi.nlm.nih.gov/pubmed/20644199
http://doi.org/10.1093/bioinformatics/bts271
http://doi.org/10.1038/s42003-018-0023-9
http://www.ncbi.nlm.nih.gov/pubmed/30271907
http://doi.org/10.1101/gr.221028.117
http://www.ncbi.nlm.nih.gov/pubmed/29535149
http://doi.org/10.1093/nar/gkw520
http://www.ncbi.nlm.nih.gov/pubmed/27270079
http://doi.org/10.1093/nar/gky1015
http://www.ncbi.nlm.nih.gov/pubmed/30371878
http://doi.org/10.1093/nar/gkt1113
http://doi.org/10.1002/0471142905.hg0720s76
http://doi.org/10.1038/nprot.2015.123
http://doi.org/10.1186/1479-7364-8-11


Int. J. Mol. Sci. 2023, 24, 1092 15 of 15

42. Lek, M.; Karczewski, K.J.; Minikel, E.V.; Samocha, K.E.; Banks, E.; Fennell, T.; O’Donnell-Luria, A.H.; Ware, J.S.; Hill, A.J.;
Cummings, B.B.; et al. Analysis of protein-coding genetic variation in 60,706 humans. Nature 2016, 536, 285–291. [CrossRef]
[PubMed]

43. Wang, K.; Yuen, S.T.; Xu, J.; Lee, S.P.; Yan, H.H.; Shi, S.T.; Siu, H.C.; Deng, S.; Chu, K.M.; Law, S.; et al. Whole-genome sequencing
and comprehensive molecular profiling identify new driver mutations in gastric cancer. Nat. Genet. 2014, 46, 573–582. [CrossRef]
[PubMed]

44. McLaren, W.; Gil, L.; Hunt, S.E.; Riat, H.S.; Ritchie, G.R.; Thormann, A.; Flicek, P.; Cunningham, F. The Ensembl Variant Effect
Predictor. Genome Biol. 2016, 17, 122. [CrossRef]

45. Quinlan, A.R.; Hall, I.M. BEDTools: A flexible suite of utilities for comparing genomic features. Bioinformatics 2010, 26, 841–842.
[CrossRef] [PubMed]

46. MacDonald, J.R.; Ziman, R.; Yuen, R.K.; Feuk, L.; Scherer, S.W. The Database of Genomic Variants: A curated collection of
structural variation in the human genome. Nucleic Acids Res. 2014, 42, D986–D992. [CrossRef] [PubMed]

47. Alexandrov, L.B.; Kim, J.; Haradhvala, N.J.; Huang, M.N.; Tian Ng, A.W.; Wu, Y.; Boot, A.; Covington, K.R.; Gordenin, D.A.;
Bergstrom, E.N.; et al. The repertoire of mutational signatures in human cancer. Nature 2020, 578, 94–101. [CrossRef] [PubMed]

48. Alexandrov, L.B.; Stratton, M.R. Mutational signatures: The patterns of somatic mutations hidden in cancer genomes. Curr. Opin.
Genet. Dev. 2014, 24, 52–60. [CrossRef]

49. Rosenthal, R.; McGranahan, N.; Herrero, J.; Taylor, B.S.; Swanton, C. DeconstructSigs: Delineating mutational processes in single
tumors distinguishes DNA repair deficiencies and patterns of carcinoma evolution. Genome Biol. 2016, 17, 31. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1038/nature19057
http://www.ncbi.nlm.nih.gov/pubmed/27535533
http://doi.org/10.1038/ng.2983
http://www.ncbi.nlm.nih.gov/pubmed/24816253
http://doi.org/10.1186/s13059-016-0974-4
http://doi.org/10.1093/bioinformatics/btq033
http://www.ncbi.nlm.nih.gov/pubmed/20110278
http://doi.org/10.1093/nar/gkt958
http://www.ncbi.nlm.nih.gov/pubmed/24174537
http://doi.org/10.1038/s41586-020-1943-3
http://www.ncbi.nlm.nih.gov/pubmed/32025018
http://doi.org/10.1016/j.gde.2013.11.014
http://doi.org/10.1186/s13059-016-0893-4

	Introduction 
	Results 
	Clinical-Pathological Characteristics of the BC Patients 
	Tumor Mutational Burden and Clinical-Pathological Characteristics 
	Somatic Variants and Clinical-Pathological Characteristics of the Patients 
	Structural Variants and Clinical-Pathological Characteristics of the Patients 
	Mutational Processes and Clinical-Pathological Characteristics 

	Discussion 
	Material and Methods 
	Population 
	Clinical Data Collection 
	DNA Extraction and Quality Control 
	Library Preparation, Hybridation Capture, and WES 
	Bioinformatics Pipeline 
	Mutational Signature Analysis 
	Statistical Analysis 

	Conclusions 
	References

