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The genomic landscape of breast cancer (BC) is complex. The purpose of this study was to decipher the muta-
tional profiles of Taiwanese patients with BC using next-generation sequencing. We performed whole-exome
sequencing on DNA from 24 tumor tissue specimens from BC patients. Sanger sequencing was used to vali-
date the identified variants. Sanger sequencing was also performed on paired adjacent nontumor tissues. After
genotype calling and algorithmic annotations, we identified 49 deleterious variants in canonical cancer-related
genes in our BC cohort. The most frequently mutated genes were PIK3CA (16.67%), FKBP9 (12.5%), TP53
(12.5%), ATM (8.33%), CHEK?2 (8.33%), FOXO3 (8.33%), NTRK1 (8.33%), and NUTM2B (8.33%). Seven
mutated variants (ATR p.V1581fs, CSFIR p.R579Q, GATA3 p.T356delinsTMKS, LRP5 p.W389*, MAP3K1
p.T918fs, MET p.K1161fs, and MTR p.P1178S) were novel variants that are not present in any gene mutation
database. After grouping the samples according to molecular subtype, we found that the cell cycle, MAPK,
and chemokine signaling pathways in the luminal A subtype of BC; the focal adhesion, axon guidance, and
endocytosis pathways in the luminal B subtype; and amyotrophic lateral sclerosis in the basal-like subtype
were exclusively altered. Survival curve analysis showed that the presence of the MAPK signaling pathway
and endocytosis mutations were correlated with a poor prognosis. These survival data were consistent with
cBioPortal analyses of 2,051 BC cases. We discovered novel mutations in patients with BC. These results have

implications for developing strategic, adjuvant, and gene-targeted therapies.
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INTRODUCTION

Breast cancer (BC) is the leading cause of cancer-
related mortality worldwide. Every year, over 1 million
new cases are diagnosed, and over 500,000 deaths occur'.
Risk factors for BC include age, obesity, family history of
BC, genetics, hormonal and reproductive factors, dense
breast tissue, and lifestyle factors including cigarette
smoking, alcohol consumption, vitamin D deficiency, and
physical inactivity?. High-risk women may be advised to
undergo genetic testing or both regular mammography
and magnetic resonance imaging screening.

BC is a complex disease; most cases are sporadic, but
some are inherited. The two most important BC suscep-
tibility genes involved in DNA repair are BRCAI and

BRCA?2. Germline mutations in BRCAI and BRCA2 can
explain ~25% of the familial aggregation of BC risk® and
thus 5%—10% of all BC cases*. Among carriers of BRCAI
and BRCA?2 pathogenic mutations, approximately 72%
and 69% of women will develop BC during their lives,
respectively®. In addition to BRCAI and BRCA2, high-
penetrance genes include TP53, PTEN, STKII, and
CDHI, whereas moderate-penetrance genes include
CHEK2, ATM, BRIPI, PALB2, RAD51C, RAD50, and
NBN°®. More recently, a genome-wide association study
identified 65 loci significantly associated with BC’.
There are five intrinsic or molecular subtypes of BC
defined by immunohistochemical expression of estrogen
receptor (ER), progesterone receptor (PR), and human
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epidermal growth factor receptor 2 (HER2): luminal A,
luminal B, HER2 overexpression, basal-like, and normal
breast-like subtypes, which account for 23.7%, 52.8%,
11.2%, 12.3%, and 7.8% of cases, respectively. These BC
subtypes have been correlated with treatment response
and clinical outcome, with luminal A BC patients show-
ing the best survival®.

Next-generation sequencing (NGS) can play an impor-
tant role in diagnosis, prognosis, and treatment. A number
of NGS platforms are available and have different proper-
ties, such as throughput (Gb), maximum read length (bp),
reads, running time, and error profile. NGS platforms use
two types of sequencing mechanisms: ligation or synthesis®.
NGS of DNA includes whole-genome sequencing, whole-
exome sequencing (WES), and targeted sequencing. WES
can cover almost the entirety of protein-coding regions
in the human genome, which contain approximately
85% of disease-causing variants. The exome comprises
approximately 1% of the total human genome, so WES
is considered an outstandingly powerful tool for medi-
cal genetic research. WES is often available at lower costs,
allowing for more individuals to be sequenced, which
will provide more powerful case/control and family-
based NGS studies in the future. WES has been applied
previously to analyze the BC genomic landscape®.

The aim of our study was to assess the genes implicated
in BC. We grouped the BC patients according to molecular
subtype and explored the differences in the affected path-
ways among the BC subtypes. We performed WES using
fresh frozen tissues from 24 Taiwanese patients with BC.

MATERIALS AND METHODS
Patients and DNA Extraction

Our study cohort comprised 24 tumor specimens from
BC excisions collected at the time of surgery between
2003 and 2009 at China Medical University Hospital,
Taiwan. The tissues were frozen at —80°C until DNA
extraction. Genomic DNA was extracted using the illus-
tra Tissue and Cells GenomicPrep Mini Spin kit (GE
Healthcare, Chicago, IL, USA) according to the protocol
provided by the manufacturer. DNA quantification was
performed using the NanoDrop 1000 (Thermo Scientific,
Wilmington, DE, USA) and Qubit 3.0 Fluorometer
(Invitrogen, Carlsbad, CA, USA). This protocol was
approved by the Institutional Review Board of China
Medical University Hospital.

Whole-Exome Sequencing

A total of 100 ng DNA (based on Qubit quantifica-
tion) was mechanically fragmented on the Covaris
M220 Focused-ultrasonicator (Covaris, Woburn, MA,
USA). Quality control was performed using the Agilent
Bioanalyzer 4200 (Agilent Technologies, Santa Clara, CA,
USA) to ensure an average fragment size of 150-200 bp.
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End repair, A-tailing, adaptor ligation, and enrichment of
DNA fragments were then performed. A 200- to 400-bp
band was selected, and exome capture was performed
using the TruSeq Exome Library Preparation kit (Illumina,
San Diego, CA, USA). The DNA library was quantified
using the Qubit 3.0 Fluorometer (Invitrogen) and Agilent
4200 Bioanalyzer (Agilent Technologies). Samples were
subjected to paired-end sequencing using the Illumina
NextSeq 500 platform with a 150-bp read length. The
metadata were deposited in the NCBI Sequence Read
Archive under accession No. SRP217293.

Data Analysis

Base calling and quality scoring were performed using
an updated implementation of real-time analysis on the
NextSeq 500 system. The Bcl2fastq Conversion Software
was used to demultiplex the data and convert the BCL
files to FASTQ files. The sequenced reads were trimmed
to remove low-quality sequences and then aligned to
the human reference genome (hg19) using the Burrows—
Wheeler alignment tool"'. Finally, single-nucleotide poly-
morphisms and small insertions/deletions were identified
in individual samples using the Genome Analysis Toolkit
and VarScan with the default settings'>!>. ANNOVAR was
then used to annotate the VCF files by gene, region, and
several filters from other databases'. Finally, we annotated
the mutations using several databases and tools, including
dbSNP (build 147), ClinVar, COSMIC (ver. 70), TCGA,
Polyphen-2, SIFT, and CADD'>2!, We used the Database
for Annotation, Visualization and Integrated Discovery
(DAVID) Bioinformatics Resource 6.7 (https://david-d.
ncifcrf.gov) to aid the identification of significantly altered
biological processes and pathways in the 24 BC patients.

Mutation Validation

For validation of mutations, we used polymerase
chain reaction (PCR) and Sanger sequencing. The spe-
cific PCR primers were designed using Primer3 (http://
bioinfo.ut.ee/primer3-0.4.0/) (see Supplemental Table 1,
available at https://github.com/JanGowthChang/Breast-
cancer.git). The products were directly sequenced using
the ABI PRISM BigDye Kit on the ABI 3130 DNA
sequencer (Applied Biosystems, Foster City, CA, USA).
Sequencing results were analyzed using Chromas version
2.23 (Technelysium, Tewantin, Australia).

Statistical Analysis

Statistical analysis was performed using SPSS Version
22.0. For survival analysis, we used the Kaplan—-Meier
survival curve with Cox analysis for determination of p
values and the log rank test for determination of hazard
ratios. The mutations associated with survival pathways
were compared with those reported in the cBioportal
database.
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Table 1. Clinicopathologic Characteristics of
Patients With Breast Cancer (BC)

Variable No. of Patients N=24 (%)
Age (years)
Mean=SD 66.46+£10.62
Range 47-90
Clinical stage
I 2 (8.33)
ITA 9(37.5)
1B 4 (16.67)
1A 4 (16.67)
IIIC 1(4.17)
v 2 (8.33)
NA 2 (8.33)
Tumor size
T1 5(20.83)
T2 14 (58.33)
T3 3(12.5)
NA 2 (8.33)
Lymph nodes status
NO 10 (41.67)
N1 7 (29.17)
N2 1(4.17)
N3 2 (8.33)
NA 4 (16.67)
Distant metastasis
MO 16 (66.67)
Ml 2 (8.33)
NA 6 (25)
ER status
Positive 14 (58.33)
Negative 10 (41.67)
PR status
Positive 17 (70.83)
Negative 7 (29.17)
HER2
Positive 11 (45.83)
Negative 13 (54.17)

ER, estrogen receptor; PR, progesterone receptor; HER2,
human epidermal growth factor receptor 2; NA, data not
available.

RESULTS
Patient Characteristics

The clinical and pathological data of all patients
included in this study are summarized in Table 1. The
clinical indices include mean age, age range, stage, tumor
size, lymph nodes, distant metastasis, and ER, PR, and
HER?2 statuses.

Mutation Landscape of the 769 Canonical
Cancer-Related Genes

We identified 49 nonsynonymous mutations, which
occurred in 43 genes and included 34 missense mutations,
7 stop-gain mutations, 4 frameshift deletion mutations,
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3 nonframeshift deletion mutations, and 1 nonframeshift
insertion mutation (see Supplemental Table 2, available at
https://github.com/JanGowthChang/Breast-cancer.git).
The most frequently mutated genes were PIK3CA (16.67%;
4/24), FKBP9 and TP53 (12.5%; 3/24), and ATM, CHEK?2,
FOXO3, NTRKI, and NUTM2B (8.33%; 2/24).

Of the 49 variants, 42 already exist in the dbSNP,
COSMIC, or TCGA databases, whereas 7 do not. In
addition, we found five somatic mutations in the EPHBI,
FGFR4, FKBP9, PIK3CG, and SMAD4 genes that
have been identified in other tumors but not in BC. We
selected the following seven novel mutations for Sanger
sequencing: ATR p.V1581fs, CSFIR p.R579Q, GATA3
p.T356delinsTMKS, LRP5 p.W389*, MAP3K1I p.T918fs,
MET p.K1161fs, and MTR p.P1178S (Fig. 1).

Mutation Landscape of the Noncanonical
Cancer-Related Genes

The 960 nonsynonymous mutations identified in this
study, including 581 missense mutations, 96 frameshift
deletion mutations, 42 frameshift insertion mutations, 68
nonframeshift deletion mutations, 29 nonframeshift inser-
tion mutations, 143 stop-gain mutations, and one stop-loss
mutation, were located in 758 genes (see Supplemental
Table 3, available at https://github.com/JanGowthChang/
Breast-cancer.git). In total, 648 variants have previously
been reported in the dbSNP, COSMIC, or TCGA data-
bases, whereas 312 variants in 243 genes have not.

We found somatic mutations in ANKRD45, ATP1A4,
BRINP2, CHML, DLG2, EXO1, KIAA1109, KRTAPS5-8,
LRIGI, MUC2, MYOT, 0S9, PLA2GI5, SMPDI,
SREBF2, SUPT20HLI, UBXNII, and UNCS80; muta-
tions in these genes have been detected in other tumors
previously, but not in BC. In addition, we found somatic
mutations in ARHGAP24, Clorf198, CHDIL, FAM200B,
GOLGAG6LI0, OR5P2, ROM1, and UFLI; mutations in
these gene have been identified in BC previously in the
dbSNP, COSMIC, or TCGA databases.

We selected new genetic variants for Sanger sequenc-
ing. Novel somatic mutations detected only in the cancer
tissues included BOLA2-SMGIP6 p.D144N, COLA4AI
p.G1210V, FYB p.E747*, LIMS3 p.R43L, MAGED
p.T451fs, MYH7 p.G1155R, RSPHI10B2 p.E283delinsE*
and p.Y284delins*, SELL p.C316fs, THADA p.Q698%,
and UPF2 p.R584* (Fig. 2).

American College of Medical Genetics
and Genomics Genes

Of the 24 BC samples, 20.83% (5/24) harbored mutations
in American College of Medical Genetics and Genomics
genes, including BRCA2, MYH7, MYHI1I, PCSK9, and
TP53. Mutations in TP53 were detected in 12.5%
(3/24) of our BC specimens, at p.R213* (rs397516436),
p-R248W (rs121912651), and p.R273H (rs28934576).
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Table 2. Mutated Pathways in Breast Cancer

CHANG ET AL.

Pathways Involved in Carcinogenesis

Mutated Genes

hsa04722: Neutrophin signaling pathway
hsa04210: Apoptosis

hsa04510: Focal adhesion

hsa04110: Cell cycle

hsa04115: p53 signaling pathway
hsa04010: MAPK signaling pathway
hsa04062: Chemokine signaling pathway
hsa04810: Regulation of actin cytoskeleton
hsa04150: mTOR signaling pathway
hsa04370: VEGF signaling pathway
hsa04520: Adherens junction

hsa04512: ECM-receptor interaction
hsa04144: Endocytosis

hsa04012: ErbB signaling pathway

PIK3CG, AKT1, MAP3K1, NTRKI, TP53, PIK3CA, FOX03
PIK3CG, AKT1, NTRK1, TP53, PIK3CA, ATM

PIK3CG, AKT1, MET, ITGA10, PIK3CA, LAMCI, ITGB3
SMAD4, TP53, ATR, CHEK2, ATM

TP53, ATR, CHEK2, ATM

AKTI, FGFR4, MAP3K1, NTRK1, TP53, DAXX
PIK3CG, AKT1, PTK2B, PIK3CA, FOX03

PIK3CG, FGFR4, ITGA10, PIK3CA, ITGB3

PIK3CG, AKTI, PIK3CA

PIK3CG, AKTI, PIK3CA

MET, SMAD4, CDH|1

ITGAI0, LAMCI, ITGB3

FGFR4, NTRK1, MET, CSFIR

PIK3CG, AKTI, PIK3CA

A BRCA2 mutation at p.Q3036E (rs202155613), MYH7
mutation at p.G1155R (a novel mutation), MYHII muta-
tion at p.R1447Q (rs763467593), and PCSK9 mutation at
p-R434W (rs757143429) were detected in 4.17% (1/24)
of BC samples.

Altered Pathways

Functional annotation was performed using DAVID.
Twelve mutated genes were found in Kyoto Encyclopedia
of Genes and Genomes cancer pathways (hsa05200),
including AKT1, BRCA2, CDHI, CSFIR, LAMCI, MET,
NTRK]I, PIK3CA, PIK3CG, RUNX1, SMAD4, and TP53

(a) ATR c.4743_4744delAC

[false discovery rate (FDR)=8.6x107*]. Moreover, we
identified several cellular pathways that were altered in
the BC tissues (Table 2).

To evaluate the affected pathways according to BC
subtype, the patients were classified into four categories:
luminal A (n=9), luminal B (n=10), HER2 overexpres-
sion (n=1), and basal-like (n=4) BC. We found three
exclusive pathways associated with the genes detected in
the luminal A samples: cell cycle (ATM, CHEK2, SMAD4,
and TP53), MAPK signaling (AKT1, FGFR4, MAP3K]1,
and TP53), and chemokine signaling (AKT1, FOXO3, and
PIK3CA). Three exclusive pathways were also associated

(e) MAP3K1 ¢.2754_2755delAA

(d) LRPS ¢.1166G>A
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Figure 1. Sanger sequencing confirmation of canonical cancer-related genes identified by WES: (a) ATR, (b) CSFIR, (c) GATA3,

(d) LRPS, (e) MAP3K]1, (f) MET, and (g) MTR.
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(a) BOLA2-SMGIP6 ¢.430G>A
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Figure 2. Sanger sequencing confirmation of noncanonical cancer-related genes identified by WES: (a) BOLA2-SMG1P6,
(b) COL4Al, (c) FYB, (d) LIMS3, (e) MAGED, (f) MYH7, (g and h) RSPHI0B2, (i) SELL, (j) THADA, and (k) UPF?2.

with the luminal B genes: focal adhesion ITGA10,LAMCI,
MET, and PIK3CA), axon guidance (EPHBI, MET, and
SRGAP3), and endocytosis (CSFIR, MET, and NTRK]).
Basal-like BC was associated with one exclusive pathway:
amyotrophic lateral sclerosis (ALS; DAXX and TP53)
(Fig. 3).

Survival Analysis

We used Kaplan—Meier curve analysis to assess
overall survival. Figure 4 presents the survival curves
of patients with mutations in genes involved in the
MAPK signaling pathway and endocytosis. The sur-
vival curves were significantly different between the
two groups of patients. The hazard ratios were 16.08
[95% confidence interval (CI), 2.29-112.74] for the
survival of patients with MAPK signaling pathway
mutations and 9.46 (95% CI, 1.16-76.97) for that of
patients with endocytosis mutations. The average sur-
vival was 7.21 years for patients with MAPK signaling

pathway mutations versus 13.06 years for patients with-
out those mutations. The average survival was 5.28
years for patients with endocytosis mutations ver-
sus 12.18 years for patients without those mutations.
Furthermore, we included 2,051 BC samples? from the
cBioPortal database in the analysis, and similar results
were obtained (see Supplemental Fig. 1, available at
https://github.com/JanGowthChang/Breast-cancer.git).
An analysis of 1,918 BC samples in the cBioPortal
database from another BC study® revealed that only the
MAPK signaling pathway was significantly correlated
with survival (see Supplemental Fig. 2, available at
https://github.com/JanGowthChang/Breast-cancer.git).
However, two other BC studies (482 and 816 samples,
respectively) did not confirm these results**?. The sur-
vival curves for the other validated pathway mutations,
presented in supplemental Figure 3 (available at https://
github.com/JanGowthChang/Breast-cancer.git), showed
no significant difference between the two groups.
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Luminal A

3% Cell cycle
MAPK signaling pathway
Chemokine signaling pathway

Luminal B
3% Focal adhesion
Axon guidance
Endocytosis
Basal-like
12 Amyotrophic lateral sclerosis

Figure 3. Venn diagrams representing the interrelated pathways associated with the identified mutations among luminal A, luminal B,
and basal-like BC in Taiwanese patients.
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Figure 4. Kaplan—Meier survival curves of patients with mutations in (a) MAPK signaling- and (b) endocytosis-related genes.
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DISCUSSION

The present study describes somatic mutations detected
in the whole BC exome. We identified several cancer
driver and passenger genes among canonical and non-
canonical cancer-related genes. Overall, 16.67% of BC
cases harbored PIK3CA mutations. Mutations were also
found in other canonical cancer-related genes, includ-
ing TP53 and FKBP9 (12.5% each) and ATM, CHEK?2,
FOXO03, NTRKI, and NUTM2B (8.33% each). Variants
that were not found in the dbSNP, COSMIC, or TCGA
database were considered novel. The WES results were
further confirmed by Sanger sequencing of DNA from
the patients’ tumor and normal tissues. To the best of our
knowledge, several sequencing variants have not been
reported previously, including those in canonical cancer-
related genes (ATR, CSFIR, GATA3, LRP5, MAP3KlI,
MET, and MTR) and noncanonical cancer-related genes
(BOLA2-SMGI1P6,COLAAL,FYB,LIMS3,MAGED,MYH?7,
RSPHIO0OB2, SELL, THADA, and UPF2).

ATR encodes a serine/threonine kinase protein that is
involved in sensing DNA damage and activating DNA
damage checkpoints, leading to cell cycle arrest®®. Somatic
mutations in exon 10 of ATR have been identified in
endometrioid tumors with DNA mismatch repair defects®.
ATR mutations are associated with poor clinical outcomes
among patients with endometrioid cancer®. In the pres-
ent study, we identified a novel mutation, p.V1581fs, in
a patient with BC.

The protein encoded by CSFIR is the receptor for col-
ony-stimulating factor 1, a cytokine that controls the pro-
duction, differentiation, and function of macrophages®.
Ligand binding activates CSF1R kinase via oligomeriza-
tion and transphosphorylation. Mutations in this gene
have been associated with metaplastic BC*. In the pres-
ent study, we identified a novel mutation in this gene,
p-R579Q), in a patient with BC.

GATA3 encodes a protein belonging to the GATA
family of transcription factors. The protein is an important
regulator of T-cell development and plays an important
role in endothelial cell biology?!. A recent study reported
that GATA3 mutations lead to proliferative phenotypes
in normal and malignant mammary cells*>. In the pres-
ent study, we identified a novel mutation in GATA3,
p-T356delinsTMKS, in a patient with BC.

LRP5 encodes a transmembrane low-density lipoprotein
receptor that binds and internalizes ligands via receptor-
mediated endocytosis*. LRP5, a coreceptor of Wnt, is
located between two other receptors from the Frizzled
and Kremen families, which play key roles in the canoni-
cal Wnt signaling pathway**. LRP5 plays a central role
in skeletal homeostasis, and mutations in LRP5 are asso-
ciated with many bone density-related diseases, such as
osteoporosis—pseudoglioma syndrome, osteoporosis, and
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high bone mass*3¢. In the present study, we identified a
novel mutation in LRPS, p.W389%, in a patient with BC.

MAP3KI encodes a serine/threonine kinase protein
belonging to the mitogen-activated protein kinase kinase
kinase family and is a member of several signal transduc-
tion cascades, including the ERK, JNK, and NF-«B path-
ways®’. MAP3KI1 is activated by autophosphorylation
and requires magnesium as a cofactor to phosphorylate
other proteins. MAP3K1 contains specific domains (PHD,
SWIN, and RING motifs) and features (a caspase cleav-
age site and E3 ligase activity)*. Recent high-throughput
genomic studies have revealed oncogenic driver muta-
tions in diverse cancers, including recurrent mutations
in MAP3K1?. In the present study, we identified a novel
mutation in MAP3K1, p. T918fs, in a patient with BC.

MET encodes a member of the receptor tyrosine kinase
family of proteins, the product of the proto-oncogene
MET. MET is activated upon binding to the hepatocyte
growth factor ligand, which plays an important role in
cell survival, migration, and invasion and embryogen-
esis®. Mutations in this gene have been found in different
solid tumors®. In the present study, we identified a novel
mutation in this gene, p.K1161fs, in a patient with BC.

The protein encoded by MTR (5-methyltetrahydro-
folate-homocysteine methyltransferase), also known as
cobalamin-dependent methionine synthase, catalyzes
the methylation of homocysteine to methionine, using
5-methyltetrahydrofolate as a methyl donor and cobala-
min (vitamin B ) as a cofactor*'. Mutations in MTR have
been identified as the underlying cause of methylcoba-
lamin deficiency complementation group G*2. Previous
studies have investigated the relationship between MTR
gene polymorphisms (A2756G, D919G) and the risk of
cancer?**, In the present study, we identified a novel
mutation in MTR, p.P1178S, in a patient with BC.

Furthermore, we identified exclusive pathways in three
subtypes of BC. Genes mutated in the cell cycle, MAPK
signaling, and chemokine signaling pathways were spe-
cifically associated with luminal A BC. Liu et al. demon-
strated that differential expression of genes in the cell cycle
pathway is associated with differential patient outcomes
in BC®. In the recently analyzed TCGA PanCancer Atlas
collection samples, alterations in the cell cycle pathway
were found in the luminal A, luminal B, HER2-enriched,
and basal-like BC subtypes at frequencies of 31%, 48%,
40%, and 51%, respectively*. Hembruff et al. reported
that deregulation of the chemokine signaling pathway is
implicated in cancer progression*’. The role of the MAPK
signaling pathway in BC has also been explored*.

Gene mutations involved in focal adhesion, axon
guidance, and endocytosis processes were specifically
associated with luminal B BC. Focal adhesions contain
integrins. Felding-Habermann et al. showed that integrin
activation regulates metastasis in human BC*¥. Harburg
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et al. reported that axon guidance molecules are fre-
quently dysregulated in BC®. Mutations in, and aberrant
expression of, endocytosis-regulating genes have been
found in multiple human tumors®'.

Gene mutations involved in ALS are specifically asso-
ciated with basal-like BC. The ALS drug riluzole was
shown to induce anticancer effects on hepatocellular
carcinoma™®. Relationships between most ALS genes and
various cancers have been identified>.

Compared with the cBioPortal analyses of 2051 BC
cases, we found eight signaling pathway mutations that
were not correlated with a poor prognosis. Because of our
small study cohort, the performed survival analysis with
the enormous broadness of the HR confidence is difficult,
and the prediction potential clinical associations may not
be close to the true condition. Studies with larger BC
cohorts involving various international populations are
needed to validate the potentially relevant clinical asso-
ciations observed in the current study.

In agreement with cBioPortal analyses of 2,051 BC
cases, we observed that the groups of patients with muta-
tions in the MAPK signaling pathway and endocytosis
were correlated with worse prognosis despite our small
sample size. These results suggest that these pathways
may play an important role in the development of BC.

In summary, we performed WES of BC samples and
identified mutations in potential cancer driver and pas-
senger genes. In addition, survival curve analyses showed
that the presence of mutations in the MAPK signaling
pathway and endocytosis was correlated with a poor
prognosis. These results were consistent with cBioPortal
analyses of 2,051 BC cases.
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