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Abstract: Objective: Mutations or aberrant expression of genes in an organism tend not to be completely random 
and this cumulative effect predisposes to the development of malignant tumours. This study aims to reveal the 
possible aberrant expression of high frequency mutated genes, and then to investigate their role in development, 
prognosis, signalling pathway function and drug resistance in breast cancer. Methods: The mutated genes in breast 
cancer (BRCA) clinical samples were identified and detected by high-throughput sequencing. High-frequency mutant 
genes were counted. Gene expression profiles and the relationship with prognosis were analysed throughout TCGA 
database. qRT-PCR was used to analyse the mRNA levels of the six high-frequency mutant genes in BRCA tissues 
and cell lines. IHC was used to analyse the protein levels of the six high-frequency mutant genes in BRCA tissues. 
The linear interaction, single-cell layer clustering status and the influence in immune cell infiltration degree among 
these six high-frequency mutant genes were analysed by bioinformatics analysis. The STITCH and cMAP datasets 
were used for high-frequency mutant gene interaction networks, association signalling pathway enrichment and 
drug-transcriptome analyses. The effects of trastuzumab on the proliferative capacity of breast cancer cells, as well 
as on the expression of six high-frequency mutated genes were determined by CCK8 assay. Results: The genes that 
were statistically found to have high-frequency mutations in the samples recruited in the present study by high-
throughput sequencing analysis included TP53, PIK3CA, NF1, TBX3, BRCA1 and BRCA2. The expression profiles of 
these genes and the correlation with prognosis were further demonstrated using the TCGA database: the trend in 
this study was similar to that of BRCA in TCGA. The mRNA and protein expression of these genes showed that the 
expression of TP53, NF1, TBX3, BRCA1 and BRCA2 was higher in tumor samples than that in normal samples, with 
an opposite trend for PIK3CA, a similar trend was observed in BRCA cell lines. The protein expressions of TP53, 
NF1, TBX3, BRCA1 and BRCA2 displayed the same trend by IHC. Other correlation results include 1) the single cell 
layer clustering of these six genes resulted in significant clustering with few overlapping regions; 2) these six genes 
showed different degrees of influence on BRCA immune cell infiltration; 3) these six genes showed a significant 
correlation between each other; 4) the network of each gene had partially overlapping molecules; and 5) the PI3K 
pathway was a key association pathway in BRCA. Finally, the cell proliferation ability results confirmed the optimal 
concentration of trastuzumab and its effect on mRNA expression of these six genes.
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Introduction

Breast carcinoma is one of the most frequently 
diagnosed cancer worldwide, seriously threat-
ening women’s life and health with millions of 
new cases annually [1-3]. The high incidence of 
BRCA may result from various physiological 
characteristic such as expression of hormonal 
factors, diabetes, or other endocrine issues 
[4-6]. In addition to physiological characteris-

tics, an individual’s physical condition (such as 
the microenvironment) also has an impact on 
the occurrence of breast cancer [7, 8]. For 
example, prognosis of breast cancer was dem-
onstrated to be affected by increased diabetes-
related comorbidity or insulin disorders [9]. It  
is indisputable that progression of metastasis 
leading to a poor prognosis is one of the main 
reasons for the increase in mortality from 
breast cancer [10-14]. Based on the above con-
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siderations, exploring the causes of disease, 
the mechanism of action and the mode of occ- 
urrence at the gene and molecule levels, as 
well as identifying and development new thera-
peutic targets are still urgent issues that we 
need to solve in the clinical diagnosis and treat-
ment of breast cancer.

Over the past few years, gene sequencing has 
emerged as a new technology, analysing and 
determining the full sequence of genes from 
tumour tissue samples, as well as from blood 
or saliva samples, and these targets are able to 
target an individual’s aberrantly expressed 
genes and predict the likelihood of developing  
a disease [15, 16]. Compared with traditional 
single-gene sequencing, NGS can simultane-
ously detect mutations, rearrangements, and 
amplifications of multiple target genes, which 
can effectively avoid sample waste and save 
testing time. NGS is an important part of con-
temporary precision medicine and an impor-
tant link in the realization of precision diagnosis 
and treatment [17, 18].

Although there have been some reports of 
mutated genes in breast cancer, there are still 
many gaps in the causative factors affecting 
the occurrence and progression of breast can-
cer, and the functions of many of these high-
frequency mutated genes have not been fully 
revealed, which necessitates and urgently 
requires further study of them. By analysing 
clinical sequencing data, it is possible to iden-
tify clinically relevant somatic mutations, non-
coding region mutations, and mutation tags on 
both common and rare tumors; mutations are 
usually at the DNA level, but these genes that 
show mutations are often also abnormally 
expressed at the RNA level or protein level, 
which in turn causes tumour progression or 
metastasis [19-23]. In breast cancer, the gen- 
es that are prone to mutation include TP53, 
BRCA1, BRCA2, PIK3CA, HER-2, etc. [24-26]. 
TP53 is an oncogene, which can inhibit the 
growth and division of cancer cells, and it can 
also cause apoptosis of the cancer cells; nu- 
merous data shows that mutations in the TP53 
gene can lead to breast cancer [27-29]. The 
oncogenes, BRCA1 and BRCA2, play roles in 
biological functions such as inhibiting cell pro-
liferation, repairing DNA damage and partici-
pating in DNA replication, respectively. If BRCA1 
or BRCA2 mutation occurs, it may also lead to 
breast cancer [30-33]. PIK3CA is a membrane-

bound protein tyrosine kinase, which is involv- 
ed in regulating biological functions such as 
cell growth, proliferation and migration, and 
plays an important role in breast cancer devel-
opment [34]. In this study, high frequency 
mutated genes were analysed and screened 
from clinical blood samples by NGS sequenc-
ing, initially determining the RNA and protein 
expression of these genes. We investigated 
them to find out the signalling pathways as they 
may be affected by breast cancer cell lines, and 
further attempt to develop targeted drugs and 
related research.

The largest-scale genome analysis was per-
formed to show the high association between 
breast cancer and abnormal regulation of most 
molecular pathways [35-37]. Wang et al. found 
significant changes in the immune response 
category GO:000695, cytokine pathways and 
primary immunodeficiency associated with 
metastasis in breast cancer bone metastases 
by layer clustering and gene enrichment analy-
sis [38]. Also, a recent study by Chhichholiya et 
al. described that the ADAM8 gene, EN1 tran-
scription factor, WNT and VEGF signalling path-
ways are associated with primary breast tu- 
mours; while MMP1, COX2, XCR4, PI3k/Akt, 
ERK and MAPK related pathways are involved 
in angiogenesis [39]. This suggests that the  
discovery and validation of new functions or 
mechanisms of genes and associated path-
ways could provide assistance in the develop-
ment of new oncology therapeutic agents, and 
further improve the survival status of breast 
cancer patients and curb the risk of breast can-
cer progression and metastases.

In this study, we started from the high-frequen-
cy mutated genes obtained from clinical sam-
ples, and initially analyzed the expression of 
these high-frequency mutated genes at the tis-
sue and cellular levels of breast cancer patients 
and their relationship with the signaling path-
way-PI3K. Also, we tried to explore the possible 
targeting relationships in the complex interac-
tions, which is expected to provide a possibility 
for the subsequent development of new drugs.

Materials and methods

Cell culture

Breast cancer cells MCF-7 (BNCC100137) and 
MDA-MB-231 (BNCC337894) were purchased 
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from BeNa Culture Collection (Shanghai, China). 
MCF-7 cells were cultured in DMEM-H comple- 
te medium (SIGMA, St. Louis, MO, USA), con-
taining 90% DMEM-H and 10% FBS; while MDA-
MB-231 cells were cultured in conditions of 
L-15 complete medium (SIGMA, St. Louis, MO, 
USA), containing 90% L-15 and 10% FBS. In this 
study, the normal cell line: human mammary 
cells MDA-kb2 (BNCC241999, BeNa Culture 
Collection) was the control group with L-15 
medium (containing 90% L-15 and 10% FBS) 
being required for cell culture. The incubation 
temperature was 37°C and the carbon dioxide 
content of the air was 7.5%. Cells were routinely 
trypsinized, and plated at 4×104/cm2 flasks.

Sample collection

Ten pairs cancer tissues were obtained from 
April 2021 to October 2022 at the Fudan Uni- 
versity Shanghai Cancer Hospital in the present 
study and all samples were snap-frozen in liq-
uid nitrogen immediately after collection and 
stored at -80°C. The study complied with the 
1964 Declaration of Helsinki and was approved 
by the Ethics Committee. Informed consent for 
participation in the study was obtained from 
the patients (the ethical approval number: 
2022 ethics investigation No. 002).

High-throughput sequencing analysis

The DNA extraction kit by magnetic bead meth-
od (IVD5435, Meiji, Guangzhou, China) was 
purchased from Guangzhou Meiji Biotechnolo- 
gy Co. Plasma was separated from 10 mL of 
peripheral blood and free DNA was extracted. 
At the same time, the corresponding sample 
purification and other pre-treatment were per-
formed. Qsep100 capillary electrophoresis ma- 
cromolecule analyzer was used for fragment 
quality control and quantification by Qubit® fluo-
rescent dye. The Rapid plus DNA Library Kit 
(RK20255, Wuhan Abletech Biotechnology Co., 
Wuhan, China) was employed. Transformation 
of cDNA into the form and concentration re- 
quired for libraries construction on Illumina® 
sequencing platform was accompanied by aga-
rose gel nucleic acid electrophoresis. The 
Qubit® fluorescent dye method was employed 
for quantification and quality control. DNA  
fragments from the library were mixed at equi-
molar numbers and subjected to PE150 high-
throughput sequencing using the S4 chip flow 
tank of the Illumina® Nova6000 platform. The 

raw data obtained by sequencing was subject-
ed to quality control, bioinformatics analysis, 
and copy number variant comparison analysis 
with the medication database to finally gather 
information including the percentage of circu-
lating tumor DNA corresponding to the positive 
variant, copy number variant, and medication 
guidance.

Data analysis and interaction network analysis

Gene expression profiles of BRCA from The 
Cancer Genome Atlas (TCGA, https://portal.
gdc.cancer.gov/) were downloaded and ana-
lyzed. This series contains breast cancer tis-
sues samples (n=1,085) and normal breast tis-
sues (n=291). The expression of six high-fre-
quency mutated genes (TP53, PIK3CA, NF1, 
TBX3, BRCA1 and BRCA2) was measured and 
analysed in the database of breast cancer cell 
lines (n=62) datasets.

The tool database STITCH (http://stitch.embl.
de/) was used to analyze and identify protein 
interaction networks of high frequency mutant 
genes. The Connectivity Map (CMap) analysis 
was conducted through the Web interface 
(http://www.broadinstitute.org/cmap) using ve- 
rsion, which contains more than 7,000 expres-
sion profiles representing effects of 1,309 
compounds on several cultured human cells. 
The CMap shows functional connections bet- 
ween drugs, genes and disease. We selected 
candidate drugs for validation in vitro on the 
basis of the connectivity score, correlation, and 
P-value. The PI3K signaling pathway was identi-
fied by Enrichr online (http://amp.pharm.mssm.
edu/Enrichr/).

RNA extraction and reverse transcription

Total RNA was extracted from cell pellets using 
the RNA BTM extraction kit (Polyplus Transfection, 
Illkirch, France) according to the manufactur-
er’s instructions. RNA was recovered in 50 μl 
nuclease-free water and either used immedi-
ately or stored at -80°C until further analysis. 
About 2 μg RNA was treated with DNase to 
remove genomic contamination and followed 
by reverse transcription. The synthesis of first 
strand cDNA used the First Strand cDNA 
Synthesis kit (Amersham Pharmacia Biotech, 
Uppsala, Sweden) following the manufacturer’s 
instructions.
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Table 1. Sequences of primers for qRT-PCR
Primer name Sequence (5’ to 3’)
TP53 forward CAGCCAAGTCTGTGACTTGCACGTAC
TP53 reverse CTATGTCGAAAAGTGTTTCTGTCATC
PIK3CA forward ACCCGCCCTATCTCAACTACC
PIK3CA reverse AGGACACCATAATGACAGCCT
NF1 forward TTCCCAGGGAAGGGCTCGTTTGG
NF1 reverse CCAGAGAAATGAGTTTGTCTGGG
TBX3 forward AAGAAGAGGTGGAGGACGAC
TBX3 reverse TGAGGTTCGATGTCCCTACA
BRCA1 forward ACAAATACTCATGCCAGCTCATT
BRCA1 reverse GGCTCCTTGCTAAGCCAGG
BRCA2 forward CCAAGTGGTCCACCCCAAC
BRCA2 reverse GAAAATCAAGAAAAATCCTTAAAGGCT
GAPDH forward TTACTCCTTGGAGGCCATGTGGGCC
GAPDH reverse ACTGCCACCCAGAAGACTGTGGATGG

Quantitative real-time PCR (qRT-PCR)

The qRT-PCR tests were performed using SYBR 
Premix ExTaqTM II (Perfect Real Time, TAKARA, 
Japan) following the manufacturer’s instruc-
tions. Reactions contained SYBR Green 1 qRT-
PCR primer sets specific for human TP53, 
PIK3CA, NF1, TBX3, BRCA1 and BRCA2. The 
GAPDH gene served as an internal control. 
Breast cancer clinical tissue samples, breast 
cancer cell lines MCF-7 and MDA-MB-231 were 
performed by qRT-PCR, with at least three rep-
licates of each sample in parallel experiments. 
Each gene expression level was measured 
using the 2-ΔΔCt method. The results were pre-
sented as the fold change of each gene in the 
PCR sample relative to the parental PCR sam-
ple. Gene primer sequences were listed in 
Table 1.

CCK-8 assay

A Cell Counting Kit-8 (CCK-8; Dojindo Labo- 
ratories, Japan) was used according to the 
manufacturer’s instructions to assess cell via-
bility. MCF-7 and MDA-MB-231 cells treated 
with 10, 30 and 50 μM resveratrol were seeded 
at 3,000/well, and cultured in 96-well plates. 
The test was performed after exposure of 24 h 
and 48 h. The cell viabilities were measured 
from the absorbance (optical density) read with 
a microplate reader (Bio-Rad Instruments) at 
450 nm and calculated using the following for-
mula: Cell viability = (Treatment Group OD - 
Blank Group OD)/(Control Group OD - Blank 
Group OD).

Statistical analysis

All the statistical analyses were carried out by 
SPSS version 26.0 for Windows (SPSS Inc., 
Chicago, IL, USA). Results are presented as 
mean ± SD. Statistical significance between 
groups was determined as indicated in the text. 
The analyses were performed and the graphs 
were plotted in Prism V6.0 (GraphPad Software 
Inc., USA). A P-value of ≤0.05 was considered to 
be statistically significant.

Results

High-frequency mutant gene analysis based 
on high-throughput sequencing

In order to more accurately understand the 
possible new targets in breast cancer, the 
results of high-throughput sequencing analysis 
based on the collected clinical samples were 
statistically and visually analyzed in this study. 
Figure 1A shows the results of statistical analy-
sis of mutated genes after NGS sequencing of 
30 breast cancer clinical blood samples, indi-
cating that TP53, PIK3CA and other genes were 
detected to be mutated in several breast can-
cer blood samples. Figure 1B shows that TP53, 
PIK3CA, NF1, TBX3, BRCA1 and BRCA2 had the 
highest mutation frequency, which may be use-
ful for the development of new therapeutic 
methods and new targeted drugs for breast 
cancer.

It is important to note that the disease pro-
gresses of some patients has progressed rap-
idly and developed brain metastases. For these 
patients, NGS sequencing detected not only 
their blood samples, and their cerebrospinal 
fluid (CSF) samples in order to find the consis-
tency and complementarity of mutated genes 
in blood and cerebrospinal fluid. Three of the 
30 blood samples for which high-throughput 
sequencing was performed also underwent 
throughput sequencing of matched cerebrospi-
nal fluid (CSF) samples. The results showed 
that in sample NO.2, sample NO.4, and sample 
NO.21, the number of mutated genes detected 
by CSF-high-throughput sequencing and blood-
high-throughput sequencing were 13 and 5; 13 
and 12; and 8 and 1, respectively (Figure 1C). 
In addition, considering the effect of high-fre-
quency mutated genes on the prognosis of 
breast cancer, this study statistically analyzed 
the prognosis of the samples included in TCGA 
database, and the results are shown in Figure 
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Figure 1. High-frequency mutant gene analysis based on high-throughput sequencing. A. The results of statistical 
analysis of mutated genes after NGS sequencing of 30 breast cancer samples; B. TP53, PIK3CA, NF1, TBX3, BRCA1 
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1D, which uncovered that their expression was 
closely related to the prognosis of breast can- 
cer.

High-throughput result analysis of paired 
samples

Results from the NO.2, NO.4, and NO.21 pa- 
tients, mentioned above who underwent both 
blood sample-high-throughput sequencing and 
cerebrospinal fluid sample-high-throughput se- 
quencing were statistically analyzed, including 
the name of the mutated gene, exon region, the 
corresponding nucleic acid location and protein 
location, and the abundance of the mutation. 
This revealed that in patient NO.2, the mutat- 
ed genes that were completely consistent bet- 
ween the blood and CSF samples were: AMER1, 
PIK3CA, SUZ12 and TP53; the percentage of 
genes that were identical was 30.8% as shown 
by Veen diagram (Figure 2A). For patient NO.4, 
the mutated genes that were completely con-
sistent between the blood and CSF samples 
were: CCND1, CDH1, EPHB1, NTRK1, PIK3CA, 
PTEN, TP53 and VHL; the percentage of genes 
that were identical was 47.1% as shown by 
Veen diagram (Figure 2B). For patient NO.21, 
the mutated genes that were completely con-
sistent between the blood and CSF samples 
were: KMT2D; the percentage of genes that 
were identical was 12.5% as shown by Veen 
diagram (Figure 2C).

Analysis of mRNA expression of high-frequency 
mutant genes

To inform the expression of the above men-
tioned high-frequency mutated genes in breast 
cancer, qRT-PCR was employed for the determi-
nation of mRNA expression. The expression of 
TP53, PIK3CA, BRCA1 and BRCA2 was deter-
mined, which are susceptible genes that have 
been reported to be mutated in breast cancer. 
The expression of two other high-frequency mu- 
tated genes, NF1 and TBX3, were also deter-
mined based on the analysis of the samples 
included in this study. TP53, PIK3CA, NF1, 
TBX3, BRCA1 and BRCA2 expression were 
measured in the breast cancer tissues and cell 
lines, respectively. The results, as shown in 
Figure 3B and 3C, confirmed the up-regulated 

expression of TP53, NF1, TBX3, BRCA1 and 
BRCA2 and the down-regulated expression of 
PIK3CA in breast cancer tissues and cell lines, 
respectively, compared with paracancerous tis-
sues and normal breast cells. Breast cancer 
cell line (n=62) datasets were employed and 
analyzed, and each gene was ranked according 
to its level of expression from lowest to highest 
(Supplementary Figure 1).

The above results were consistent with the 
trend of TP53, PIK3CA, NF1, TBX3, BRCA1 and 
BRCA2 expression profiles in breast cancer 
samples collected on TCGA, the expression of 
TP53, PIK3CA, NF1, TBX3, BRCA1 and BRCA2 
in the TCGA dataset is shown in Figure 3A.  
In addition, the protein expression of TP53, 
PIK3CA, NF1, BRCA1 and BRCA2 in breast can-
cer tissues were examined by IHC (Figure 3D); 
and the protein structures of TP53, PIK3CA, 
NF1, BRCA1 and BRCA2 were predicted, label-
ling their potential units of action (Figure 3E).

Correlation analysis among high-frequency 
mutated genes

In order to investigate whether there was a cor-
relation between the high-frequency mutated 
genes counted in the enrolled breast cancer 
samples a linear correlation analysis was per-
formed in this study between the TCGA data-
base data and the data from the included  
samples (Figure 4). The results showed that 
TP53 was closely correlated with PIK3CA, NF1, 
BRCA1 and BRCA2 (Figure 4A); PIK3CA was 
closely correlated with TBX3 and BRCA1 (Figure 
4B); NF1 was closely correlated with TBX3, 
BRCA1 and BRCA2 (Figure 4C); TBX3 was 
closely correlated with BRCA1 and BRCA2 
(Figure 4D); and there was a significant linear 
relationship between BRCA1 and BRCA2 
(Figure 4E).

In addition, the single-cell clustering results of 
breast cancer tissue samples corresponding to 
TP53, PIK3CA, NF1, TBX3, BRCA1 and BRCA2 
were shown in Supplementary Figure 2, and 
that the cells can be effectively clustered by 
T-cells, Breast glandular cells, Macrophages, 
Breast myoepithelial cells, etc. The clustering 
was obvious and the main difference was 

and BRCA2 the mutated genes with the highest mutation frequency; C. NO.2, NO.4 and NO.21 were detected by CSF 
and blood high-throughput sequencing; D. Correlation analysis of several high-frequency mutated genes in TCGA on 
breast cancer prognosis.
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Figure 2. High-throughput results analysis of paired samples. NO.2 (A), NO.4 (B) and NO.21 (C). Statistics and 
analysis of high-throughput sequencing data of paired blood samples and high-throughput sequencing data of CSF 
samples, including the name of the mutated genes, the exonic regions of the mutated genes, the corresponding 
nucleic acid sites and protein sites, and the abundance of the mutations.

shown in the expression abundance of cells in 
each cluster. Meanwhile, TP53, PIK3CA, NF1, 
TBX3, BRCA1 and BRCA2 had different degrees 
of influence on BRCA immune cell infiltration, 
and the results showed that TP53 and PIK3CA 
showed significant differences on the degree of 
immune cell infiltration (Supplementary Figure 
3). NF1 and TBX3 had an effect on the extent  
of breast cancer immune cell infiltration, but 
there was no significant difference; BRCA1 and 
BRCA2 had no effect on the extent of breast 
cancer immune cell infiltration.

Networks of association roles for high-frequen-
cy mutant genes

In addition to the correlation between two of 
the high-frequency genes, these high-frequen-
cy mutated genes were also associated with 
some essential signaling pathways. Therefore, 
STITCH tool was employed to perform the tar-
get protein/pathway interaction network analy-
sis of the above several high-frequency mutat-
ed genes. The results are shown in Figure 5. 
The results showed that BRCA1 and TP53 were 
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Figure 3. Analysis of mRNA expression of high-frequency mutant genes. The mRNA expression of TP53, PIK3CA, 
NF1, TBX3, BRCA1 and BRCA2 in the TCGA dataset (A), breast cancer tissue (B) and breast cancer cell line (C); the 
protein expression of TP53, PIK3CA, NF1, TBX3, BRCA1 and BRCA2 in breast cancer tissue (D); the protein struc-
tures of TP53, PIK3CA, NF1, TBX3, BRCA1 and BRCA2 (E).

associated with each other (Figure 5A, 5E); 
BRCA1 was on the target protein/pathway inter-
action network of NF1 and BRCA2 (Figure 5C, 
5F). The target protein/pathway interaction net-
work of TBX3 is shown in Figure 5D. There were 
many hotspots/key proteins on the target pro-
tein/pathway interaction network of PIK3CA 
(Figure 5B).

Pharmacological transcriptomics analysis

The differentially expressed genes analyzed 
from the database of breast cancer tissue sam-
ples and normal breast tissues were mapped 
to protein interaction networks for visual analy-
sis and clustering. The largest clusters that 
were directly connected are plotted as shown 
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Figure 4. Correlation analysis among high-frequency mutated genes. 
A. The relationship between TP53 and PIK3CA, NF1, BRCA1, BRCA2; 
B. The relationship between PIK3CA and TBX3, BRCA1; C. The rela-
tionship between NF1 and TBX3, BRCA1, BRCA2; D. The relation-
ship between TBX3 and BRCA1, BRCA2; E. The relationship between 
BRCA1 and BRCA2.

in Figure 6A, where each module was repre-
sented by a color. On this basis, the cMAP net-
work drug transcriptome analysis was com-
bined to map the signaling pathways with 
potential action relationships with trastuzum-
ab, in which the PIK-ATK signaling pathway was 
among them (Figure 6C, 6D). The flow graph of 
the cMAP network drug transcriptome analysis 
is shown in Figure 6B. In addition, the enrich-
ment and specificity of cMAP network drug 
transcriptome analyses to PI3K inhibitors and 
others were shown in Figure 6E.

Cytotoxicity of trastuzumab on breast cancer 
cell

The cytotoxic effect of trastuzumab on breast 
cancer cells was examined through testing cell 

viability by CCK-8 assay. MCF-7 and MDA-
MB-231 cells were cultured with different con-
centrations of trastuzumab (10, 30, and 50 
μM) for 24 h and 48 h. The results shown in 
Figure 7A and 7B revealed that the percentage 
of cytotoxicity induced by trastuzumab with a 
concentration of 50 μM was higher than 50% 
after 48 h, and the percentage of cytotoxicity 
induced by trastuzumab within the range of 
0-30 μM is lower than 50%. In addition, the 
mRNA levels of the six studied high-frequency 
mutated genes in breast cancer cells at differ-
ent trastuzumab concentrations were detected 
by qRT-PCR. The results showed that trastu-
zumab increased the mRNA expression of 
PIK3CA in MCF-7 and MDA-MB-231 cells com-
pared with the control group; while trastuzum-
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Figure 5. Networks of association roles for high-frequency mutant genes. A. The network of TP53; B. The network of 
PIK3CA; C. The network of NF1; D. The network of TBX3; E. The network of BRCA1; F. The network of BRCA2.
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Figure 6. Networks of association roles for high-frequency mutant genes. A. The largest clusters that are directly 
connected in breast cancer; B. The flow chart of the cMAP network drug transcriptome analysis; C. Signaling path-
ways with potential action in relation to trastuzumab via cMAP network drug transcriptome analysis; D. The PIK-ATK 
signaling pathway was visualized by heatmap; E. The enrichment and specificity of cMAP network drug transcrip-
tome analyses.
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ab decreased the mRNA expression of TP53, 
NF1, TBX3, BRCA1 and BRCA2 in breast cancer 
cells (P<0.05, Figure 7C, 7D).

Discussion

In this study, genes with high-frequency muta-
tions in breast cancer were statistically ana-
lyzed by the results of high-throughput sequenc-
ing analysis of the enrolled samples. It was con-
firmed that the consistency of the mutated 
genes in the paired samples between blood 
sample and CSF sample was high. Analysis of 
expression, correlation, target proteins and sig-
naling pathways of TP53, PIK3CA, NF1, TBX3, 
BRCA1, and BRCA2 in breast cancer, have  
multiple highly correlated axes of action that 
affect signaling pathways such as PIK-AKT. The 
work flow was displayed in Figure 8. They are 
expected to be important biomarkers for breast 
cancer.

Breast cancer accounts for nearly a quarter of 
all cancer diagnoses and is the leading cause 
of cancer-related deaths in women worldwide 
[40, 41]. Currently, research relying on high-
throughput sequencing has become a hots- 
pot of scientific study in the past decades, and 
related studies have contributed to the im- 
provement of breast cancer treatment [42-45]. 
By analyzing the results of high-throughput se- 
quencing and screening high-frequency mutant 
genes, it is possible to carry out the develop-
ment of potential target-genes, new drug exploi-
tation and other clinical applications in breast 
cancer [46-48]. Meanwhile, the screened high-
frequency mutant genes can also be used to do 
experimental studies and analysis of expres-
sion and functional mechanisms, etc. [49-52]. 
We have analysed as comprehensively as pos-
sible the similarities and differences between 
mutated genes originating from the blood and 

Figure 7. Cytotoxicity of trastuzumab on breast cancer cell. (A, B) The results of cytotoxicity on MCF-7 (A) and MDA-
MB-231 (B) cells with different trastuzumab concentration; (C, D) The mRNA levels of the above six high-frequency 
mutated genes in MCF-7 (C) and MDA-MB-231 (D) cells at different trastuzumab concentrations were detected by 
qRT-PCR.
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Figure 8. The technical route and analytical approach.

those originating from cerebrospinal fluid sam-
ples of brain metastases from breast cancer 
patients in an attempt to discover new high-
frequency mutated genes and their functions.

Previous studies have shown that trastuzumab 
has inhibitory effects on tumors such as gastric 
and breast cancer [53-55]. It has been shown 
that they exert anticancer effects on tumor 
growth and metastasis of triple-negative breast 
cancer cells by inhibiting the expression of TGF-
β1 [56]. Several studies have shown that trastu-
zumab, in combination with other enzymes and 
small molecules, has a synergistic effect on 
inhibiting cell death, migration, invasion, tumor 
growth and metastasis [57-60]. Similarly, in our 
study, the effect of trastuzumab on the prolif-
erative abilities of breast cancer cells were 
investigated and several high-frequency mutant 
gene expression assays were performed by  
setting concentration gradients. The results 
showed that the effect of trastuzumab on 
breast cancer cells was concentration-depen-
dent, which has important implications for fur-
ther clinical studies.

In the present study, in addition to relatively 
well-known genes like TP53 and BRCA1/2, we 
also found some genes that are relatively 
underreported and this leaves a lot of research 
gaps, such as NF1 and TBX3. This finding was 
made possible by the samples that were 
enrolled in this study, which included samples 
of breast cancer with brain metastases in addi-
tion to samples with breast cancer. Because 
this study is ongoing and continuous, the sam-
ples collected were dynamically monitored and 
continuously followed. Like NF1 and TBX3, 
other targets need to be progressively recog-
nized and researched in order to confirm their 
key role in oncology research [61, 62]. Their 
biological functions in breast cancer need to be 
urgently explored. In addition, the high-frequen-
cy mutated genes originating from clinical sam-
ples are the main target for our research, and 
our team is also still constructing animal mod-
els in the hope of mimicking the in vivo environ-
ments to probe the functional gene regulation 
patterns from our included samples. This study 
does have a few shortcomings; we did not 
include a large number of samples. In addition, 
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the in vivo and in vitro experiments conducted 
are not enough, which is limited by the project 
funding. In future work, we will continue to con-
duct in-depth research on these genes, focus-
ing on exploring the biological functions of 
these genes, and providing data to support the 
clinical search for new drug targets. All in all, 
our study reveals high-frequency mutated ge- 
nes in breast cancer obtained by high-throu- 
ghput sequencing, and preliminarily explores 
their effects on breast cancer development 
and related signaling pathways, which is of pro-
spective research value.
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Supplementary Figure 1. Statistical collation of the BRCA cell line (n=62) dataset presenting the expression of TP53 
(A), PIK3CA (B), NF1 (C), TBX3 (D), BRCA1 (E), and BRCA2 (F) at the cellular level and ranked according to the level 
of expression of each gene from lowest to highest.
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Supplementary Figure 2. The single-cell clustering results of breast cancer tissue samples corresponding to TP53 (A), PIK3CA (B), NF1 (C), TBX3 (D), BRCA1 (E) and 
BRCA2 (F) and the cells can be effectively clustered by T-cells, Breast glandular cells, Macrophages, Breast myoepithelial cells.
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Supplementary Figure 3. TP53 (A), PIK3CA (B), NF1 (C) and TBX3 (D) had different degrees of influence on BRCA 
immune cell infiltration: TP53 and PIK3CA showed significant differences on the degree of immune cell infiltration; 
NF1 and TBX3 had an effect on the extent of breast cancer immune cell infiltration, but there was no significant 
difference.


