
Page 1 of 15

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2021;9(5):410 | http://dx.doi.org/10.21037/atm-21-698

PIK3CA mutation confers resistance to chemotherapy in  
triple-negative breast cancer by inhibiting apoptosis and 
activating the PI3K/AKT/mTOR signaling pathway
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Background: Triple-negative breast cancer (TNBC) is a malignant subtype of breast cancer, the main 
treatments for which are chemotherapy and surgery. PIK3CA is an oncogene that encodes the p110α subunit 
of class IA PI3K to regulate cell proliferation and apoptosis. Some reports have observed neoadjuvant 
chemotherapy (NAC) to have poor pathological complete response (pCR) rates in TNBC with PIK3CA 
mutation. This study aimed to explore the mechanism of how mutant PIK3CA alters chemotherapeutic 
susceptibility in TNBC.
Methods: TNBC cell lines (MDA-MB-231 and MDA-MB-468) with PIK3CA gene mutations (E545K 
and H1047R regions) and overexpression were established by transfection. NOD/SCID mice were used for  
in vivo experiments. Epirubicin was used as the chemotherapeutic agent. Cell viability, cell cycle, apoptosis, 
and Transwell assays were conducted for phenotype analysis. Western blot, quantitative reverse transcription-
polymerase chain reaction, and immunohistochemistry were used to detect gene and protein expression 
levels. A clinical analysis of 50 patients with TNBC was also performed. 
Results: Cell viability and Transwell assays showed that PIK3CA mutation promoted TNBC cell growth 
and conferred an enhanced migratory phenotype. Cell cycle and apoptosis assays showed that PIK3CA 
mutation moderately improved the proliferation ability of TNBC cells and remarkably inhibited their 
apoptosis. After epirubicin therapy, the proportion of early apoptotic cells decreased among cells with 
PIK3CA mutation. Further, xenograft tumors grew faster in NOD/SCID mice injected with mutated cell 
lines than in control group, suggesting that PIK3CA mutation caused chemotherapy resistance. Importantly, 
western blot and immunohistochemical analysis showed that cells and mouse tumors in the PIK3CA mutation 
groups exhibited different expression levels of apoptosis-related markers (Xiap, Bcl-2, and Caspase 3)  
and proteins associated with the PI3K/AKT/mTOR pathway (p110α, AKT, p-AKT, mTOR, p-mTOR, 
p-4E-BP1, p-p70S6K, and Pten). Moreover, prognostic analysis of 50 patients with TNBC indicated that 
PIK3CA mutation might be linked with relapse and death. 
Conclusions: PIK3CA mutation confers resistance to chemotherapy in TNBC by inhibiting apoptosis and 
activating the PI3K/AKT/mTOR signaling pathway.

Keywords: Triple-negative breast cancer (TNBC); PIK3CA mutation; apoptosis; PI3K/AKT/mTOR pathway; 

chemotherapy resistance

Submitted Feb 10, 2021. Accepted for publication Mar 05, 2021.

doi: 10.21037/atm-21-698

View this article at: http://dx.doi.org/10.21037/atm-21-698

410

Original Article

mailto:2468li@sina.com
mailto:zhangyanjun301@163.com
https://crossmark.crossref.org/dialog/?doi=10.21037/atm-21-698


Hu et al. PIK3CA mutation confers chemotherapy resistance in TNBC

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2021;9(5):410 | http://dx.doi.org/10.21037/atm-21-698

Page 2 of 15

Introduction

Breast cancer (BC) is the most frequently diagnosed 
malignancy and the leading cause of cancer death among 
females globally (1). Triple-negative BC (TNBC), which 
is characterized by a lack of estrogen receptor (ER), 
progesterone receptor (PR), and human epidermal growth 
factor 2 (HER2) expression, accounts for 10–20% of 
all BCs and has a poor prognosis relative to other BC  
subtypes (2). However, no targeted agents for TNBC 
currently exist, and the combination chemotherapy 
of anthracycline and paclitaxel is still the cornerstone 
of treatment for these problematic tumors. There is 
a consensus that patients with the TNBC subtype are 
more likely to benefit from neoadjuvant chemotherapy 
(NAC) than patients with other subtypes (3). Pathological 
complete response (pCR) is defined as the pathological 
disappearance of all target tumor lesions after NAC (4). 
Although 20% of TNBC patients attain a pCR after initial 
NAC, chemotherapy resistance commonly occurs and is 
responsible for most cases of treatment failure, leading 
to disease reoccurrence and metastasis (5). Therefore, 
exploring the mechanisms of resistance to these cytotoxic 
agents and finding new biomarkers are of high priority in 
TNBC research.

The phosphatidylinositol 3-kinase/protein kinase B/
mammalian target of the rapamycin (PI3K/AKT/mTOR) 
signaling pathway plays a crucial role in regulating cellular 
functions, including cell proliferation, survival, and  
death (6). PI3Ks are lipid kinases that can be classified 
into three isozymes (I–III) with different structures and 
functions. Class I PI3K is a common focus of study in 
lots of fields and can be divided into class IA and IB. 
Class IA PI3K is a heterodimer comprising two subunits: 
a catalytic subunit (p110) and a regulatory subunit 
(p85). The phosphatidylinositol-4-5-bisphosphate-
3-kinase catalytic subunit-α (PIK3CA) gene encodes 
the p110α subunit of class IA PI3K to phosphorylate 
phosphatidylinositol-4,5-bisphosphate (PIP2) and converts 
it to phosphoinositide 3,4,5 trisphosphate (PIP3), and 
then activates more downstream pathways. Mutations in 
PIK3CA induce sustained activation of AKT through the 
PI3K/AKT/mTOR pathway, reducing the dependence 
of cells on growth factors, leading to cell growth and  
transformation (7). As an oncogene, PIK3CA mutation 
is associated with the occurrence and progression of 
various cancers and is detected in 20–40% of BCs (8-10). 
Significantly, 80–90% of PIK3CA mutations are located in 

two hotspots: E542K/E545K (helix region) in exon 9 and 
H1047R (kinase region) in exon 20 (11).

Compared to hormone receptor (HR)+/HER2– (42%) 
BCs and HER2+ (31%) BCs, TNBCs exhibit a lower 
PIK3CA mutation rate (16%) (10,12). The impact of 
PIK3CA mutation has been lucubrated in HR+ and HER2+ 
BCs, but it is not well characterized in TNBC. Some 
studies have reported that PIK3CA mutation contributes 
to the resistance of HR+/HER2– BCs to endocrine therapy 
and HER2+ BCs to anti-HER2 therapy (13,14). Due to 
the different results produced by limited studies, evaluating 
patients’ survival with TNBC with or without PIK3CA 
mutation is controversial (15-18). Some previous studies 
reported that PIK3CA mutation contributed to a poor 
pCR rate in TNBC treated with NAC, which suggested 
the mutation might be linked with chemotherapy resistance 
(19-21). However, no research has further explored how 
PIK3CA mutation affects TNBC cell functions and alters 
their susceptibility to cytotoxic drugs.

In this study, 2 TNBC cell lines (MDA-MB-231 
and MDA-MB-468, PIK3CA wild type) were used to 
establish cells with PIK3CA mutation and mice xenograft 
models. The role of PIK3CA mutation and the molecule 
mechanism of chemotherapy resistance in TNBC were 
explored and identified in vivo and in vitro. Meanwhile, 
tumor tissue specimens from 50 patients with TNBC were 
selected for gene sequencing and immunohistochemical 
analysis, and the patients’ follow-up data were also collected 
for prognostic analysis. We present the following article 
following the ARRIVE reporting checklist (available at 
http://dx.doi.org/10.21037/atm-21-698).

Methods

Cell culture

The human TNBC cell lines MDA-MB-231 and MDA-
MB-468 (PIK3CA wild-type) were obtained from the 
American Type Culture Collection (ATCC). MCF-7 
cell lines were not used due to containing a mutation in 
the PIK3CA gene. MDA-MB-231 cells were cultured in 
Dulbecco’s Modified Eagle Medium (DMEM) (Biological 
Industries), and MDA-MB-468 cells were cultured in L15 
(Gibco) media. The cell cultures were supplemented with 
10% fetal bovine serum (FBS) (Biological Industries) and 
1% penicillin/streptomycin (Biological Industries). The 
cells were incubated at 37 ℃ with 5% CO2 in the air and 
used at low passage (<15) after thawing.
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Transfection and generation of stable cell lines

E545K and H1047R are two mutation hotspot regions in 
the PIK3CA gene, and they have been commonly used in 
previous studies. Therefore, the following cell groups were 
constructed in both MDA-MB-231 and MDA-MB-468 
cells: control (PIK3CActrl), overexpression (PIK3CAOe), 
mutation of E545K (PIK3CAE545K), and mutation of 
H1047R (PIK3CAH1047R). Cells were cultured to 60–70% 
confluency in a 6-well plate. Then, cells were transfected 
with lentiviruses carrying the corresponding target gene 
purchased from GeneChem. Lentivirus carrying only a 
green fluorescent protein (GFP) sequence was transfected 
into cells as a control group. Other sequences are listed 
in Table S1. Lipofectamine 3000 (Invitrogen) was used to 
complete the transfection according to the manufacturer’s 
protocol. After 72 hours, a microscope was used to observe 
the transfection efficiency, following which the cells were 
isolated and analyzed by flow cytometry (Figure S1A,B,C).

Cell viability analysis

Cell Counting Kit-8 (CCK-8) assay was used to detect 
cell proliferation. All the cell lines were seeded on 96-well 
plates at a density of 5×105/mL. Following attachment, 
the CCK8 agent (Dojindo Molecular Technologies) was 
added to MDA-MB-231 cells after 12, 24, 36, 48, 60, and  
72 hours. Since the growth of MDA-MB-468 cells was 
inferior to that of MDA-MB-231 cells, CCK-8 agent was 
added to MDA-MB-468 cells after 24, 48, 72, 96, and  
120 hours. A microplate reader (Bio-Rad) was used to 
measure the optical density (OD) at a wavelength of 
450 nm. Growth curves were plotted to examine the 
proliferation condition of cells according to the absorbance.

Cell cycle analysis

MDA-MB-231 and MDA-MB-468 cells were cultured in 
6-well plates and washed with 1 mL phosphate-buffered 
saline (PBS) at 4 ℃. Then, the cells were fixed in 75% 
ethanol at 4 ℃ overnight. The mixture was supplemented 
with 500 μL PBS containing 50 μg/mL RNase A and  
50 μg/mL propidium iodide. After 30 minutes of incubation 
without exposure to light, the cell cycle distribution was 
analyzed by flow cytometry.

Apoptosis assays

Cells were collected, washed with 2 mL PBS, digested with 

trypsin-EDTA, and then transferred to the corresponding 
tubes. The additions of 5 μL APC-Annexin V and  
5 μL 7-amino-actinomycin D (7-AAD) were made to 
the cell suspension, and the cells were left to stain for  
15–20 minutes at room temperature in the dark. Finally, 
flow cytometry was used to assess cell apoptosis by 
calculating the numbers of early and late apoptotic cells.

Transwell migration assays

Transwell migration assays were conducted using a  
24-well plate (8 μm pore size) (Millipore). MDA-MB-231 
and MDA-MB-468 cells (5×105/mL) were added to the 
Transwell plates’ upper chamber in 200 μL of DMEM with 
1% FBS. The lower chamber contained a 500 μL DMEM 
culture medium supplemented with 10% FBS. The plates 
with MDA-MB-231 cells and MDA-MB-468 cells were 
incubated for 6 and 20 hours, respectively, at 37 ℃ in 5% 
CO2 in the air. Then, a cotton-tipped swab was used to 
remove the residual cells in the upper chamber carefully. 
Cells that had migrated to the lower chamber were fixed 
and stained with crystal violet for 15 minutes. A microscope 
was used to observe and count the migrated cells.

Cell treatment

Epirubicin is an epimer of doxorubicin that is generally 
used as a chemotherapeutic agent to treat both early and 
metastatic BC (22). Therefore, it was selected to investigate 
the chemotherapy sensitivity of TNBC cells in this study. 
Epirubicin was purchased from Pfizer Inc. A cellular 
drug resistance assay determined the drug susceptivity 
of each cell line. Cell viability was measured under 
different epirubicin concentrations using CCK-8 assays  
(Figure S1D), and the half-maximal inhibitory concentration 
(IC50) for each cell group is listed in the Table S2. Then, 
cells were treated with epirubicin at a concentration close 
to their IC50 value (1.5 μmol/L for MDA-MB-231 and  
0.5 μmol/L for MDA-MB-468) and used for western blot 
and apoptotic assay.

Animal experiments

Four groups of transfected MDA-MB-231 cells (PIK3CAOe, 
PIK3CAE545K, PIK3CAH1047R, and PIK3CActrl) were cultured 
and prepared at a density of 2×107/mL. Sixty-four 6-week-
old female non-obese diabetic-severe/combined immune-
deficiency (NOD/SCID) mice were purchased from 
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Charles River Laboratories and kept in an animal house 
located at the Experimental Animal Center of Chinese 
PLA General Hospital. The mice were kept at a room 
temperature of 20±2 ℃ and a 12-hour light/dark cycle, with 
4 mice in each cage. They were randomly divided into four 
groups (n=16 in each group) and subcutaneously injected 
in the mammary fat pad with 100 μL of the corresponding 
cells. Ten days after the injection, the tumors were palpable, 
and the volumes were measured twice a week with a vernier 
caliper (length × width2 × 1/2=volume). After the tumors 
had reached 200 mm3, the mice were treated with epirubicin  
(10 mg/kg, i.p. once a week, 3 times in total). Ten days 
after the final treatment, the tumors were harvested and 
weighted. Animal experiments were performed under a 
project license (no. S2016-023-01) granted by the Ethics 
Committee of Chinese PLA General Hospital. All animal 
experiments complied with the National Institutes of 
Health Guide for the Care and Use of Laboratory Animals.

Western blot

Cells or tumor tissues were lysed with RIPA buffer for 
30 minutes on ice. Proteins were separated by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) on a 10% gel and then transferred to nitrocellulose 
membranes. The membranes were blocked with 5% FBS 
for 1 hour at room temperature, incubated with primary 
antibodies (listed in Table S3) overnight at 4 ℃, and then 
incubated with secondary antibodies (1:5,000) for 1 hour at 
room temperature. The proteins were visualized using an 
enhanced chemiluminescence reagent.

Quantitative reverse transcription-polymerase chain 
reaction

Total RNA was extracted from tumor tissues with TRIzol 
reagent (Sigma). Then, messenger RNA (mRNA) was 
transcribed to complementary DNA (cDNA) using a 
Transcript First-Stand cDNA Synthesis Kit (TaKaRa). 
According to the manufacturer’s protocol, polymerase chain 
reaction (PCR) was performed on a CFX96 Real-time 
System (BIO-RAD). The primer sequences are listed in 
Table S4.

Immunohistochemistry

Tumor tissues were dehydrated and embedded in paraffin. 

Then the embedded tissues were cut into sections of every 
5-μm-thick tissue slice. The 5-μm paraffin sections were 
deparaffinized and washed with water. Then, antigen 
retrieval was conducted, and endogenous peroxidase was 
removed. The tissue sections were blocked with 5% goat 
serum, after which primary antibodies (Invitrogen) were 
added dropwise. After incubation at 4 ℃ overnight, the 
sections were washed with PBS; then, secondary antibodies 
were added, and the sections were incubated for 2 hours 
at room temperature. Next, the tissue sections were 
washed 3 times with PBS before being incubated with 
horseradish peroxidase-biotin conjugate for 1 hour at room 
temperature. After washing, the DAB agent was added for 
1 minute and then washed away. Finally, hematoxylin was 
used for counterstaining, and the sections were observed 
under a microscope after dehydration.

Patients and specimens

From January 2014 to December 2016, 60 female patients 
who were diagnosed as TNBC, underwent surgery excision, 
and completed standard chemotherapy in Chinese PLA 
General Hospital were selected. After the exclusion of 10 
patients due to failure to follow up, 50 patients were finally 
included. Clinical data were acquired from the patients’ 
medical records, and follow-up information was obtained 
by telephone or death certificate. Tumor specimens of all 
50 patients were obtained for gene sequencing to detect 
PIK3CA mutations (Genechem Incorporation), and some 
were collected for immunohistochemical analysis. This 
study was conducted following the Declaration of Helsinki 
(as revised in 2013). The Ethics Committee approved 
the study of Chinese PLA General Hospital (No. S2016-
023-01), and informed consent was obtained from all the 
patients.

Statistical analysis

Data were analyzed by SPSS 23.0, standard version (SPSS 
Inc., Chicago, IL), and Prism 7.0 (GraphPad Software 
Inc.). One-way analysis of variance (ANOVA) and Tukey’s 
multiple comparisons test was used to analyze data from 
western blot, quantitative reverse transcription-PCR (RT-
qPCR), Transwell migration assay, cell/tumor growth 
experiments, and flow cytometric analysis among different 
groups. The t-test was used to analyze patients by age. 
Other clinicopathological characteristics were analyzed 
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using the χ2 test or Fisher’s exact test. Each experiment 
was conducted in triplicate. Data were described as mean ± 
standard deviation (SD). P<0.05 was considered to show a 
significant statistical difference.

Results

PIK3CA mutation promotes growth, inhibits apoptosis, 
and confers an enhanced migratory phenotype in TNBC 
cells

We evaluated cell viability in the TNBC cell lines MDA-
MB-231 and MDA-MB-468 after transfection (PIK3CAOe, 
PIK3CAE545K, PIK3CAH1047R,  and PIK3CActrl)  using 
CCK-8 assays. Among both MDA-MB-231 and MDA-
MB-468 cells, cells in the PIK3CAOe, PIK3CAE545K, and 
PIK3CAH1047R groups grew faster in number than PIK3CActrl 
cells (Figure 1A). To identify whether the PIK3CA mutation 
promoted proliferation or inhibited apoptosis in TNBC 
cells, propidium iodide staining was used to study the 
cell cycle. As the results showed (Figure 1B,C), PIK3CA 
mutation increased the proportion of MDA-MB-231 cells in 
the S phase moderately but not significantly, except for the 
PIK3CAOe group (P=0.0473). In the MDA-MB-468 cells, 
no significant difference was seen between the PIK3CActrl 
cells and the other 3 groups, indicating that PIK3CA 
mutation might not remarkably improve the proliferation 
ability of TNBC cells. Subsequently, APC-Annexin V and 
7-AAD staining was carried out for apoptosis analysis. The 
results showed that the proportion of early apoptotic cells in 
the PIK3CA mutation (PIK3CAE545K/PIK3CAH1047R) groups 
and the PIK3CAOe group decreased significantly in both 
MDA-MB-231 and MDA-MB-468 cells (Figure 1D,E). This 
observation implied that PIK3CA mutation predominantly 
inhibited TNBC cell apoptosis. Finally, to investigate 
the migration and invasion of TNBC cells with PIK3CA 
mutation, Transwell migration assays were performed. As 
shown in Figure 1F and G, among MDA-MB-231 cells, 
those carrying mutation or overexpression of the PIK3CA 
gene displayed enhanced aggressiveness compared with 
PIK3CActrl cells (P<0.0001). In MDA-MB-468 cells, 
significant differences were found in the PIK3CAOe and 
PIK3CAH1047R groups compared to the PIK3CActrl group 
(P<0.0001 and P<0.01); however, a similar result was not 
observed for the PIK3CAE545K group (P=0.7162). Therefore, 
it can be concluded that PIK3CA mutation conferred an 
enhanced migratory phenotype in TNBC cells.

PIK3CA mutation induces resistance to chemotherapy, 
mainly by inhibiting apoptosis

The results above inferred that PIK3CA mutation could 
promote growth and, in particular, inhibit apoptosis in 
TNBC cell lines. Considering the low pCR rates of NAC 
in patients with TNBC carrying PIK3CA mutation, more 
experiments were conducted to explore whether mutated 
PIK3CA can alter TNBC cells’ sensitivity to chemotherapy. 
As a common chemotherapeutic agent used in BC (22), 
epirubicin was adopted to treat TNBC cells to observe 
the response to chemotherapy. The drug susceptivity of 
each cell line was determined by cellular drug resistance 
assay, and each IC50 of each cell group is listed in Table S2. 
Cell viability assays showed PIK3CAOe, PIK3CAE545K, and 
PIK3CAH1047R cells became less sensitive to chemotherapy 
(Figure S1D). After epirubicin treatment, apoptosis 
assays were conducted (Figure 2A,B). The proportion of 
early apoptotic cells decreased obviously among MDA-
MB-231 cells carrying PIK3CA mutation. Among the 
MDA-MB-468 cells, a decrease in the proportions of 
early apoptotic cells was observed in the PIK3CAOe and 
PIK3CAE545K groups, with the former showing a significant 
difference (P=0.0442). An increasing trend of apoptosis was 
seen in the PIK3CAH1047R group, although the P value was 
not meaningful (P=0.8284). Western blot was carried out to 
detect the protein expression levels in MDA-MB-231 cells. 
B-cell lymphoma 2 (Bcl-2), X-linked inhibitor of apoptosis 
protein (Xiap), and Caspase 3 are apoptosis-related proteins; 
the expression of Xiap and Bcl-2 inhibits apoptosis, 
while that of Caspase 3 promotes apoptosis. As shown in  
Figure 2C, after epirubicin treatment, the expression levels 
of Xiap and Bcl-2 were upregulated in the PIK3CAOe, 
PIK3CAE545K, and PIK3CAH1047R groups compared with 
the PIK3CActrl group. These findings suggested PIK3CA 
mutation inhibited the apoptosis caused by epirubicin. 

The following in vivo experimental results further 
confirmed this conclusion. Four groups of MDA-
MB-231 cells were subcutaneously implanted into NOD/
SCID mice. When the tumor volume reached 250 mm3, 
epirubicin was injected intraperitoneally once a week, 
3 times in total. No adverse events were observed. The 
results (Figure 2D) showed that compared with the 
PIK3CActrl group, the tumor volume in the other 3 groups 
increased at a significantly faster pace in the sequence of 
PIK3CAH1047R PIK3CAE545K, and PIK3CAOe. Subsequently, 
immunohistochemistry demonstrated that mutated PIK3CA 
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Figure 2 PIK3CA mutation induces resistance to chemotherapy, mainly through inhibiting apoptosis in TNBC cells. (A,B) TNBC cells 
(MDA-MB-231 and MDA-MB-468) were treated with epirubicin at a concentration close to their IC50 value (1.5 μmol/L for MDA-MB-231 
cells; 0.5 μmol/L for MDA-MB-468 cells) followed by staining with APC-Annexin V and 7-AAD for flow cytometric analysis. The columns 
show the proportions of early apoptotic cells. The IC50 value obtained through CCK-8 assays is shown in Figure S1D and Table S2. (C) The 
expression levels of apoptosis related proteins (Xiap and Bcl-2) in MDA-MB-231 cells treated with epirubicin were detected by western blot. 
(D) The growth trend of tumor volume in mice treated with epirubicin (10 mg/kg, i.p. once a week, 3 times in total) in different groups. 
The black arrow represents the first treatment and the red arrow represents tumor extraction. (E) The indicated proteins of tumor tissues of 
mice were detected by immunohistochemistry. Bar, 50 μm. Data shown are representative of 3 independent experiments. Data represented 
mean ± SD. Different conditions were compared using one-way ANOVA and Tukey’s multiple comparisons test. *, P<0.05; **, P<0.01; ***, 
P<0.001; ****P<0.0001; ns means no significance for PIK3CAOe, PIK3CAE545K, PIK3CAH1047R vs. PIK3CActrl.
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markedly downregulated the expression of Caspase 3 
but upregulated the expression of Xiap in tumor tissues  
(Figure 2E). Combined, these in vitro and in vivo data 
suggested that PIK3CA mutation attenuated susceptivity 
and induced resistance to chemotherapy in TNBC cells, 
mainly through inhibiting apoptosis.

PIK3CA mutation activates the PI3K/AKT/mTOR 
signaling pathway to confer chemotherapy resistance

The above results inferred that PIK3CA mutation 
conferred a phenotype of inhibiting apoptosis from resisting 
chemotherapy, and the key molecule mechanism leading 
to this phenotype needed to be identified. The p110α 
protein encoded by the PIK3CA gene is the upstream 
regulator of the PI3K/AKT/mTOR signaling pathway. 
Accordingly, we hypothesized that PIK3CA mutation 
might have an influence on this pathway in TNBC cells. 
AKT is a downstream protein of PI3K in this pathway. 
Phosphorylated AKT (p-AKT) activates mTOR, which 
regulates protein synthesis and cell growth, together 
with its regulators, such as p70S6 kinase (p70S6K) 
and 4E-BP1. Pten is a tumor suppressor gene that acts 
as a negative modulator in the PI3K/AKT/mTOR  
pathway (23). To confirm our hypothesis, the quantitative 
expression of proteins related to the PI3K/AKT/mTOR 
signaling pathway was verified by western blot and 
immunohistochemical staining in MDA-MB-231 cells. As 
shown in Figure 3A, the expression levels of AKT, p-AKT, 
mTOR, and p-mTOR were increased in the PIK3CA 
mutation (PIK3CAE545K/PIK3CAH1047R) and PIK3CAOe 
groups compared with the PIK3CActrl group, indicating 
that PIK3CA mutation contributed to the activation of the 
PI3K/AKT/mTOR pathway.

Meanwhile, proteins were extracted from tumor tissues 
of mice (Figure 3B). In tumor tissues from the PIK3CA 
mutation mice, the expression of p110α, p-AKT (Ser 473), 
mTOR, p-4E-BP1 (Thr37/46), and p-p70S6K (Ser371/
Thr389) was upregulated, while that of Pten was slightly 
downregulated. Further, RT-qPCR assays were conducted 
to verify the results at the mRNA level (Figure 3C). 
Immunohistochemistry (Figure 3D) revealed that AKT and 
mTOR protein expression was high in the PIK3CAE545K 

and PIK3CAH1047R groups. The expression of Pten was low 
in PIK3CAE545K and PIK3CAH1047R cells but comparatively 
high in the PIK3CActrl and PIK3CAOe groups. To sum up, 
an initial conclusion could be drawn that PIK3CA mutation 

activated the PI3K/AKT/mTOR pathway, presented a 
phenotype of inhibiting apoptosis, and induced resistance to 
chemotherapy in TNBC cells.

PIK3CA mutation may be associated with relapse and 
death in patients with TNBC

To enable a comparison of the clinicopathological 
characteristics of patients with PIK3CA-mutated and 
PIK3CA wild-type TNBC, 50 patients with TNBC were 
included according to the criteria described in Methods. 
The median age of the cohort was 54 years (age range, 
35 to 75 years). The frequency of PIK3CA mutations was 
22% (11/50), and these mutations were mainly located in 
E545K on exon 9 (1/50, 2%) and H1047R on exon 20 (8/50, 
16%), accounting for 81.8% of patients carrying PIK3CA 
mutation. All of the patients had a diagnosis of invasive 
cancer. These patients’ postoperative chemotherapy 
regimens consisted of AC, TC, and TAC (A for adriamycin, 
T for docetaxel, C for cyclophosphamide). Most of the 
patients (38/50, 76%) were diagnosed as early BC [tumor-
node-metastasis (TNM) stage I/II]. The enrolled patients 
had a median follow-up period of 35.5 months (range, 12 
to 47 months). Reoccurrence was observed in 4 patients, 
and metastasis was reported in 5 cases. Four deaths were 
recorded. Of the patients, 72% (36/50) had a family history 
of cancer. The patients’ clinicopathological information is 
displayed in Table 1. 

Comparisons of the PIK3CA mutation and PIK3CA 
wild-type TNBC groups showed that there were no 
significant differences between the groups in terms of age, 
tumor size, tumor location, axillary lymph nodes status, 
histological grade, TNM stage, prognosis, family history, 
p53 status, or Ki67 status (P>0.05). However, more negative 
events were observed in patients with PIK3CA mutation 
in the form of relapse (9.1% vs. 7.7%) and death (9.1% vs. 
7.7%). This observation indicated that PIK3CA mutations 
might be associated with relapse and death in patients 
with TNBC, and further large-scale study is needed to 
investigate this potential association.

Also, tumor tissues were collected from the patients with 
TNBC for immunohistochemical analysis. Compared with 
the PIK3CActrl group, the expression of AKT and mTOR 
was higher in the PIK3CA groups, while the levels of 
Pten and Bcl-2 were lower in the PIK3CAH1047R group and 
higher in the PIK3CAE545K group. No significant difference 
was discovered in Xiap and caspase 3 protein expression 



Annals of Translational Medicine, Vol 9, No 5 March 2021 Page 9 of 15

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2021;9(5):410 | http://dx.doi.org/10.21037/atm-21-698

Figure 3 PIK3CA mutation activates PI3K/AKT/mTOR signaling pathway to resist chemotherapy in TNBC cells. (A) Western blot 
analysis was used to detect the expression levels of AKT, p-AKT, mTOR, and p-mTOR protein in MDA-MB-231 cell lines treated with 
or without epirubicin. (B) Western blot analysis was used to detect the expression levels of p110α, p-AKT, Pten, mTOR, p-p70S6 kinase, 
and p-4E-BP1 protein in tumors from mice in each group treated with epirubicin. (C) Quantitative analysis of messenger RNA (p110α, 
AKT, mTOR, Pten, and 4E-BP1) was conducted by RT-qPCR. n=3. Data shown as mean ± SD. Different conditions were compared using 
one-way ANOVA and Tukey’s multiple comparisons test. **, P<0.01; ***, P<0.001; ****, P<0.0001; ns means no significance for PIK3CAOe, 
PIK3CAE545K, PIK3CAH1047R vs. PIK3CActrl. (D) Immunohistochemistry was used to detect AKT, mTOR, and Pten proteins in tumor tissues 
from mice. Bar, 50 μm. (E) Immunohistochemistry was used to detect apoptosis-related proteins and proteins pertaining to the PI3K/AKT/
mTOR pathway in patients with TNBC. Bar, 50 μm.

between the groups (Figure 3E).

Discussion

PIK3CA is the second most commonly mutated gene in 
BC after P53 (24), which has been proved to be related 
to resistance to endocrine therapy in HR+ BC and to 
anti-HER2 therapy in HER2+ BC (13,14). In HR+ BC, 

PIK3CA mutation was reported to be responsible for the 
downstream alteration of cyclin D1 and Rb protein, which 
conferred resistance to fulvestrant (13). In HER2+ BC, 
tumors carrying PIK3CA mutations were inclined to be 
enriched with tumor-infiltrating lymphocytes, CD8, and 
FOXP3-positive cells, indicating the activation of the PI3K 
pathway and the weakening of the antibody-dependent cell-
mediated cytotoxicity of trastuzumab (25). Some studies 
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Table 1 Comparison of patient clinicopathological characteristics between the PIK3CA mutation and PIK3CA wild-type groups

Characteristic
PIK3CA mutation status (%)

P
Mutation (N=11) Wild-type (N=39)

Age 52.73±14.157 53.72±11.546 0.388

Tumor size (cm) 0.096

≤2 6 (54.5) 18 (46.2)

2–5 3 (27.3) 20 (51.2)

>5 2 (18.2) 1 (2.6)

Tumor location 0.468

Left 7 (63.6) 20 (51.2)

Right 4 (36.4) 19 (48.8)

No. of positive axillary nodes 0.712

0 7 (63.6) 27 (69.2)

≤4 1 (9.1) 6 (15.4)

4–9 2 (18.2) 5 (12.8)

>10 1 (9.1) 1 (2.6)

Histological grade 0.594

SBR II 3 (27.3) 14 (35.9)

SBR III 8 (72.7) 25 (64.1)

TNM stage 0.447

I 6 (54.5) 13 (33.3)

II 2 (18.2) 17 (43.6)

III 2 (18.2) 5 (12.8)

IV 1 (9.1) 4 (10.3)

Relapse 0.880

No 10 (90.9) 36 (92.3)

Yes 1 (9.1) 3 (7.7)

Metastasis 0.909

No 10 (90.9) 35 (89.7)

Yes 1 (9.1) 4 (10.3)

Survival status 0.880

Live 10 (90.9) 36 (92.3)

Dead 1 (9.1) 3 (7.7)

Family cancer history 0.412

Yes 9 (81.8) 27 (69.2)

No 2 (18.2) 12 (30.8)

P53 status 0.248

Negative 3 (27.3) 5 (12.8)

Positive 8 (72.7) 34 (81.2)

Ki67 0.329

≤14% 1 (9.1) 1 (2.6)

>14% 10 (90.9) 38 (97.4)
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have reported NAC to have low pCR rates in patients 
with TNBC with PIK3CA mutation (19-21). Therefore, 
we supposed that mutations in the PIK3CA gene might be 
correlated to a negative response to chemotherapy, but the 
molecular mechanism remained unknown. In our study, 
we provided evidence that PIK3CA mutation in E545K or 
H1047R, conferred a more aggressive phenotype in TNBC 
cells. Importantly, we proved that PIK3CA mutation could 
lead to the constitutive activation of the PI3K/AKT/mTOR 
pathway and suppression of apoptosis, which contributed to 
chemotherapy resistance in TNBC.

Ghodsinia et al. reported that mutations in PIK3CA 
are mostly located in the kinase and helix regions and 
can enhance cell proliferation and survival (26). We 
constructed cell lines carrying two typical mutated hotspots, 
E545K (exon 9) and H1047R (exon 20), and PIK3CA 
gene overexpression. Our data revealed that mutations 
in E545K and H1047R conferred a similar phenotype as 
overexpression of the PIK3CA gene in the processes of cell 
migration, proliferation, and apoptosis. Interestingly, the 
inhibitive effect of PIK3CA gene mutation on apoptosis 
was remarkable compared with its impact on proliferation 
in TNBC cells. Gain-of-function mutations in PIK3CA 
could activate several signaling pathways in cancers, 
most notably the PI3K/AKT pathway (7,26); however, a 
previous study reported that there was not necessarily an 
association between PIK3CA mutation and downstream 
PI3K pathway activation (27). In the present study, we 
conducted western blot and immunochemistry assays in 
cells and chemotherapy-treated mice and observed higher 
expression levels of AKT, mTOR, p-4E-BP1, and p70S6K, 
but a lower expression of Pten protein in the PIK3CAE545K 

and PIK3CAH1047R groups. These results revealed that the 
PI3K/AKT/mTOR pathway might play a significant role in 
chemotherapy resistance in TNBCs carrying mutations in 
the PIK3CA gene.

Notably, there were also differences between E545K and 
H1047R mutations in our study. For instance, among MDA-
MB-468 cells, those with PIK3CAH1047R mutation exhibited 
significantly more aggressive migration ability than the 
control group, whereas those with PIK3CAE545K mutation 
did not. After epirubicin therapy, the proportion of early 
apoptotic cells in the PIK3CAE545K group decreased, whereas 
an increasing trend was seen in the PIK3CAH1047R group. In the 
immunohistochemical analysis of patients with TNBC, there 
was also a differential expression of proteins (Pten and Bcl-2)  
in the PIK3CAH1047R and PIK3CAE545K groups. Abramson  
et al. (28) reported that patients with BC with exon 9 mutation 

had a poorer prognosis than those with exon 20 mutation. 
Janku et al. (29) and Loi et al. (30) found that compared 
to patients with PIK3CA wild-type and E542K/E545K-
mutant BC, those with H1047R mutation had a higher 
pCR after NAC, but no difference was observed in overall 
and progression-free survival (PFS). Jacot et al. (31) claimed 
that PIK3CA mutation in exon 9 was an independent 
prognostic factor in TNBC, while the mutation in exon 
20 was not. Previous studies have reported the different 
channels affected by the 2 mutation hotspot regions. E545K 
oncogenic mutant was found to disrupt the inhibitory 
charge-charge interaction with the p85 N-terminal SH2 
domain (32). However, the mutation in H1047R, located in 
the kinase region, upregulated the activation of downstream 
PI3K kinase proteins (33). Besides, Zhao et al. (34) showed 
that the gain of function induced by exon 9 mutation was 
independent of binding to the p85 subunit and required 
interaction with RAS-GTP, but this was not a necessity 
for exon 20 mutation. These differences might explain 
the differential phenotype and prognostic influence of 
mutations in exons 9 and 20.

Additionally, we collected the clinical data of 50 TNBC 
patients to explore the impact of PIK3CA mutation 
on clinicopathology and prognosis. The initial analysis 
demonstrated that PIK3CA mutation might be associated 
with relapse and death in patients with TNBC; however, 
there was no statistical difference. It is still debatable 
whether or not PIK3CA mutation brings about a negative 
prognosis in TNBC. Although some previous reports 
showed that patients harboring this genetic alteration had 
poorer clinical outcomes (15,35,36), some authors have 
reported opposite results (16,18). The reason for this 
discordance might be complex. Firstly, inconsistent samples, 
tumor tissue, or circulating free DNA in plasma were used 
to detect PIK3CA mutation in different studies, and the 
accuracy of detection methods might vary. Furthermore, 
PIK3CA mutation might result in different prognostic 
outcomes in metastatic and early TNBC. As reported 
by Mosele et al. (18), patients with metastatic TNBC 
with PIK3CA mutation tended to have better overall 
survival than those with PIK3CA wild-type TNBC (24 vs.  
14 months, P=0.03), partly because of the high distribution 
of patients with HR+ primary tumors, which belonged 
to a less aggressive subtype of BC. Approximately 6% of 
patients with HR–primary tumors and 36% of patients 
with HR+ primary tumors present with PIK3CA mutation 
in metastatic TNBC. Therefore, it is necessary to include 
patients with the same TNBC stage and chemotherapy 
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regimens in future studies. Moreover, TNBC has been 
proved to be a heterogeneous tumor that can be classified 
into 4 or more subtypes (37,38). Lehmann et al. (39) reported 
that mutations in PIK3CA occurred more frequently in a 
subset of androgen receptor-positive (AR+) TNBC tumors, 
which were less likely to benefit from chemotherapy. 
Therefore, the different prognostic outcomes reported for 
PIK3CA mutation in TNBC could also be attributed to 
its heterogeneity. In a further study, subgroup analyses of 
patients with TNBC are necessary.

Currently, the standard care for TNBC still comprises 
chemotherapy combinations and is associated with excellent 
clinical response rates. Nonetheless, drug resistance can still 
constitute a challenge for clinicians. Our study proved there 
was a crucial relevance between PIK3CA mutation and 
chemotherapy resistance, suggesting that PIK3CA mutation 
could potentially serve as a predictive biomarker in patients 
receiving chemotherapy for TNBC. We suppose that 
PIK3CA mutations can be routinely detected in patients 
with TNBC to estimate their chemotherapy response. 
Jiang et al. (37) reported that PIK3CA mutations and copy-
number gains of chromosome 22q11 were more frequent 
in a Chinese cohort than in The Cancer Genome Atlas. 
In particular, about 70% of luminal androgen receptor-
type tumors showed somatic mutations in the PI3K/
AKT/mTOR pathway. Our study indicated that PIK3CA 
mutation triggered the PI3K/AKT/mTOR signaling’s 
sustained activation to inhibit apoptosis in TNBC. We 
hypothesize that agents targeting PIK3CA mutation (i.e., 
alpha-specific PI3K inhibitors) and other proteins in the 
downstream pathway might enhance chemotherapeutic 
sensitivity and accelerate tumor cell apoptosis. Several 
PI3K inhibitors have been assessed in combination with 
endocrine therapy in HR+/HER2- BC and have achieved 
an outstanding response (40). Alpelisib, an alpha-specific 
PI3K inhibitor, was evaluated in phase III SOLAR-1 
study. The study results demonstrated that alpelisib plus 
fulvestrant improved PFS compared with fulvestrant (11.0 
vs. 5.7 months, HR 0.65, 95% CI: 0.50 to 0.85, P<0.001) in 
a cohort of patients with HR+/HER2- metastatic BC with 
PIK3CA mutation (41). However, clinical trials of PI3K/
AKT/mTOR pathway inhibitors aiming to treat TNBC are 
limited, and many ongoing trials have yet to report their 
results (23). Buparlisib, a PI3K inhibitor, was tested in the 
BELLE-4 trial, which concluded that patients with TNBC 
exhibited a poorer PFS with buparlisib paclitaxel than with 
paclitaxel monotherapy (5.5 vs. 9.3 months, HR 1.86, 95% 
CI: 0.91–3.79). Patients with mutations in the PIK3CA gene 

also failed to benefit from the combination of buparlisib 
and paclitaxel in terms of prognosis (HR 1.17, 95% CI: 
0.63–2.17) (42). Lehmann et al. (39) demonstrated that 
PIK3CA mutations in AR+ TNBC conferred sensitivity 
to the combination of PI3K and AR inhibitors both in 
vivo and in vitro. In the subsequent TBCRC 032 IB/II 
multicenter study (43), Lehmann et al. observed the efficacy 
of AR antagonist and PI3K inhibitor in patients with AR+ 
metastatic TNBC. Patients with PIK3CA mutation had a 
higher clinical benefit rate (42.9% vs. 28.6%, P=1.00) and 
improved PFS (2.7 vs. 2.0 months, P=0.83) compared to 
patients with PIK3CA wild-type, although the difference 
was not significant. Recently, several clinical trials have 
assessed AKT inhibitors in the treatment of TNBC. For 
instance, the PAKT trial showed that capivasertib, an AKT 
inhibitor, brought an increase in PFS, from 4.2 months 
with paclitaxel plus placebo vs. 5.9 months with capivasertib 
plus paclitaxel (HR 0.75, 95% CI: 0.52–1.08, P=0.06). 
Importantly, pre-planned analysis of PIK3CA/AKT1/Pten-
altered tumors reported prolonged PFS in the capivasertib 
group compared with the placebo group (9.3 vs. 3.7 months, 
HR 0.30, 95% CI: 0.11–0.79, P=0.01) (44). It appears 
that AKT inhibitors might be more efficient than PI3K 
inhibitors in treating PIK3CA-aberrant TNBC tumors. 
Accordingly, more randomized controlled trials exploring 
PI3K pathway inhibition in TNBC are required in the 
future.

Some potential limitations exist in our study. Although 
the fundamental conclusion was not undermined, the dose 
of epirubicin injected into the mice might have been slightly 
too low since the mice’s tumor volume maintained an 
increasing trend after treatment. Also, the overall number 
of patients with TNBC included in our study was small, 
resulting in a deviation in the prognostic analysis. We are 
currently recruiting more TNBC patients for verification, 
and relevant results will be reported in our future study. 

In conclusion, PIK3CA mutation activates the PI3K/
AKT/mTOR signaling pathway and inhibits apoptosis in 
TNBC cells, contributing to the resistance to chemotherapy 
in TNBC. More importantly, PIK3CA mutation is a 
potential monitoring biomarker, and patients with TNBC 
who carry this mutation may benefit from PI3K pathway 
inhibitors.
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