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 Background: This study aimed to investigate the mechanism of CHEK2 gene dysfunction in drug resistance of triple nega-
tive breast cancer (TNBC) cells.

 Material/Methods: To perform our study, a stable CHEK2 wild type (CHEK2 WT) or CHEK2 Y390C mutation (CHEK2 Y390C) ex-
pressed MDA-MB-231 cell line was established. MTT assay, cell apoptosis assay and cell cycle assay were car-
ried out to analyze the cell viability, apoptosis, and cell cycle respectively. Western blotting and qRT-PCR were 
applied for related protein and gene expression detection.

 Results: We found that the IC50 value of DDP (Cisplatin) to CHEK2 Y390C expressed MDA-MB-231 cells was significant-
ly higher than that of the CHEK2 WT expressed cells and the control cells. After treatment with DDP for 48 h, 
cells expressing CHEK2 WT showed lower cell viability than that of the CHEK2 Y390C expressed cells and the 
control cells; compared with the CHEK2 Y390C expressed cells and the control cells, cells expressing CHEK2 WT 
showed significant G1/S arrest. Meanwhile, we found that compared with the CHEK2 Y390C expressed cells 
and the control cells, cell apoptosis was significantly increased in CHEK2 WT expressed cells. Moreover, our re-
sults suggested that cells expressing CHEK2 WT showed higher level of p-CDC25A, p-p53, p21, Bax, PUMA, and 
Noxa than that of the CHEK2 Y390C expressed cells and the control cells.

 Conclusions: Our findings indicated that CHEK2 Y390C mutation induced the drug resistance of TNBC cells to chemother-
apeutic drugs through administrating cell apoptosis and cell cycle arrest via regulating p53 activation and 
CHEK2-p53 apoptosis pathway.
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Background

Breast cancer is one of the most common diagnosed malig-
nancies in females in the world. Genetic factor is an impor-
tant risk factor for breast cancer [1]. Up-to-now, a variety of 
breast cancer susceptibility genes, including BRCA1/2, CHEK2 
(cell cycle checkpoint kinase 2), and ATM have been identi-
fied and considered to play important roles in DNA damage 
response [2–4]. BRCA1/2 is the most frequently found breast 
cancer susceptibility gene. People with BRCA1/2 gene muta-
tions have a significant risk of developing breast cancer and 
ovarian cancer for a lifetime, with a cumulative risk of breast 
cancer at the age of 70; and 40% of these patients also have a 
risk of ovarian cancer. BRCA1/2 is an important gene for DNA 
damage repair. After DNA damage, BRCA1 protein can be rapid-
ly recruited into the damaged DNA site, and activate its down-
stream RAD51, CHEK2, and other proteins by phosphorylation 
of the protein kinase ATM, thus achieving DNA damage repair 
through homologous recombination (HR), an important path-
way for DNA damage repairing.

CHEK2 is another important breast cancer susceptibility gene, 
found after BRCA1/2. Various studies have reported the criti-
cal roles of CHEK2 in the regulation of apoptosis, cell cycle and 
DNA repair [5]. CHEK2, which is involved in cell cycle G1/S or 
G2/M phase arrest, is an important signal transduction pro-
tein in DNA double-strand breaks. DNA double-strand breaks 
activate the intracellular ATM kinase, and ATM can activate 
the nuclear CHEK2 through a series of phosphorylation reac-
tions. CHEK2 can promote the phosphorylation of tumor sup-
pressor gene p53 (Ser20), block the binding of murine double 
micro-2 (MDM2) protein to p53 and its role in degradation of 
p53, thus improving the stability of p53 in cells [6]. p53 can in-
duce G1 arrest by activating the transcription of the p21CIF1/
WAP1 gene, which inhibits cyclin-dependent CHEK2/cyclin E 
complex activity. In addition to p53 activation induced G1 ar-
rest, activated CHEK2 can phosphorylate and then degrade 
CDC25A, function G1/S detection point effect, thus blocking 
DNA synthesis.

Our previous studies [7–9] have been carried out on multi-
ple related genes of the DNA damage pathway, and we found 
that CHEK2 Y390C mutation inhibited the efficacy of CHEK2 
in response to DNA damage agents, indicating Y390C muta-
tion significantly impaired CHEK2 function during DNA dam-
age response. Based on the previous studies, we propose the 
following hypothesis: CHEK2 is involved in the regulation of 
the effect of chemotherapeutic drugs on human breast can-
cer cells, and CHEK2 mutations may cause drug resistance to 
chemotherapy agents in breast cancer cells. In this study, we 
will examine how CHEK2 Y390C mutation can induce the drug 
resistance of triple-negative breast cancer (TNBC) cells to che-
motherapeutic drugs, and explore the underlying molecular 

mechanisms through analysis of cell apoptosis, cell cycle ar-
rest, p53 activation, and CHEK2-p53 apoptosis pathway.

Material and Methods

Cell culture

Human TNBC cell line MDA-MB-231 was purchased from 
American Type Culture Collection (ATCC, USA). MDA-MB-231 
cells were grown in DMEM (Gibco, USA) containing 5% (v/v) 
fetal bovine serum (FBS, Gibco), 1% penicillin-streptomycin, 
and 2 mM L-glutamine, and incubated at 37°C with 5% CO2.

Cell transfection

To knockdown the CHEK2 gene in MDA-MB-231 cells, cell trans-
fection assay was performed by using Lipofectamine2000 re-
agent (Invitrogen). In brief, MDA-MB-231 cells (5×104 cells/well) 
were seeded into six-well plates the day before transfection. 
Then CHEK2-shRNA or control-shRNA (Santa Cruz, CA, USA) was 
transfected into MDA-MB-231 cells using Lipofectamine2000 
reagent (Invitrogen) according to manufacturer’s protocol. Then 
48 hours after the transfection, the transfection efficiency was 
detected using qRT-PCR and western blotting.

Subsequently, CHEK2 WT (wild-type CHEK2) or CHEK2 Y390C 
(CHEK2 Y390C mutation) was re-expressed in the CHEK2 knock-
down MDA-MB-231 cells as previously described [7]. Cells trans-
fected with vector control were used as the control group. The 
transfection efficiency was detected using qRT-PCR and west-
ern blotting. The cells were then treated with various concen-
trations of DDP for 48 hours.

MTT assay

CHEK2 knockdown cells were transfected with retrovirus that 
encoded CHEK2 WT or CHEK2 Y394C, and then treated with 
DDP for 48 hours. Cell viability was then measured by per-
forming MTT assay. In brief, 20 mg/mL MTT solution was add-
ed into each culture well and incubated at 37°C for four hours. 
The optical density (OD) at 570 nm was determined using a 
microplate reader. To determine the drug resistance of MDA-
MB-231 cells to DDP, half-maximal inhibitory concentration 
(IC50) values were calculated.

Apoptosis analysis assay

Forty-eight hours after drug treatment, MDA-MB-231 cells were 
washed with cold PBS for at least three times, fixed with 70% 
ethanol for 15 minutes, and then rinsed with PBS. Subsequently, 
the cells were labeled with Annexin V-FITC and propidium io-
dide (PI) according to the manufacturer’s instructions. After 
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incubation at room temperature for 30 minutes, flow cytome-
try (Becton Dickinson, New Jersey, USA) was carried out to an-
alyze cell apoptosis. Tests were repeated at least three times.

Cell cycle assay

Forty-eight hours after drug treatment, MDA-MB-231 cells were 
harvested, fixed with ethanol, trypsinized and then washed 
with PBS. After permeabilized with 0.05% Triton X-100 in 
PBS for 15 minutes, the cells were then stained with propid-
ium iodide solution (10 μg/mL) for 10 minutes without light. 
Finally, FACS analysis (BD FACSCalibur; BD Biosciences, Franklin 
Lakes, NJ, USA) was performed to analyze the different phas-
es of the cell cycle.

Western blot analysis

The primary antibodies CHEK2, p-p53, p53, p21, Bax, PUMA, 
Noxa, CDC25A, and p-CDC25A, and the secondary antibod-
ies, were all purchased from CST (USA). BCA protein assay kit 
(Beyotime, Shanghai, China) was used to quantify the total pro-
tein lysates extracted from MDA-MB-231 cells. Equal amount 
of protein samples were separated using 12% sodium dodecy-
lsulfate-polyacrylamide gels and then transferred onto a poly-
vinylidene fluoride membrane (Millipore, Billerica, MA, USA). 
After blocking with 5% skim milk, the membranes were incu-
bated with primary antibodies overnight at 4°C. Subsequently, 
the membranes were incubated with horseradish peroxidase-
conjugated secondary antibodies at room temperature for two 
hours. The protein bands were visualized by using SuperSignal™ 
West Pico Chemiluminescent Substrate (Thermo Scientific). The 
internal control was b-actin.

Quantitative real-time PCR (qRT-PCR)

Total RNA from MDA-MB-231 cells was extracted using TRIzol 
regent (Invitrogen) following the manufacturer’s instruction. 
The PrimeScript™ reverse transcription reagent kit (TaKaRa Bio, 
Otsu, Japan) was used for reverse transcription assay. For cDNA 
analysis, quantitative real-time PCR (qRT-PCR) was performed 
by using the SYBR premix Ex TaqII kit (Takara) per as the man-
ufacturer’s instructions. GAPDH was used as the internal con-
trol. The primer sequences for real-time PCR were as follows:
CHEK2 forward, 5’-TCTCGGGAGTCGGATGTTGAG-3’,
reverse, 5’-CCTGAGTGGACACTGTCTCTAA-3’;
p21 forward, 5’-TGCAACTACTACAGAAACTGCTG-3’,
reverse, 5’-CAAAGTGGTCGGTAGCCACA-3’;
Bax forward, 5’-CCCGAGAGGTCTTTTTCCGAG-3’,
reverse, 5’-CCAGCCCATGATGGTTCTGAT-3’;
PUMA forward, 5’-GCCAGATTTGTGAGACAAGAGG-3’,
reverse, 5’-CAGGCACCTAATTGGGCTC-3’;
Noxa forward, 5’-CCAAGCCGTGACCAAGGAC-3’,
reverse, 5’-CGCCACATTGTGTAGCACCT-3’;

GAPDH forward, 5’-GGCATTGCTCTCAATGACAA-3’,
reverse, 5’-TGTGAGGGAGATGCTCAGTG-3’.
Relative gene expression was analyzed using the 2–DDCt meth-
od [10]. Each reaction was performed in triplicate.

Statistical analysis

GraphPad Prism (GraphPad Software, San Diego, CA, USA) was 
used for data analysis. Data were presented as mean ± stan-
dard deviation (SD). Comparison between groups was per-
formed using Student’s t-test or one-way ANOVA; p<0.05 was 
considered as a significant difference.

Results

CHEK2 Y390C mutation induces drug resistance of MDA-
MB-231 cells to DDP

To investigate the mechanism of CHEK2 gene dysfunction in 
drug resistance of TNBC cells to DDP, a stable CHEK2 WT or 
CHEK2 Y390C expressed MDA-MB-231 cell line was estab-
lished. Firstly, CHEK2 gene was silenced in MDA-MB-231 cells 
using CHEK2-shRNA. Then 48 hours after transfection, the 
transfection efficiency was detected using qRT-PCR and west-
ern blotting respectively. As shown in Figure 1A and 1B, com-
pared with the control groups, the protein and mRNA level of 
CHEK2 was significantly decreased in CHEK2 knockdown MDA-
MB-231 cells. The IC50 value of DDP was significantly increased 
in CHEK2 knockdown cells (Figure 1C).

Then, CHEK2 WT or CHEK2 Y390C was re-expressed in the 
CHEK2 knockdown MDA-MB-231 cells. As shown in Figure 2A 
and 2B, no significant difference of CHEK2 expression was 
found in CHEK2 WT and CHEK2 Y390C re-pressed MDA-MB-231 
cells. And the IC50 value of DDP to CHEK2 Y390C expressed 
MDA-MB-231 cells was significantly higher than that of the 
CHEK2 WT expressed MDA-MB-231 cells, and no significant 
difference was found between CHEK2 Y390C expressed cells 
and the control cells (Figure 2C).

CHEK2 Y390C mutation impairs cell viability inhibition 
upon DNA damage induced by DDP

After treatment with 3 μM DDP for 48 hours, cell viability was 
detected using MTT assay. We found that compared with the 
control group, the cell viability was significantly decreased in 
CHEK2 WT expressed MDA-MB-231 cells. CHEK2 Y390C ex-
pressed MDA-MB-231 cells showed higher cell viability com-
pared to the CHEK2 WT expressed MDA-MB-231 cells. No sig-
nificant difference was found between CHEK2 Y390C expressed 
cells and the control cells (Figure 3).
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CHEK2 Y390C mutation impairs cell apoptosis upon DNA 
damage induced by DDP

CHEK2 knockdown cells were transfected with retrovirus that 
encoded CHEK2 WT or CHEK2 Y394C and then treated with 3 
μM DDP for 48 hours, and then cell apoptosis was analyzed 
using FCM. As shown in Figure 4A and 4B, cell apoptosis was 
significantly induced in CHEK2 WT expressed MDA-MB-231 
cells compared to the control group. However, compared with 
CHEK2 WT group, cell apoptosis markedly reduced in the CHEK2 
Y390C group. No significant difference was found between 
CHEK2 Y390C expressed cells and the control cells.

CHEK2-p53 apoptosis pathway was determined in the pres-
ent study, and the level of p21, Bax, PUMA, and Noxa was de-
tected. The findings suggested that cells expressing CHEK2 
WT showed higher protein/mRNA level of p21, Bax, PUMA, 
and Noxa than that of the CHEK2 Y390C expressed cells and 

the control cells. No significant difference was found between 
CHEK2 Y390C expressed cells and the control cells (Figure 5).

CHEK2 Y390C mutation impairs cell cycle arrest upon DNA 
damage induced by DDP

The cell cycle analysis suggested that CHEK2 WT expressed 
MDA-MB-231 cells arrested in G1/S phase after treatment with 
DDP. However, this arrest was eliminated when CHEK2 Y390C 
mutation was expressed in MDA-MB-231 cells, and no signif-
icant difference was found between CHEK2 Y390C expressed 
cells and the control cells (Figure 6A).

In addition, the phosphorylation of CDC25A was measured in 
the present study, and we found that compared with the con-
trol cells, p-CDC25A significantly enhanced in CHEK2 WT ex-
pressed MDA-MB-231 cells. And this elevation was notably 
eliminated by CHEK2 Y390C mutation (Figure 6B, 6C).
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Figure 1.  Suppression of CHEK2 in MDA-MB-231 cells. CHEK2 gene was silenced in MDA-MB-231 cells by transfection with CHEK2-
shRNA. Forty-eight hours after transfection, the transfection efficiency was detected using western blotting (A) and qRT-PCR 
(B), respectively. And IC50 value of DDP to MDA-MB-231 cells was detected (C). Data were presented as mean ±SD; ** p<0.01 
versus control.
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Figure 2.  Re-expression of CHEK2 WT and CHEK2 Y394C in CHEK2-knockdown MDA-MB-231 cells. CHEK2 WT (wild-type CHEK2) or 
CHEK2 Y390C (CHEK2 Y390C mutation) was re-expressed in CHEK2 knockdown MDA-MB-231 cells. CHEK2 knockdown MDA-
MB-231 cells transfected with vector control were used as the control group. CHEK2 expression was detected using western 
blotting (A) and qRT-PCR (B), respectively. The IC50 value of DDP to MDA-MB-231 cells was detected (C). Data were presented 
as mean ±SD; ** p<0.01 versus control.
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Figure 3.  Effect of CHEK2 Y390C mutation on MDA-MB-231 cell 
viability. CHEK2 WT (wild-type CHEK2) or CHEK2 Y390C 
(CHEK2 Y390C mutation) was re-expressed in CHEK2 
knockdown MDA-MB-231 cells. CHEK2 knockdown 
MDA-MB-231 cells transfected with vector control were 
used as the control group. After treatment with 3 μM 
DDP for 48 hours, the cell viability was detected using 
MTT assay. Data are presented as mean ±SD; ** p<0.01 
versus control.

Figure 4.  Effect of CHEK2 Y390C mutation on MDA-MB-231 cell apoptosis. CHEK2 WT (wild-type CHEK2) or CHEK2 Y390C (CHEK2 
Y390C mutation) was re-expressed in CHEK2 knockdown MDA-MB-231 cells. CHEK2 knockdown MDA-MB-231 cells 
transfected with vector control were used as the control group. After treatment with 3 μM DDP for 48 hours, the cell 
apoptosis was analyzed using FCM. Data are presented as mean ±SD; ** p<0.01 versus control.
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CHEK2 Y390C mutation impairs p53 activation upon DNA 
damage induced by DDP

The activation of p53 plays an important role in the regula-
tion of DNA repair, cell death, and cell cycle. The present study 
found that after treatment with 3 μM DDP for 48 hours, the 

phosphorylation of p53 was significantly enhanced in CHEK2 
WT expressed MDA-MB-231 cells compared to the control 
cells. Compared with CHEK2 WT expressed MDA-MB-231 cells, 
p-p53 markedly reduced in CHEK2 Y390C expressed MDA-
MB-231 cells. No significant difference was found between 
CHEK2 Y390C expressed cells and the control cells (Figure 7).
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Discussion

Drug resistance is a major factor that affects the efficacy of 
chemotherapy in patients with breast cancer. There are many 
factors that affect TNBC drug resistance, including the evalu-
ation of multi-drug resistance associated protein (MRP) genes, 
resistant multi-drug (MDR) gene, and their products, as well as 
reduced Topoisomerase II (Topo II) and glutathione (GSH), and 
increased glutathione S transferase (GST) system. Furthermore, 
studies have shown that the abnormal expression of relat-
ed factors in cell signal transduction, DNA repair abnormali-
ty in tumor cells, and the aberrant expression of other relat-
ed genes are closely related to TNBC drug resistance [11–16].

As a tumor suppressor gene, CHEK2 plays a critical role in DNA 
repair and maintenance of chromosome stability, and it is prone 
to mutate and cause cancer [15–17]. Studies have shown that 
CHEK2 mutations are involved in cancer occurrence and che-
motherapeutic drug resistance [18–21]. Our previous study [7] 
have shown that CHEK2 Y390C mutation could inhibit the effi-
cacy of CHEK2 in response to DNA damage agents, thus indi-
cating Y390C mutation significantly impaired CHEK2 function 
during DNA damage response. In the present study, we inves-
tigated the mechanism of CHEK2 gene dysfunction in drug re-
sistance of TNBC cells. Firstly, we confirmed that CHEK2 Y390C 

mutation induced drug resistance of MDA-MB-231 cells to DDP; 
DDP is a recognized chemotherapeutic agent which can cause 
DNA damage. Further analysis found that CHEK2 Y390C mu-
tation could impair cell viability inhibition, cell apoptosis, and 
cell cycle arrest induced by DDP.

CHEK2 is phosphorylated and activated by ATM kinases in re-
sponse to DNA damage. Then the activated CHEK2 activates 
or phosphorylates lots of substrates, including proteins of ser-
ine 988 BRCA1 genes, tumor suppressor upstream gene p53, 
cell division cycle (CDC25) family, and cell cycle control pro-
teins [15]. Thus, to improve DNA repair and triggers cell cycle 
checkpoints as well as p53-mediated apoptosis [22,23]. To ex-
plore the underlying molecular mechanism of CHEK2 Y390C 
mutation induced drug resistance in TNBC cells, we analyzed 
p53 activation, CDC25 phosphorylation, and CHEK2-p53 apop-
tosis pathway by detecting the level of p-p53, p-cDC25, p21, 
Bax, PUMA, and Noxa. Findings indicated that cells express-
ing CHEK2 WT showed higher level of p-p53, p-CDC25A, p21, 
Bax, PUMA, and Noxa than that of the CHEK2 Y390C expressed 
cells and the control cells. No significant difference was found 
between CHEK2 Y390C expressed cells and the control cells. 
These results indicated that CHEK2 Y390C manages cell apop-
tosis and cell cycle through regulating p53 activation and 
CHEK2-p53 apoptosis pathway.
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Figure 5.  Effect of CHEK2 Y390C mutation on CHEK2-p53 apoptosis pathway in MDA-MB-231 cell apoptosis. CHEK2 WT (wild-type 
CHEK2) or CHEK2 Y390C (CHEK2 Y390C mutation) was re-expressed in CHEK2 knockdown MDA-MB-231 cells. CHEK2 
knockdown MDA-MB-231 cells transfected with vector control were used as the control group. After treatment with 3 μM 
DDP for 48 hours, the protein (A) and mRNA (B–E) level of p21, Bax, PUMA, and Noxa were determined using western blot 
and qRT-PCR, respectively. Data are presented as mean ±SD; ** p<0.01 versus control.
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vector control were used as the control group. After treatment with 3 μM DDP for 48 hours, cell cycle was analyzed by FCM. 
Meanwhile, the protein level of p-CDC25 was determined using western blot. Data are presented as mean ±SD; ** p<0.01 
versus control.
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Figure 7.  Effect of CHEK2 Y390C mutation on p53 activation in MDA-MB-231 cells. CHEK2 WT (wild-type CHEK2) or CHEK2 Y390C 
(CHEK2 Y390C mutation) was re-expressed in the CHEK2 knockdown MDA-MB-231 cells. CHEK2 knockdown MDA-MB-231 
cells transfected with vector control were used as the control group. After treatment with 3 μM DDP for 48 hours, the protein 
level of p-p53 was determined using western blot. Data are presented as mean ±SD; ** p<0.01 versus control.

In summary, our present research suggested that CHEK2 Y390C 
mutation induced the drug resistance of TNBC cells to chemo-
therapeutic agents through administration of cell apoptosis and 

cell cycle arrest via regulating p53 activation and CHEK2-p53 
apoptosis pathway.
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Conclusions

Our data indicate that CHEK2 Y390C mutation induces resis-
tance of TNBC cells to chemotherapeutic drugs via regulating 
p53 activation and CHEK2-p53 apoptosis pathway. Therefore, 
CHEK2 Y390C may serve as a novel therapeutic target in TNCB 
treatment in the future. In addition, it may be an effective 

molecular marker to predict the sensitivity of patients to che-
motherapy drugs, and thus better guide individual treatment 
decisions and improve the efficacy of chemotherapy.
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