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Abstract. Triple‑negative breast cancer (TNBC) is the most
common type of cancer among females worldwide and is asso‑
ciated with poor prognosis. Poly ADP‑ribose polymerase‑1
(PARP1) inhibitors are effective against TNBC with mutations
in the breast cancer type 1 susceptibility protein (BRCA1)
and/or BRCA2 genes; however, the development of resistance
to PARP1 inhibitors limits their use. Thus, identifying strate‑
gies to overcome this resistance is urgently required. The aim
of the present study was to investigate the potential func‑
tion and mechanism of small interfering (si)RNA‑MAPK4
(siMAPK4) in enhancing the efficacy of a PARP1 inhibitor
and reducing the resistance. In the present study, data on the
mRNA expression level of MAPK4 in normal breast tissues and
TNBC tissues were obtained from The Cancer Genome Atlas
database. The mRNA and protein expression levels of MAPK4
in normal breast cells and TNBC cells were analyzed using
reverse transcription‑quantitative PCR and western blotting,
respectively. The phosphorylated (p) histone H2AX (γH2AX)
protein expression was assessed via immunofluorescence. Cell
Counting Kit‑8, wound healing and TUNEL assays were used
to determine the proliferative, migratory and apoptotic abilities
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of HCC1937 cells. MAPK4 was highly expressed in TNBC
patient tissues and cell lines. Moreover, overexpression of
MAPK4 could promote HCC1937 cell proliferation. Treatment
of HCC1937 cells with the combination of siMAPK4 and a
PARP1 inhibitor olaparib decreased their proliferation and
migration and increased their apoptosis. The protein expression
levels of the DNA repair‑related proteins p‑DNA‑dependent
protein kinase catalytic subunit (DNA‑PK) and RAD51
recombinase (RAD51) were inhibited in the siMAPK4
and siMAPK4 + olaparib groups. However, the marker of a
double‑stranded break γH2AX showed increased protein
expression in the siMAPK4 + olaparib group. As MAPK4
could phosphorylate AKT at threonine 308 (AKT T308), the
current study restored p‑AKTT308 using a constitutively active
AKT plasmid (AKT‑CA). p‑DNA‑PK and RAD51 showed
high expression and γH2AX exhibited lower protein expres‑
sion in the AKT‑CA group. The present findings suggested
that siMAPK4 can enhance the sensitivity of TNBC cells to
PARP1 inhibitors.
Introduction
Breast cancer is the most commonly diagnosed type of cancer
and the third leading cause of cancer‑related mortality among
females worldwide (1). In 2020, 2.65 million new cases and
685,000 deaths occurred, accounting for the second highest
incidence of cancer and fifth highest rate of cancer‑related
mortality (2). Moreover, the incidence and mortality rates
of breast cancer are rising annually (2). Triple‑negative
breast cancer (TNBC), which is defined by a lack of expres‑
sion of estrogen receptor, progesterone receptor and HER‑2,
accounts for 11‑20% of all breast carcinomas (3,4). Notably,
targeted therapy has a poor effect on TNBC (5). Therefore,
the discovery of novel therapies for the treatment of TNBC is
urgently required.
MAPK4, also termed ERK4, p63 and Prkm4, is an
atypical MAPK as it is not phosphorylated by the dual
serine/threonine and tyrosine MAPK kinase due to a lack
of the threonine‑X‑tyrosine activation motif (6). Thus far,
MAPK4 has been associated with several diseases, such as
numerous types of cancer and methamphetamine addiction
leading to psychosis (7). According to The Cancer Genome
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Atlas (TCGA), lung adenocarcinoma, low‑grade glioma,
thyroid carcinoma and urothelial carcinoma with upregulation
of MAPK4 are associated with poor prognosis (8). Moreover,
MAPK4 phosphorylates AKT at threonine 308 (AKTT308) and
serine 473 (AKTS473), thereby promoting cell proliferation and
inhibiting apoptosis (9). It has been verified that microRNA
(miR)‑767‑5p upregulates MAPK4, and that the circular
(circ)RNA circ_0000190 inhibits the progression of multiple
myeloma by regulating MAPK4 (10). Furthermore, circRNA
MAPK4 inhibits apoptosis by regulating miR‑125a‑3p, which
inhibits the MAPK signaling pathway (11). This evidence indi‑
cates the role of MAPK4 as an oncogene. It has been shown
that the AKT signaling pathway is associated with the DNA
damage repair mechanism (12,13). Hence, we hypothesized
that MAPK4 could regulate DNA damage repair by activating
the AKT signaling pathway.
In recent years, the DNA damage repair mechanism has
been utilized in the treatment of cancer (14). Poly ADP‑ribose
polymerase‑1 (PARP1) serves vital roles in DNA damage
repair of single‑strand and double‑strand breaks by catalyzing
the formation of poly ADP‑ribose and maintaining genome
integrity (15). PARP inhibitors, such as olaparib and rucaparib,
have been approved by the US Food and Drug Administration,
and it has been shown that these drugs are effective for
the treatment of ovarian and breast cancer, particularly
TNBC (16,17). However, the wide use of PARP inhibitors
can lead to the development of resistance (18). Thus, there is
an urgent requirement to discover novel targets or drugs that
can be combined with PARP1 inhibitors.
As aforementioned, MAPK4 was identified to be associ‑
ated with several cancer types, and can promote DNA repair
by increasing AKT phosphorylation. Thus, small interfering
(si)RNA MAPK4 (siMAPK4) may be a novel molecule to
combine with PARP1 inhibitors. Therefore, the present study
aimed to investigate the potential function and mechanism
of siMAPK4 in enhancing the efficacy of a PARP1 inhibitor,
which could reduce the possibility of PARP1 inhibitor resis‑
tance in TNBC and provide a new therapeutic strategy for the
treatment of TNBC.
Materials and methods
M a t e r i a l s a n d re a g e n t s. R P M I ‑16 4 0 m e d i u m
(cat. no. 11875093), FBS (cat. no. 10100139C) and 100 IU/ml
penicillin‑streptomycin (cat. no. 15140‑122) were purchased
from Gibco; Thermo Fisher Scientific, Inc. MCF‑10A‑specific
medium (cat. no. CM‑0525) was from Procell Life Science
& Technology Co., Ltd. The PARP1 inhibitor olaparib
(cat. no. HY‑10162) was purchased from MedChemExpress.
Antibodies against MAPK4 (cat. no. ab211501), p‑AKT T308
(cat. no. ab38449), p‑AKTS473 (cat. no. ab8932), DNA‑dependent
protein kinase catalytic subunit (DNA‑PK; cat. no. ab44815),
p‑DNA‑PK (cat. no. ab18192), RAD51 (cat. no. ab63801), Bcl‑2
(cat. no. ab59348), Bax (cat. no. ab53154), cleaved‑casp‑3
(cat. no. ab32042) and GAPDH (cat. no. ab245355) were from
Abcam, while HRP‑labeled goat anti‑mouse and anti‑rabbit
IgG (cat. nos. ZB‑2301 and ZB‑2305, respectively) were
from OriGene Technologies, Inc. The anti‑p‑histone H2AX
(γH2AX; phospho‑Ser139; cat. no. K001453M) antibody was
purchased from Beijing Solarbio Science & Technology Co.,

Ltd., while the anti‑mouse IgG (H + L) F(ab')2 Fragment
(Alexa Fluor ® 488 Conjugate; cat. no. 4408S) for immu‑
nofluorescence was from Cell Signaling Technology, Inc.
The RNeasy Mini kit (cat. no. 74104), QuantiTect Rev
Transcription kit (cat. no. 205311) and miScript SYBR
Green PCR kit (cat. no. 218073) were obtained from
Qiagen GmbH. siMAPK4‑1 (5'‑GGU G AG C UG  U UC
A AG U UC A GC‑3'), si M A PK4 ‑2 (5'‑ GGA  A GG U CG
CUGUGAAGAAGA‑3'), siMAPK4‑3 (5'‑GGUUGGUAA
CAA AGUG GUACC‑3') and scramble siRNA (5'‑GGCGTG
AATGGGTCTA ACCTT‑3') were purchased from Addgene,
Inc. Overexpression‑MAPK4 plasmid (cat. no. C05008), the
pcDNA 3.1 empty vector (cat. no. C06002), which was used
as the overexpression‑negative control (NC), and constitu‑
tively active AKT (AKT‑CA) plasmids (cat. no. 53583) were
designed and purchased from Shanghai GenePharma Co.,
Ltd. The mRNA expression level of MAPK4 from 116 TNBC
samples and 114 normal samples was obtained from UALCAN
(http://ualcan.path.uab.edu) (19), which could provide mRNA
expression data regarding cancer and normal samples in
TCGA.
Cell culture. MCF‑10A (normal human mammary epithelial
cell line) cells were purchased from The Cell Bank of Type
Culture Collection of Chinese Academy of Sciences and
cultured in MCF‑10A‑specific medium (Procell Life Science
& Technology Co., Ltd.). MDA‑MB‑468 and MDA‑MB‑231
(breast adenocarcinoma), HCC1937 (ductal breast carcinoma)
cells are TNBC cell lines (all from The Cell Bank of Type
Culture Collection of Chinese Academy of Sciences) and were
cultured in RPMI‑1640 medium containing 10% FBS and
1% 100 IU/ml penicillin‑streptomycin at 37˚C in an incubator
with 5% CO2.
Cell transfection. According to the instructions provided by
the manufacturer of Lipofectamine® 2000 (Thermo Fisher
Scientific, Inc.), HCC1937 cells were seeded in 6‑well plates
at the density of 1.2x106 cells/well. The following day, 10 µl
Lipofectamine 2000 and 4 µg plasmids were diluted with
500 µl Opti‑MEM (Thermo Fisher Scientific, Inc.) and
incubated at room temperature for 20 min. Subsequently,
the Lipofectamine 2000 and plasmids solution was added to
the cells. Following 6 h of incubation at 37˚C, the medium
was changed with fresh RPMI‑1640 medium. After 24 h, the
subsequent experiments were performed with the transfected
HCC1937 cells.
Western blotting. Western blotting was performed as previ‑
ously described (20,21). Briefly, total protein of HCC1937 cells
was extracted using RIPA lysis buffer (Beyotime Institute of
Biotechnology), quantified using an Enhanced BCA Protein
assay kit (Beyotime Institute of Biotechnology), separated via
10% SDS‑PAGE (20 µg total protein/lane) and transferred to
nitrocellulose membranes (Whatman pcl). After blocking with
5% fat‑free milk for 1 h at room temperature, the membranes
were incubated with primary antibodies at 4˚C overnight.
After washing three times with TBS‑Tween‑20 (1%), the
membranes were incubated with secondary antibodies for
1 h at room temperature. Finally, the blots were acquired
using Supersignal WestFemto Maximum Sensitivity substrate
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(Thermo Fisher Scientific, Inc.) and a ChemiDoc XRS+ system
(Bio‑Rad Laboratories). The antibodies used were as follows:
MAPK4 (1:1,000), p‑AKT T308 (1:800), p‑AKTS473 (1:800),
DNA‑PK (1:1,000), p‑DNA‑PK (1:200), RAD51 (1:3,000)
Bcl‑2 (1:800), Bax (1:800), cleaved‑casp‑3 (1:800), GAPDH
(1:2,000), and HRP‑labeled goat anti‑mouse and anti‑rabbit
IgG (1:2,000).
MTT assay. The MTT assay was performed as previously
described (21). Briefly, HCC1937 cells transfected with
siMAPK, overexpression‑MAPK4 or scramble siRNA were
seeded into 96‑well plates (5,000 cells/well), and 10 µM
olaparib was added the following day for 24 h. After incu‑
bating for 24, 48 and 72 h in a 37˚C incubator, cells were
incubated with MTT (10 µg/ml) at 37˚C for 4 h, then 150 µl
DMSO was added to the wells and the optical density values
were measured.
Wound healing assay. The wound healing assay was
performed as previously described (20,21). Briefly, HCC1937
cells transfected with siMAPK4 or scramble siRNA, and
control HCC1937 cells were seeded into 6‑well plates at the
density of 106 cells per well, which had been marked with
a straight line on the back of the plates in advance. The
following day, cells were treated with 10 µM olaparib for 24 h
in a 37˚C incubator. Following the treatment, wounds were
made in the cell monolayer by scratching with 10‑µl pipette
tips. The cells were then incubated in DMEM without FBS
at 37˚C in an incubator. Images were captured using a light
microscope (magnification, x100) at 0 and 24 h after treatment
with olaparib and the migratory distance was measured using
ImageJ 1.49 (National Institutes of Health).
Immunofluorescence. Immunofluorescence was performed as
previously described (21). Briefly, cells were fixed in 4% para‑
formaldehyde for 15 min at room temperature and blocked
with 2% BSA (Sigma‑Aldrich; Merck KGaA) for 1 h at room
temperature. Primary antibody γH2AX (1:200) was incubated
at 4˚C overnight and FITC‑labelled secondary anti‑mouse
antibody (1:400; cat. no. 4408S; Cell Signaling Technology,
Inc.) was incubated for 1 h at room temperature. Nuclei were
counterstained with DAPI at room temperature. Finally, cells
were sealed, and images were acquired using a confocal
microscope (magnification, x100).
RT‑quantitative (RT‑q)PCR. mRNA was extracted using a
RNeasy Mini kit and reverse transcribed into cDNA according
to the manufacturer's instructions of the QuantiTect Rev
Transcription kit. qPCR was performed with the miScript
SYBR Green PCR kit. The system was as follows: 10 µl 2X
SYPR Green Supermix, 1 µl forward primer, 1 µl reverse
primer, 2 µl cDNA and 6 µl RNase‑free water. The amplifica‑
tion was performed as follows: Initial denaturation at 95˚C for
10 min; followed by 40 cycles of 95˚C for 15 sec, 60˚C for
30 sec; and a final extension at 72˚C for 30 sec. The mRNA
expression levels were quantified using the 2‑∆∆Cq method (22).
The primers used were as follows: MAPK4 forward, 5'‑ATC
CTG  G CT  GAG ATG  C TT AC‑3' and reverse, 5'‑CTT  GTC
TTCC TCCCGGATTAC‑3' (product length, 108 bp); and
GAPDH (NM_001289726.1) forward, 5'‑CCTTCCGTGTTC
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CTACCC‑3' and reverse, 5'‑AAGTCGCAGGAGACAACC‑3'
(product length, 163 bp); and AKT (NM_001382432) forward,
5'‑TGGACTACCTGCACTCGGAGAA‑3' and reverse, 5'‑GTG
CCGCAAAAGGTCTTCATGG‑3' (product length, 154 bp).
TUNEL assay. The TUNEL assay was performed according
to the manufacturer's instructions (Roche Diagnostics). Cells
were fixed with 4% paraformaldehyde for 25 min at room
temperature and washed twice with PBS. Subsequently,
0.2% Triton X‑100 was added for 5 min at room tempera‑
ture, the cells were washed with PBS and TUNEL reaction
reagent was added for 60 min at 37˚C in a dark moisture
chamber. Of note, only dUTP solution and DNase 1 were
added to the negative and positive control groups, respec‑
tively. After the slides were washed, converter‑POD was
added for 30 min at 37˚C. The cells were washed again
thrice with PBS, and diaminobenzidine was added at room
temperature for 10 min. Next, the slides were washed with
PBS, captured and counterstained with hematoxylin for
1 min at room temperature, washed with running water and
dehydrated with gradient alcohol (50, 70, 85, 95 and 100%)
for 1 min at each concentration. The process was completed
by the addition of xylene twice (5 min per time) and sealing
of the slides with neutral gum (Beijing Solarbio Science &
Technology Co., Ltd.). The apoptotic rate was calculated in
200 cells obtained from different groups using a light micro‑
scope (magnification, x100) (23).
Statistical analysis. All experiments were repeated in tripli‑
cate and data are presented as the mean ± SEM, and statistical
analyses were performed using GraphPad Prism 5.01 software
(GraphPad Software, Inc.). An unpaired t‑test and one‑way
ANOVA were used to determine the significant differences,
and multiple comparison between the groups was performed
using Bonferroni's method. P<0.05 was considered to indicate
a statistically significant difference.
Results
MAPK4 is highly expressed in TNBC tissues and cell lines.
MAPK4 is upregulated in numerous types of cancer, including
lung adenocarcinoma and bladder cancer (9). By analyzing
114 normal breast tissues and 116 TNBC samples from TCGA
database, it was found that TNBC samples had higher MAPK4
mRNA expression compared with normal samples (Fig. 1A).
Moreover, the TNBC cell lines MDA‑MB‑468, HCC1937 and
MDA‑MB‑231 expressed higher mRNA and protein levels
of MAPK4 compared with the normal MCF‑10A cell line
(Fig. 1B and C). These findings indicated that the upregulation
of MAPK4 may be associated with TNBC.
MAPK4 promotes the proliferation of HCC1937 cells.
HCC1937 cells were transfected with siMAPK4 and an overex‑
pression‑MAPK4 plasmid. As HCC1937 cells expressed higher
MAPK4 expression, these cells were chosen for knockdown
experiments. The siMAPK4 group had lower MAPK4 mRNA
and protein expression, while the overexpression‑MAPK4
group had higher MAPK4 expression compared with the
control groups (HCC1937 wild‑type cells) (Fig. 2A‑D). Then
their proliferation was determined and the results revealed

4

ZENG et al: LOSS OF MAPK4 ENHANCES THE SUPPRESSIVE EFFECT OF A PARP1 INHIBITOR IN TNBC

Figure 1. MAPK4 is highly expressed in TNBC tissues and cell lines. (A) MAPK4 mRNA expression in 114 normal breast tissues and 116 TNBC samples of
different subclasses of breast cancer from TCGA. **P<0.01 vs. Normal group. Relative (B) mRNA and (C) protein expression levels of MAPK4 in MCF‑10A,
MDA‑MB‑468, HCC1937 and MDA‑MB‑231 cells. *P<0.05, **P<0.01 vs. MCF‑10A cells. TCGA, The Cancer Genome Atlas; TNBC, triple‑negative breast
cancer.

Figure 2. MAPK4 promotes the proliferation of HCC1937 cells. (A) Extraction of total mRNA from siMAPK4 cells, scramble siRNA cells and control cells.
RNA was reverse transcribed to cDNA, and the relative mRNA expression levels of MAPK4 were determined via RT‑qPCR. (B) The total protein of siMAPK4
cells, scramble siRNA cells and control cells was extracted, and the expression level of MAPK4 was measured via western blotting. (C) Extraction of total
mRNA from control cells, overexpression‑NC cells and overexpression‑MAPK4 cells. RNA was reverse transcribed to cDNA, and the relative mRNA expres‑
sion levels of MAPK4 were determined using RT‑qPCR. (D) The total protein of control cells, overexpression‑NC cells and overexpression‑MAPK4 cells was
extracted, and the expression level of MAPK4 was measured via western blotting. (E) Control cells, overexpression‑MAPK4 cells and siMAPK4 cells were
seeded in 96‑well plates (5,000 cells/well). MTT assays were performed at 24, 48 and 72 h. ***P<0.001 vs. control. NC, negative control; OD, optical density;
RT‑qPCR, reverse transcription‑quantitative PCR; siRNA, small interfering RNA; siMAPK4, siRNA‑MAPK4.

that knockdown and overexpression of MAPK4 inhibited and
promoted cell proliferation, respectively, compared with the
control group (Fig. 2E).
siMAPK4 enhances the sensitivity of TNBC cells to olaparib,
a PARP1 inhibitor. Next, it was investigated how silencing
of MAPK4 could affect the efficacy of the PARP1 inhibitor,
olaparib. For this purpose, HCC1937 cells were treated with
10 µM olaparib and siMAPK4 separately or in combination
at 37˚C in an incubator. Both siMAPK and olaparib inhibited
cell proliferation and migration, and promoted apoptosis.

Moreover, as expected, the combination groups showed
increased toxicity (Fig. 3A‑E).
MAPK4 exerts its DNA damage repair function by regulating the
AKT signaling pathway. A previous study reported that MAPK4
could promote tumor progression by phosphorylating AKTS473
and AKTT308 to exert its DNA damage and repair function (9).
To verify this, the phosphorylation of AKTS473 and AKTT308 was
detected in HCC1937 cells. p‑AKTT308 expression was mark‑
edly decreased in the siMAPK4 group, while no significant
differences were observed in p‑AKTS473 expression between the
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Figure 3. siMAPK4 enhances the sensitivity of TNBC cells to the poly ADP‑ribose polymerase‑1 inhibitor olaparib. Cells were seeded in 6‑well plates
overnight, and transfected with scramble siRNA and siMAPK4 plasmids for 48 h. Subsequently, cells were treated with olaparib for 24 h. (A) A Cell Counting
Kit‑8 assay was performed to test the cell viability. (B) The transfected cells were cultured, and the medium was changed with RPMI‑1640 medium the
following day. Next, the wound healing assay was performed. Scale bar, 100 µm. (C) The migration rate was calculated from the wound healing assay. (D) The
apoptotic rate of cells treated with control, siRNA‑scramble, siMAPK4, olaparib and a combination of siMAPK4 + olaparib was tested using the TUNEL
assay. Scale bar, 50 µm. (E) Statistical analysis of the results of the TUNEL assay. ***P<0.001 vs. control; ###P<0.001 vs. olaparib. siMAPK4, siRNA‑MAPK4;
siRNA, small interfering RNA.

siMAPK4 and control groups. The results demonstrated that
MAPK4 could only phosphorylate AKTT308 (Fig. 4A). Thus, it
was concluded that MAPK4 could exert its DNA damage and
repair function by phosphorylating AKTT308.
Subsequently, the phosphorylation of AKT T308 was
measured in MAPK4‑overexpressing HCC1937 cells. The
results indicated that MAPK4 overexpression increased
the expression level of p‑AKT T308 (Fig. 4B). HCC1937 cells
were also transfected with the AKT‑CA plasmid at the AKTT308
site to upregulate AKT phosphorylation (Fig. 4C and D). It
was also identified that siMAPK4 increased the expression
level of γH2AX (marker of a double‑stranded break) (Fig. 4E).
Moreover, siMAPK4 decreased the expression level of RAD51
and the phosphorylation of DNA‑PK (Fig. 4F), which reflected
DNA damage repair. These effects were blocked by AKT‑CA.
Collectively, these results indicated that MAPK4 exerted its
DNA damage repair function by regulating the AKT signaling
pathway. Moreover, olaparib aggravated the function of

siMAPK4, but weakened the function of AKT by lowering
RAD51 and p‑DNA‑PK expression in the siMAPK4 group
and the combination of siMAPK4 + AKT‑CA group (Fig. 4F).
These effects resulted in failure of DNA damage repair.
Furthermore, the cells underwent apoptosis, as evident by the
decrease in the expression level of Bcl‑2 and the increase in
that of Bax and cleaved‑casp‑3 when treated with olaparib and
siMAPK4 (Fig. 4G).
Discussion
TNBC is intractable due to the absence of HER‑2, estrogen
receptor and progesterone receptor expression, which renders
the currently available drugs ineffective (24). Previous studies
have reported that PARP1 inhibitors are highly effective against
breast cancer type 1 and 2 susceptibility proteins (BRCA1/2)
and MCF‑7 and MDA‑MB‑231 cells (25‑27). It has also been
revealed that TNBC has a lower expression or mutation rate
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Figure 4. MAPK4 exerts its DNA damage repair function by regulating the AKT signaling pathway. (A) Western blotting was performed to test the
protein expression levels of p‑AKT T308 and p‑AKTS473 in control cells, cells transfected with scramble siRNA and cells transfected with siMAPK4. (B) Protein
expression level of p‑AKT T308 in MAPK4‑overexpressing cells vs. control cells was measured via western blotting. (C) mRNA expression level of AKT in
AKT‑CA cells was tested via reverse transcription‑quantitative PCR. **P<0.01. (D) Western blotting was performed to examine the protein expression levels
of p‑AKTT308 and total AKT. (E) Immunofluorescence was used to test the protein expression level and location of γH2AX in the control, siMAPK, siMAPK
with olaparib siMAPK, siMAPK + olaparib, siMAPK + AKT‑CA and siMAPK + olaparib + AKT‑CA groups. (F) Protein expression levels of RAD51
and p‑DNA‑PK were tested using western blotting in the control, siMAPK, siMAPK + olaparib, siMAPK + AKT‑CA and siMAPK + olaparib + AKT‑CA
groups. (G) Protein expression levels of Bcl2 and Bax were tested via western blotting. AKT‑CA, constitutively active AKT; NC, negative control; siMAPK4,
siRNA‑MAPK4; siRNA, small interfering RNA; γH2AX, phosphorylated histone H2AX; casp, caspase; p‑, phosphorylated; DNA‑PK, DNA‑dependent
protein kinase catalytic subunit.

of BRCA1/2 (28). Hence, the use of PARP1 inhibitors for the
treatment of TNBC is reasonable. In fact, PARP1 inhibitors,
such as olaparib, have demonstrated high effectiveness against
TNBC. However, the extensive use of PARP1 inhibitors can
lead to the occurrence of resistance (29), partly due to the
restoration of homologous recombination and upregula‑
tion of the ataxia‑telangiectasia‑mutated‑and‑Rad3‑related
kinase/checkpoint kinase 1 signaling pathway (30). Thus, it is
important to identify other drugs or genes that can overcome
this resistance.

MAPK4 is an oncogene that is upregulated in numerous
types of cancer and contributes to poor prognosis. For
instance, in cervical cancer, high MAPK4 mRNA expression
is associated with a lower survival rate (31). The present data
indicated that MAPK4 was highly expressed in patients with
TNBC, suggesting that downregulating MAPK4 expression
may enhance the effect of PARP1 inhibitors on TNBC. To
verify this, the current study first determined the expression
level of MAPK4 in TNBC tissues and cell lines. The results
identified a higher MAPK4 expression in TNBC tissues and
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cell lines (MDA‑MB‑468, HCC1937 and MDA‑MB‑231)
compared with that in normal tissues and cells (MCF‑10A).
Furthermore, MAPK4 overexpression promoted the prolifera‑
tion of HCC1937 cells, while knockdown of MAPK4 inhibited
cell viability. Next, the effect of combination of siMAPK4 and
olaparib was determined using cell viability, wound healing
and TUNEL assays. It was observed that MAPK4 knockdown
in combination with olaparib treatment elicited a markedly
greater inhibitory effect on cell proliferation, migration and
apoptosis compared with either treatment alone.
Subsequently, the present study investigated the mechanism
underlying how siMAPK4 enhances the sensitivity of TNBC
cells to olaparib. Previous studies have reported that MAPK4
can phosphorylate AKT at T308 and S473 without influencing
total AKT levels, thereby enhancing the efficacy of PARP1
inhibitors by suppressing the repair of radiation‑induced DNA
damage in cervical cancer cell lines (9,31). Nevertheless,
the current data indicated that MAPK4 could only activate
AKTT308 in HCC1937 cells. It was also found that the expres‑
sion levels of RAD51 and p‑DNA‑PK, which reflected the
DNA damage repair, were inhibited by the PARP1 inhibitor
and siMAPK. Moreover, the high γH2AX expression indi‑
cated that the PARP1 inhibitor and siMAPK could increase
the double‑stranded breaks. The present results also indicated
that cells became apoptotic, due to the decreased expression
level of Bcl‑2 and increased Bax and cleaved‑casp‑3 expres‑
sion when cells were treated with olaparib and siMAPK in the
siMAPK4 + olaparib group.
Currently, there are several clinical trials investigating
the role of olaparib and BRCA1/2 mutations in breast and
ovarian cancer (32,33). The present study demonstrated that
siMAPK4 can enhance the sensitivity of TNBC cells to the
PARP1 inhibitor by inhibiting AKTT308 phosphorylation and
DNA repair, thereby promoting cell apoptosis in TNBC with
BRCA1/2 mutations.
While the present study revealed that siMAPK4 can
enhance the sensitivity of HCC1937 cells to a PARP1
inhibitor, olaparib, and identified the underlying mechanism
in vitro, these results require further verification in animal
models and human trials. Additionally, although it is known
that MAPK4 can phosphorylate AKT at both T308 and S473
in bladder urothelial carcinoma, low‑grade glioma, lung
adenocarcinoma, cervical cancer, thyroid carcinoma and pros‑
tate cancer (9,30,34), the present study found that only T308
was phosphorylated in TNBC cells and this was not further
investigated. siRNAs can have poor stability and specificity,
which may limit their usage in vivo (35). To solve these
problems, in vivo experiments should be performed, and the
use of nanoparticles should be considered to increase siRNA
stability and ensure the effective delivery of these molecules to
the appropriate target cells.
In conclusion, the present study demonstrated that
MAPK4 was highly expressed in TNBC tissues and cell lines.
Furthermore, knockdown of MAPK4 inhibited the prolifera‑
tion of HCC1937 cells. By contrast, overexpression of MAPK4
increased the viability of HCC1937 cells. It was identified that
knockdown of MAPK4 and treatment with the PARP1 inhib‑
itor inhibited the proliferation and migration of HCC1937 cells
by inhibiting DNA damage repair, increasing double‑stranded
breaks and promoting cell apoptosis. Therefore, MAPK4 may
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be another target for the treatment of TNBC in combination
with PARP1 inhibitors.
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