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Abstract. Dual‑specificity phosphatase‑1 (DUSP1) is an onco-
gene that is associated with cancer progression following drug 
resistance. In order to investigate the potential relationship 
between DUSP1 and apatinib resistance in gastric cancer cells, 
we preformed many assays to study this problem. DUSP1 gene 
was detected by RT‑qPCR assay, proteins in MAPK pathway 
were quantified by western blot assay, and CCK‑8 assay, flow 
cytometry and Hoechest 33342 stain were performed to detect 
the resistance of cells, cell cycles and apoptosis, respectively. 
Immunohistochemical staining was used to discover the 
expression of DUSP1 protein in patients' tumor or paratumor 
tissues. It was found that apatinib (Apa)‑resistant gastric cancer 
(GC) cells showed increased expression of DUSP1, whereas 
the knockdown of DUSP1 in resistant cells resensitized these 
cells to Apa. The restored sensitivity to Apa was the result 
of inactivation of mitogen‑activated protein kinase (MAPK) 
signaling and the induction of apoptosis. The in vitro use of 
Apa in combination with a DUSP1 inhibitor, triptolide, exerted 
significant effects on inhibiting the expression of DUSP1, 
growth inhibition, and apoptosis via the inactivation of MAPK 
signaling. In patients who did not undergo chemotherapy or 
targeted therapy, the expression of DUSP1 in adjacent tissues 
was higher when compared with that observed in tumor tissues. 
In addition, the expression of DUSP1 was higher in the early 
stages of GC than in the advanced stages. The expression of 

DUSP1 in tumor tissues was not associated with the survival 
rate of the patients. Therefore, increased expression of DUSP1 
may be responsible for Apa resistance, and DUSP1 may serve 
as a biomarker for Apa efficacy. In conclusion, inducing the 
downregulation of DUSP1 may be a promising strategy to 
overcome Apa resistance.

Introduction

Gastric cancer (GC) is a common malignancy, which has been 
suggested to be the third most common cause of cancer‑asso-
ciated mortality worldwide (1). In general, GC is diagnosed 
at advanced stages and prognosis is poor. Several drugs are 
available for the treatment of GC; however, the prognosis for 
metastatic disease remains unsatisfactory (2,3). The estimated 
overall survival rate (OS) of patients with metastatic GC that 
receive conventional chemotherapeutic agents has been reported 
to be as low as 10% at 5 years (4). However, several innovative, 
biological therapies have been introduced for the treatment 
of GC. The trastuzumab for GC (TOGA) trial was the first 
randomized phase III trial, which demonstrated an advantage 
in terms of progression‑free survival (PFS) and OS rates for 
patients with positive human epidermal receptor 2 (HER‑2) GC 
tumors (5). Unfortunately, only a small percentage of patients 
(~20%) are ideal candidates for HER‑2‑targeted therapy (5‑7). 
In addition, ramucirumab, a human monoclonal antibody 
directed against vascular endothelial growth factor receptor 
(VEGFR)‑2, which was initially developed for the treatment 
of human tumors, has shown significant survival benefits as 
a second line treatment option for patients with metastatic 
GC who progressed on fluoropyrimidine‑ or platinum‑based 
first‑line chemotherapy (8,9). Other antiangiogenic agents, 
including bevacizumab, sunitinib and sorafenib, have failed to 
demonstrate any survival benefit (10). Previous studies have 
supported the inhibition of angiogenesis in GC (11). Apatinib 
(Apa), a novel receptor tyrosine kinase inhibitor that selectively 
targets the intracellular ATP binding site of VEGFR‑2 (12,13), 
has shown promising results in preclinical and clinical trials 
involving patients with GC. Apa has shown a suitable safety 
and tolerance profile, and a sufficient treatment efficacy in 
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phase I/II trials. In a phase III trial, Apa prolonged the median 
OS rates of patients with chemotherapy‑refractory metastatic 
GC by 55 days and the median PFS rate by 25 days, when 
compared with placebo‑treated patients (14).

Dual‑specificity phosphatase‑1 (DUSP1) was initially 
identified in cultured murine cells (15,16). DUSP1 has two 
domains, including an amino terminal non‑catalytic domain 
and a C‑terminal catalytic domain, the latter containing the 
ATPase active site consensus sequence (17,18). Previous 
studies have shown that DUSP1 regulates MAPK signaling 
and is involved in cell proliferation, differentiation, trans-
formation, stress responses, inflammation, cycle arrest and 
apoptosis (19‑21). In addition, in vivo studies have demon-
strated that DUSP1 inactivates extracellular signal‑regulated 
kinase (ERK), c‑Jun N‑terminal kinase (JNK) and p38 
by a dephosphorylation processes (22‑25). In several 
human epithelial tumors, elevated levels of DUSP1 have 
been reported, including in prostate, colon and bladder 
cancer (26‑28). However, the expression of DUSP1 in tumors 
progressively decreased with a higher histological grade, 
indicating that the function and mechanism of DUSP1 in 
tumors may vary and is complex. In several studies, it has 
been reported that tumor cell resistance was closely asso-
ciated with DUSP1, including lung cancer, ovarian cancer, 
osteosarcoma, breast cancer, hilar cholangiocarcinoma, 
acute lymphoid system leukemia, prostate cancer and glioma 
cancer cells (29‑38). Upon the expression of DUSP1, the 
chemotherapeutic resistance of tumor cells is enhanced (31). 
However, if DUSP1 activity is decreased, the chemothera-
peutic resistance of tumor cells reduces, resulting in tumor 
cells with higher sensitivity (29).

Triptolide, a bioactive ingredient extracted from 
Tripterygium wilfordii, which is a Chinese medicinal plant, 
has been reported to exhibit antitumor effects in several types 
of human cancer (39‑41). Triptolide has been used in clinical 
trials (42) and it is hypothesized is that its antitumor effects 
are mediated by the suppression of oncoproteins or growth 
factors, including DUSP1 (43), nuclear factor (NF)‑κB (44), 
and heat shock proteins (HSPs) (45). However, the antitumor 
effects of triptolide in GC remain to be elucidated.

In the present study, the function and mechanism of DUSP1 
in Apa resistance were investigated. It was demonstrated that 
combined treatment of Apa and triptolide, as protein inhibitors 
of DUSP1, were able to overcome Apa resistance in GC cells.

Materials and methods

Cell lines. The human MGC803 and MKN45 GC cell lines 
were purchased from the Cell Bank of Chinese Academy of 
Science (Beijing, China). High‑dose Apa resistant MGC803 
cells (MGC803‑AR) and MKN45 cells (MKN‑45AR) were 
derived from the MGC803 and MKN45 cells, respectively. 
In brief, the MGC803 and MKN45 cells were treated with 
gradually increasing concentrations of Apa (5‑80 µM) 
for 2 months, and were maintained in RPMI medium 
(GE Healthcare Bio‑Sciences, Pittsburgh, PA, USA), 
containing 10% fetal bovine serum (FBS; GE Healthcare 
Bio‑Sciences) and 80 µM Apa for 6 months at 37˚C in 5% CO2. 
Prior to experiments, the cells were cultured in RPMI medium 
containing 10% FBS for 1 week.

Cell Counting Kit‑8 (CCK‑8) assay. A CCK‑8 assay was 
used to determine the cell proliferation ability of the 
MGC803, MGC803‑AR, MKN45 and MKN45‑AR cells. In 
brief, the cells were seeded into 96‑well cell culture plates 
(Nest Biotechnology Co., Ltd., Wuxi, China) at a density of 
5x103 cells/well in 100 µl RPMI medium containing 10% FBS. 
Following culturing in RPMI medium for 24 h at 37˚C, apatinib 
and triptolide were administrated for 24 h. Subsequently, 10 µl 
of CCK‑8 reagent (Dojindo, Inc., Tokyo, Japan) was added to 
each well and the cells were incubated for 2 h at 37˚C according 
to the manufacturer's protocol. Subsequently, the absorbance 
was read at a wavelength of 450 nm using an automated plate 
reader (Bio‑Rad Laboratories, Inc., Hercules, CA, USA). The 
experiments were performed in triplicate.

cDNA synthesis and reverse transcription‑quantitative 
polymerase chain reaction (RT‑qPCR) analysis. Monolayers 
of MGC803, MGC803‑AR, MKN45 and MKN45‑AR cells 
were harvested, cells were lysed, and total RNA was extracted 
using the TRIzol (Invitrogen; Thermo Fisher Scientific, Inc., 
Waltham, MA, USA) method according to the manufacturer's 
protocol. The total RNA (100 ng) was reverse transcribed 
into cDNA using a Takara PrimeScript First Strand cDNA 
Synthesis kit (Takara Bio, Inc., Shiga, Japan). RT‑qPCR anal-
ysis was performed using the Takara SYBR Premix Ex Taq 
kit (Takara Bio, Inc.). The sequences of DUSP1 primers were 
as follows: Forward 5'‑ACC ACC ACC GTG TTC AAC TT‑3' and 
reverse 5'‑CTC AAG GAG CAT GGA GTC CC‑3'. The sequences 
of ACTB primers were as follows: Forward 5'‑CGC CGC CAG 
CTC ACC‑3' and reverse 5'‑GAC CCA TGC CCA CCA TCA C‑3'. 
Experiments were carried out in triplicate, and the compara-
tive CT was calculated to analyze the expression levels of 
DUSP1 in GC or ARGC cells (46). ACTB were analyzed as a 
reference gene for mRNA.

DUSP1 silencing with small interfering (si)RNA. The 
MGC803‑AR and MKN45‑AR cells were transiently trans-
fected with DUSP1 siRNA or scrambled siRNA in 6‑well 
plates using TurboFect reagent according to the manufacturer's 
protocol. The cells were used for experiments at 48 h post‑trans-
fection. Cells transfected with scrambled siRNA were used 
as controls. The siRNA sequences were as follows: DUSP1 
siRNA‑1, forward 5'‑CUA AUC GAG UCA AGC UGG A‑3' 
and reverse 5'‑UCC AGC UUG ACU CGA UUA G‑3'; DUSP1 
siRNA‑2, forward 5'‑GCU UAC CUU AUG AGG ACU A‑3' 
and reverse 5'‑UAG UCC UCA UAA GGU AAG C‑3'; DUSP1 
siRNA‑3, forward 5'‑CGA CGA CAC AUA UAC AUA U‑3' and 
reverse 5'‑AUA UGU AUA UGU GUC GUC G‑3'.

Western blot analysis. For western blot analysis, the MGC803, 
MGC803‑AR, MKN45 and MKN45‑AR cells were washed 
in PBS and lysed in RIPA buffer (50 mM Tris, pH 7.4, 
150 mM NaCl, 1% Triton X‑100, 0.5% deoxycholate, 0.1% 
SDS) containing SigmaFAST™ Protease Inhibitor Cocktail 
(Sigma‑Aldrich; Merck KGaA) for 15 min at 4˚C. Cells were 
removed by scraping and centrifuged at 8,000 x g rotations per 
minute for 20 min at 4˚C. Protein concentration was measured 
using Bio‑Rad DC Protein Assay kit (Bio‑Rad Laboratories, 
Inc., Hercules, CA, USA). Equal quantities of total protein 
(40 µg) were loaded onto 10% SDS‑PAGE gels and separated. 
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The proteins were the transferred onto polyvinylidene fluoride 
membranes, and the membranes were blocked in TBS‑Tween 
(0.1%)/5% milk for 1 h at room temperature. The membranes 
were then incubated overnight with primary antibodies directed 
against DUSP1 (cat. no. Ab61201) from Abcam (Cambridge, 
UK) and phosphorylated (p)‑DUSP1 (cat. no. 2857), JNK 
(cat. no. 9252), p‑JNK (cat. no. 4668), ERK (cat. no. 469), 
p‑ERK (cat. no. 4370), P38 (cat. no. 8690), p‑P38 (cat. no. 4511), 
poly(ADP‑ribose) polymerase (PARP) (cat. no. 9664), β‑actin 
(ACTB) (cat. no. 3700) from Cell Signaling Technology, Inc. 
(Danvers, MA, USA) at 4˚C. The primary antibodies were 
diluted 1:1,000 with universal antibody dilution buffer (Sigma; 
EMD Millipore, Billerica, MA, USA). The membranes were 
washed three times for 10 min with TBS‑Tween (0.1%) at room 
temperature, and then incubated with goat anti‑rabbit IgG (H+L) 
secondary antibodies (dilution 1:3,000; cat. no. 70‑GAR007; 
MultiSciences, Co., Ltd., Hangzhou, China) for DUSP1, 
p‑DUSP1, JNK, p‑JNK, ERK, p‑ERK, P38, p‑P38 and PARP, 
and goat anti‑mouse IgG (H+L) secondary antibodies (dilu-
tion 1:3,000; cat. no. 70‑GAM007; Hangzhou MultiSciences) 
for ACTB for 1 h at room temperature. The membranes were 
washed three times for 10 min with TBS‑Tween (0.1%) at 
room temperature. The protein bands were visualized using 
enhanced chemiluminescence reagents (EMD Millipore). 
Images were captured and protein levels were quantified using 
a ChemiDoc™ MP system (Bio‑Rad Laboratories).

Cell cycle analyses. The MGC803 and MGC803‑AR cells 
were seeded into 6‑well plates at a density of 3x105 cells/well. 
Following overnight incubation at 37˚C, the cells were treated 
with Apa at concentrations of 5, 10 and 20 µM for 24 h. For the 
detection of apoptosis, the cells were harvested and washed 
with PBS, and then stained with Annexin V/PI according to 
the manufacturer's protocol. The stained cells were analyzed 
by flow cytometry (FACSCalibur; BD Biosciences, San Jose, 
CA, USA). For the analysis of cell cycle distribution, the super-
natant was discarded, and the attached cells were harvested 
and fixed overnight in cold 70% ethanol at ‑20˚C. Cell cycle 
distribution was evaluated using a flow cytometer provided 
with the PI staining kit according to the manufacturer's 
protocol.

Hoechst 33342 staining assay. The MGC803‑AR and 
MKN45‑AR cells were seeded into 96‑well plates at a density 
of 1x106 cells/well. The cells were then transfected with 
siRNA and/or treated with 10 µM Apa or 1 µM triptolide. 
Following incubation in fresh RPMI medium containing 10% 
FBS for 6 h, the cells were incubated in 5 µl of Hoechst 33342 
(Beyotime Institute of Biotechnology, Shanghai, China) 
solution per well at 37˚C for 10 min, and evaluated using a fluo-
rescence microscope. The nuclei of apoptotic cells exhibited 
a high level fluorescence, whereas the fluorescence observed 
in non‑apoptotic cells was weak. Images were captured and 
quantification of apoptotic cells was performed by counting at 
least 200 cells in four randomly selected fields per well.

Colony formation assays. For the colony formation assay, 
the cells (3x104 cells/well) were seeded into 6‑well plates and 
were treated with the indicated agents for 5 days. The medium 
was then replaced with drug‑free medium and the cells were 

incubated for another 10 days. Subsequently, the cells were 
cultured with 4% paraformaldehyde for 15 min then were 
stained with crystal violet solution for 30 min before being 
washed with PBS.

Immunohistochemical (IHC) staining. A total of 101 tumors 
collected at various departments between January 2009 and 
March 2011 in Zhejiang Province Tumor Hospital, from 
patients with newly diagnosed gastric adenocarcinoma, were 
included in this study. There are 71 male and 30 female 
patients in this study and the age is from 31 to 80 years with 
the average age 61 years. All available clinical factors were 
evaluated. Informed consent was obtained from all patients 
before testing. The study was approved by the Medical Ethics 
Committee of Zhejiang Province Tumor Hospital (Hangzhou, 
China). Tumor specimens were collected to analyze the 
expression of DUSP1 using IHC staining. These tissues were 
fixed in 10% formaldehyde and embedded in paraffin. Sections 
(3‑5 µm) were continuously sliced. After dewaxing by xylene, 
the tissues were dehydrated in 100, 100, 85 and 75% gradient 
alcohol. Hydrogen peroxide (3%) was applied to repair the 
antigen. The non‑specific staining was blocked by 10% goat 
serum at room temperature for 30 min. Immunostaining of 
histological sections was performed using monoclonal anti-
bodies against DUSP1 (dilution 1:1,000; cat. no. Ab61201; 
Abcam) overnight at 4˚C followed by a 30‑min incubation with 
goat anti‑rabbit IgG (H&L) Biotin secondary antibody (dilu-
tion 1:1,000; cat. no AB97049; BioVision, Inc., Milpitas, CA, 
USA) and visualization with 3,3'‑diaminobenzidine (DAB) 
for 3 min. Harris hematoxylin was used to stain the nuclei. 
The sections were left to dehydrate, and sealed with neutral 
gel. Categorization of the scanned images was performed 
using density quant software in the Quant Center (3DHistech, 
Ltd., Budapest, Hungary). A staining intensity score between 
0 and 3 was assigned for the intensity of tumor cells (0, no 
staining; 1, weak staining; 2, intermediate staining; 3, strong 
staining). A score was assigned by the estimated proportion of 
positively‑stained tumor cells. To assess the average degree of 
staining within a tumor sample, multiple regions were analyzed, 
and at least 100 tumor cells were assessed. The cytoplasmic 
expression was assessed using the H‑score system (22). The 
formula for the H‑score was as follows: H‑score = ∑ (I x Pi), 
where I represents the staining intensity and Pi represents 
the percentage of positively‑stained tumor cells, producing a 
cytoplasmic score ranging between 0 and 300 (47). Scoring 
was performed independently by two assessors who were not 
informed of the clinical outcomes.

Statistical analysis. For data analysis, SPSS version 18.0 
(SPSS, Inc., Chicago, IL, USA) was used. Data are expressed 
as the mean ± standard deviation. The unpaired t‑test was used 
for comparing data between two groups. Multiple group data 
and multiple comparisons were analyzed by one‑way analysis 
of variance and the LSD test. P<0.05 was considered to indi-
cate a statistically significant difference.

Results

Expression of DUSP1 is upregulated in AR gastric cancer cell 
lines. In the present study, two high‑dose Apa‑resistant GC 
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cell lines were established, MGC803‑AR and MKN45‑AR, 
respectively. In brief, the MGC803 and MKN45 cells were 
treated with 80 µM of Apa for 6 months. To verify the resis-
tance of the MGC803‑AR and MKN45‑AR cells against Apa, 
parental cells and AR cells were treated with Apa or culture 

medium alone (control) for 24 h at 37˚C. Cell proliferation 
was then determined using an CCK‑8 assay. As expected, 
treatment with Apa markedly inhibited the viability of the 
parental MGC803 and MKN45 cells with IC50 values of 10.30 
and 16.23 µM, respectively (Fig. 1A and B). By contrast, the 

Figure 1. Expression of DUSP1 is upregulated in AR gastric cancer cells. (A) MGC803, MGC803‑AR, (B) MKN45 and MKN45‑AR cells were treated with 
various concentrations of Apa and the cell inhibition rate was determined using the Cell Counting Kit‑8 assay 24 h following the start of Apa treatment. Data 
are presented as the mean ± standard deviation (n=5). *P<0.01 between sensitive and resistant cells at all concentrations. (C) MGC803 and MGC803 cells 
treated with 5 µM Apa for 24 h and MGC803‑AR were used for whole genome sequencing, and resulting differentially expressed genes are shown in a Venn 
diagram. (D) Expression of differentially expressed genes between groups was increased or decreased as indicated. (E) MGC803 and (F) MKN45 cells were 
incubated with a concentration gradient of Apa for 24 h, then exposed to the corresponding AR cells. Reverse transcription‑quantitative polymerase chain 
reaction analysis was performed to determine mRNA expression levels (n=4; Student's t‑test; *P<0.05, ****P<0.0001). DUSP1, dual‑specificity phosphatase‑1; 
Apa, apatinib; AR, Apa‑resistant.
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MGC803‑AR and MKN45‑AR cells were resistant to Apa 
inhibition with IC50 values of 60.83 and 72.36 µM, respec-
tively (Fig. 1A and B).

The Apa‑treated cells were divided into three groups, 
comprising MGC803 cells, MGC803 cells treated with 5 µM 
Apa for 24 h, and MGC803‑AR cells. Venn diagrams indicated 
that, between the MGC803 and MGC803‑AR cells, 20 genes 
were differentially expressed. The number of differentially 
expressed genes between the low‑dose Apa‑treated MGC803 
cells and MGC803‑AR cells was 85. In addition, the number 
of genes differentially expressed between these groups 
was 15 (Fig. 1C and D). As experimental subjects, six of the 15 
differentially expressed genes were selected, which included 
DUSP1, HSPA1A, HSPA1B, serum response factor, tubulin β 
(TUBB)2A and TUBB4B. RT‑qPCR analysis demonstrated 
that, among these six genes, DUSP1 showed the most marked 
significant difference; therefore, DUSP1 was selected for 
further analysis.

To investigate the possible role of DUSP1 in Apa resistance, 
the mRNA levels of DUSP1 in the MGC803‑AR, MKN45‑AR, 
MGC803 and MKN45 cells were evaluated using RT‑qPCR 
analysis. The data indicated that the mRNA expression of 
DUSP1 was higher in the MGC803‑AR and MKN45‑AR cells 
than in the MGC803 and MKN45 cells (Fig. 1E and F).

Apatinib resistance does not cause multi‑drug resistance of 
chemotherapy. Previous studies indicated that elevated levels 
of DUSP1 may be involved in cellular responses to chemo-
therapy (48). Therefore, it was hypothesized that AR GC cells 
may be resistant to other drugs used in chemotherapy. In the 
present study, the effect of five widely used chemotherapeutic 
agents, cisplatin, paclitaxel, docetaxel, irinotecan and 5‑fluo-
rouracil (5‑FU), were analyzed in MGC803 and MGC803‑AR 
cells using a CCK‑8 assay. The results showed no significant 
difference in the effects of the five chemotherapeutic agents 
between the MGC803 and MGC803‑AR cells (Fig. 2A‑E). 

Figure 2. Apatinib resistance does not lead to multi‑drug resistance of chemotherapy. Commonly used chemotherapeutic agents, including (A) cisplatin, 
(B) paclitaxel, (C) irinotecan, (D) docetaxel and (E) 5‑fluorouracil, were administered at different concentrations to MGC803 and MGC803‑AR cells. No 
significant signs of chemotherapeutic drug resistance were observed. AR, apatinib‑resistant.
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Therefore, these findings suggested that Apa resistance in GC 
cells did not cause multi‑drug resistance.

Apatinib resistance in GC cells affects cell cycle, apoptosis 
and the MAPK signaling pathway. DUSP1 is located at a key 
position in the MAPK signaling pathway, and directly interacts 
with downstream proteins, including JNK, ERK and P38 (49). 

Western blot analysis was performed to investigate whether 
changes in the mRNA expression of DUSP1 in AR cells 
affected the expression of these four proteins (Fig. 3A and B).

The results showed that, compared with MGC803 cells, 
the expression of DUSP1 was significantly increased in 
MGC803‑AR cells (P<0.001). In addition, p‑DUSP1 was 
significantly increased in MGC803‑AR cells compared with 

Figure 3. Apa resistance in gastric cancer cells affect cell cycle, apoptosis and MAPK signaling pathways. (A) MGC803, MGC803‑AR, (B) MKN45 and 
MKN45‑AR cells were treated for 24 h with Apa at the indicated concentrations. Total cell lysates were prepared and analyzed by western blot analysis using 
antibodies directed against MAPK signaling molecules (C) DUSP, (D) p‑DUSP, (E) JNK, (F) p‑JNK, (G) ERK, (H) p‑ERK.
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that in MGC803 cells (P<0.05). The levels of JNK and p‑JNK, 
ERK and p‑ERK were all expressed at higher levels in the 
AR cells (P<0.05), regardless of the concentration of Apa 
used. In addition, PARP was significantly decreased in the 
MGC803‑AR cells compared with the MGC803 cells (P<0.05; 
Fig. 3C‑K).

When the concentration of Apa increased, the expression 
of DUSP1 gradually increased in MKN45 cells, whereas that 
in MKN45‑AR cells gradually decreased. In addition, the 
expression of p‑DUSP1 in AR cells was higher than that in 
parental cells. This was the case at each concentration assessed 
in the present study. The levels of p‑ERK in the MKN45‑AR 

cells gradually increased, whereas levels decreased in MKN45 
cells when higher concentrations of Apa were used. At an 
Apa concentration of 5 µM, the levels of p‑ERK in MKN45 
cells were significantly higher than those in MKN‑45AR 
cells (P<0.05). However, at 20 µM of Apa, the levels of p‑ERK 
in MKN45‑AR cells was significantly higher compared with 
those in MKN45 cells (P<0.05). At each concentration of 
Apa examined, the levels of JNK were significantly higher 
in the MKN45‑AR cells compared with those in the MKN45 
cells (P<0.01), whereas the levels of PARP were higher in 
the MKN45 cells than in the MKN45‑AR cells (P<0.05; 
Fig. 3L‑T).

Figure 3. Continued. (I) P38, (J) p‑P38, and (K) PARP in MGC803, MGC803‑AR cells, and (L) DUSP, (M) p‑DUSP (N) JNK, (O) p‑JNK.



TENG et al:  DUSP1 INDUCES APATINIB RESISTANCE BY ACTIVATING THE MAPK PATHWAY1210

As Apa affected the expression of PARP, the cell cycle of 
MGC803 and MGC803‑AR cells were analyzed following 
treatment with different concentrations of Apa by flow cytom-
etry. As shown in Fig. 3U‑Y, the cell populations in the G1 
and S phases were decreased, whereas the population of cells 
in the G2 phase was increased in MGC803‑AR cells when 
compared with that of control cells. In particular, the propor-
tion of MGC803‑AR cells in the G2 phase was significantly 
higher when compared with that of MGC803 cells (P=0.04).

The protein expression of DUSP1 was high in ARGC cells. 
Due to the overall physiological changes in resistant cells, 
downstream proteins, including JNK, ERK and P38 were 
activated (Fig. 4A‑H). The protein expression levels of JNK 
and ERK were higher in AR cells, compared with levels in 
their corresponding parental cell lines, which may further 
enhance cellular resistance to Apa. Following Apa treatment, 
the protein expression of apoptotic PARP in AR cells was 
lower than that in sensitive cells (P<0.05), indicating that Apa 
led to a decrease of apoptosis in AR GC cells.

Knockdown of DUSP1 can overcome apatinib resistance. 
In the present study, it was found that the mRNA and 

protein levels of DUSP1 were elevated in MGC803‑AR and 
MKN45‑AR cells. In previous studies, DUSP1 has been shown 
to be associated with the resistance of several molecular 
targeting agents (50,51). Therefore, transient transfection of 
siRNA targeting DUSP1 was performed in the present study 
to silence the expression of DUSP1, and changes indicating 
drug resistance were observed. As shown in Fig. 5A‑D, 
siRNA‑2 had the most marked inhibitory effect on DUSP1 
protein, therefore, siRNA‑2 and the scramble siRNA sequence 
were selected for further investigation. Following transfec-
tion of the corresponding oligos into MGC803‑AR and 
MKN45‑AR cells, the inhibition rates of cells treated with 
Apa were determined using a CCK‑8 assay. The knockdown 
of DUSP1 by siRNA treatment decreased the IC50 values of the 
MGC803‑AR and MKN45‑AR cells to 32.19 and 25.18 µM, 
respectively, indicating that DUSP1 was involved in Apa 
resistance (Fig. 5E and F). In addition, a colony formation 
assay showed that the knockdown of DUSP1 decreased the 
colony‑forming ability of cells exposed to Apa (Fig. 5G and H).

Triptolide combined with apatinib overcomes apatinib 
resistance by inhibiting MAPK signaling and inducing 

Figure 3. Continued. (P) ERK, (Q) p‑ERK, (R) P38, (S) p‑P38, and (T) PARP in MKN45 and MKN45‑AR cells. β‑actin served as a loading control. Histograms 
representing the relative quantitative comparison of proteins between parental cells and resistant cells.
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Figure 3. Continued. (U) MGC803 and MGC803‑AR cells were treated with Apa for 24 h at indicated concentrations, and cell cycle distribution was analyzed 
by flow cytometry. Histograms representing the relative cell cycle distribution between sensitive cells and resistant cells at (V) 0, (W) 5, (X) 10 and (Y) 20 µM 
Apa. Data are presented as the mean ± standard deviation (n=3; Student's t‑test; *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). Apa, apatinib; AR, Apa‑resistant; 
MAPK, mitogen‑activated protein kinase; DUSP, dual‑specificity phosphatase‑1; JNK, c‑Jun N‑terminal kinase; ERK, extracellular signal‑regulated kinase; 
p‑, phosphorylated; PARP, poly(ADP‑ribose) polymerase.
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apoptosis. Subsequently, the present study examined the 
specific inhibition of triptolide on DUSP1 protein. Triptolide, 
a specific inhibitor of the DUSP1 protein, can arrest the cell 
cycle without causing cell apoptosis (43,52,53). Therefore, a 
triptolide concentration gradient was established to identify 
the optimal concentration of triptolide that inhibits DUSP1 in 

GC cell lines. In the MGC803‑AR cells, 1 µM of triptolide 
inhibited the expression of DUSP1. In addition, 0.25 µM of 
triptolide significantly decreased the levels of DUSP1 in 
MKN45‑AR cells. Considering all factors, a concentration 
of 1 µM triptolide appeared optimal (Fig. 6A‑D). To verify 
whether triptolide treatment combined with Apa can overcome 

Figure 4. Ratios of proteins involved in the mitogen‑activated protein kinase pathway between AR‑resistant and non‑resistant gastric cancer cells. Ratios of 
(A) p‑DUSP1/total DUSP1 (B) p‑JNK/total JNK, (C) p‑ERK/total ERK and (D) p‑P38/total P38 in MGC803 and MGC803‑AR cells, respectively. Ratios of 
(E) p‑DUSP1/total DUSP1 (F) p‑JNK/total JNK, (G) p‑ERK/total ERK and (H) p‑P38/total P38 in MKN45 and MKN45‑AR cells, respectively (n=3; Student's 
t‑test; *P<0.05, **P<0.01, ***P<0.001). AR, apatinib‑resistant; p‑/phospho, phosphorylated DUSP, dual‑specificity phosphatase‑1; JNK, c‑Jun N‑terminal kinase; 
ERK, extracellular signal‑regulated kinase; p‑, phosphorylated; PARP, poly(ADP‑ribose) polymerase.
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Apa resistance, the cell inhibition rate of triptolide alone or 
triptolide combined with Apa was determined using a CCK‑8 
assay (Fig. 5E and F). The results demonstrated that, when 

1 µM of triptolide and Apa were administered, the IC50 of the 
MGC803‑AR and MKN45‑AR cells was reduced to 13.61 
and 12.06 µM, respectively. When Apa was used alone, the 

Figure 5. Knockdown of DUSP1 overcomes Apa resistance. (A) MGC803‑AR and (B) MKN45‑AR cells were treated with siRNA targeting DUSP1 (clones Si1, 
Si2 and Si3), and expression of DUSP1 was evaluated by western blot analysis. β‑actin served as a loading control. Histograms represent the relative quantita-
tive expression in (C) MGC803‑AR and (D) MKN45‑AR cells. Data are presented as the mean ± standard deviation (n=3; Student's t‑test; *P<0.05, **P<0.01, 
***P<0.001, ****P<0.0001). (E) MGC803‑AR and (F) MKN45‑AR cells were treated with siRNA targeting DUSP1, siRNA control, or triptolide, respectively, 
and exposed to Apa for 24 h at different concentrations. Cell viability was determined using a Cell Counting Kit‑8 assay. The statistical differences between 
Apa + triptolide and Apa only groups are above the curve; statistical differences between the scramble siRNA NC + Apa and si‑DUSP1 + Apa groups are 
shown to the right of the curve. Data are presented as the mean ± standard deviation (n=5; Student's t‑test; *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). 
(G) MGC803‑AR and (H) MKN45‑AR cells were transiently transfected with a scramble siRNA or DUSP1 siRNA, then treated with 10 µM Apa or 10 µM 
Apa + 1 µM triptolide for 5 days. Cells were stained with crystal violet and analyzed. Apa, apatinib; AR, Apa‑resistant DUSP, dual‑specificity phosphatase‑1; 
si, small interfering RNA; CON, control; NC, negative control.
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IC50 values obtained were 60.83 µM in the MGC803‑AR 
cells and 72.36 µM in the MKN45‑AR cells. Subsequently, 
Hoechst staining was performed to detect cells undergoing 
apoptosis (Fig. 6E). To identify differences between AR GC 
cells exposed to Apa following treatment with siRNA‑2 or 

control siRNA, the cells were stained with Hoechst. Within 
similar‑sized fields, and following exposure to 10 µM of Apa, 
a higher number of apoptotic cells were present in the cells 
with DUSP1 knockdown, compared with cells in the scramble 
control group. Together, these findings suggested that the 

Figure 6. Triptolide combined with Apa overcomes Apa resistance by inhibiting MAPK signaling and inducing apoptosis. (A) MGC803‑AR and (B) MKN45‑AR 
cells were treated with a concentration gradient of triptolide, and expression of DUSP1 was evaluated by western blot analysis using β‑actin as a loading 
control. Histograms show the relative quantitative expression in (C) MGC803‑AR and (D) MKN45‑AR cells. Data are presented as the mean ± standard 
deviation (n=3; Student's t‑test; *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). (E) MGC803‑AR and MKN45‑AR cells were treated with 10 µM Apa and cells 
with DUSP1 knockdown were treated with 10 µM Apa or 1 µM triptolide alone or 10 µM Apa + 1 µM triptolide for 6 h. Cells were stained with Hoechst 33342 
and images were captured using an Olympus BH‑2 fluorescence microscope (magnification, x40).
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knockdown of DUSP1 resulted in the apoptosis of AR GC 
cells and reversed Apa resistance. The MGC803‑AR cells 
and MKN45‑AR cells showed a weak fluorescence intensity 
for Hoechst when treated with triptolide alone. These find-
ings were consistent with the findings presented in previous 
studies in which triptolide affected the cell cycle, but did not 
affect apoptosis (43,52,53). However, when triptolide and 
Apa were combined, a significant increase in Hoechst‑related 
fluorescence intensity was found. This observation indicated 
that triptolide not only inhibited the expression of DUSP1, but 

also enhanced the effect of Apa on apoptosis. Furthermore, 
the present study examined the effect of triptolide and Apa 
treatment on the MAPK signaling pathway (Fig. 6F and G). 
Compared with Apa treatment alone, the combination of Apa 
and triptolide significantly inhibited MAPKs. The combined 
treatment effects include promotion of cell proliferation and 
survival via the ERK pathway, inhibition of cell apoptosis 
via the JNK pathway, and regulation of the cell cycle via the 
P38 pathway (54‑60). The levels of DUSP1 were significantly 
inhibited by combination treatment (Fig. 6F‑Y), which may 

Figure 6. Continued. (F) MGC803‑AR and (G) MKN45‑AR cells were treated with Apa or Apa + 1 µM triptolide for 24 h at different Apa concentrations. 
Total cell lysates were prepared and analyzed by western blot analysis using antibodies directed against MAPK signaling molecules (H) DUSP1, (I) p‑DUSP1, 
(J) JNK and (K) p‑JNK.



TENG et al:  DUSP1 INDUCES APATINIB RESISTANCE BY ACTIVATING THE MAPK PATHWAY1216

Figure 6. Continued. (L) ERK, (M) p‑ERK, (N) P38, (O) p‑P38, (P) PARP in MGC803‑AR cells; and (Q) DUSP1, (R) p‑DUSP1, (S) JNK.
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explain why triptolide combined with Apa reversed Apa 
resistance.

Expression of DUSP1 in tissues of patients with GC and the 
effect of DUSP1 on the prognosis of GC. In the present study, 
the expression of DUSP1 was evaluated in clinical tissue 
samples from 101 patients with GC. None of the patients 
had undergone chemotherapy or targeted‑drug therapy 

prior to surgery. In 72 of the 101 patients, both cancerous 
and paracancerous tissues were collected. In the remaining 
29 patients, only cancerous tissue was obtained (Table I). A 
total of 101 GC tissues and 72 paracancerous tissues were 
used for IHC experiments and tissues were scanned using the 
Pannoramic MIDI Tissue Chip Scanner (3DHistech, Ltd.). 
The GC cells were quantified in tumor tissues, whereas fundic 
gland cells were quantified in non‑tumor tissues. The system 

Figure 6. Continued. and (T) p‑JNK (U) ERK, (V) p‑ERK, (W) P38, (X) p‑P38, (Y) PARP in MKN45‑AR cells. β‑actin was a loading control. Data are 
presented as the mean ± standard deviation (n=3; Student's t‑test; *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). Apa/AP, apatinib; AR, Apa resistant; MAPK, 
mitogen‑activated protein kinase; p‑, phosphorylated DUSP, dual‑specificity phosphatase‑1; JNK, c‑Jun N‑terminal kinase; ERK, extracellular signal‑regulated 
kinase; p‑, phosphorylated; PARP, poly(ADP‑ribose) polymerase.
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automatically identified all dark‑brown colored areas in the 
tissue section as strongly positive, brown‑yellow as moder-
ately positive, light‑yellow as weak positive, and blue nuclei 
as negative (Fig. 7A). For statistical analysis, an H‑scoring 
system was used. The results showed that the expression level 
of DUSP1 in GC tissues was significantly lower than that in 
adjacent tissues (P<0.0001; Fig. 7B). In addition, it was found 
that the expression of DUSP1 in cancerous tissue derived from 
stage I and II patients was higher than that of patients with a 
GC stage of III and IV (P<0.05; Fig. 7C). In paracancerous 
tissue, no significant differences were observed between the 
expression of DUSP1 and tumor stage (Fig. 7D). Finally, the 
tissue samples were grouped based on the H‑Score. A score of 
>10 points was assigned for high levels of DUSP1, whereas a 
score of <10 points was assigned for low levels of DUSP1. A 
total of 39 patients were grouped in the high expression group, 
whereas the low expression group contained 48 patients. 
According to the patients' follow‑up data, a survival curve 
was plotted and no statistically significant differences were 
observed (Fig. 7E). Therefore, it was hypothesized that, in 
patients who did not receive drugs or surgical treatment, the 
expression of DUSP1 in cancerous tissue had minimal effect 
on survival rate or prognosis.

Discussion

VEGFR2‑targeted therapy not only represents a novel treat-
ment regimen but also provides novel biologic insight into 
GC, in which Apa leads to increased PFS and significantly 
prolonged OS rates in patients with GC (61). However, the 
emergence of acquired resistance is inevitable and remains a 
major obstacle. Resistance to Apa suggests the involvement of 
signaling pathways additional to VEGFR2, including c‑Met 
amplification (62), PI3K catalytic subunit α mutations (63), or 
BRAF mutations (64). In the present study, two AR GC cell 
lines were generated, and the role of DUSP1 in the resistance 
of GC cells to Apa was investigated.

In previous studies, DUSP1 has been reported to be associ-
ated with the drug resistance of tumor cells (31,50,51,65‑67). 
In the present study, it was shown that the mRNA expression of 

DUSP1 was significantly increased in AR GC cells. To further 
demonstrate whether the overexpression of DUSP1 in AR GC 
cells resulted in resistance to chemotherapeutic agents, five 
commonly used chemotherapeutic agents were used to deter-
mine the sensitivity of AR GC cells. No significant differences 
were observed in the sensitivity of these five agents between 
parental and AR GC cells, suggesting that the resistance 
of GC cells to Apa does not cause multi‑drug resistance to 
chemotherapy.

To overcome the resistance of GC cells to Apa, two 
approaches were examined to reverse drug resistance. siRNA 
transfection technology was used to interfere with the protein 
expression of DUSP1 in the AR cells, or a specific protein 
inhibitor of DUSP1, triptolide, was used to inhibit the protein 
synthesis of DUSP1 in AR cells. The data indicated that, on 
knocking down the expression of DUSP1 by siRNA, the IC50 of 
Apa in MGC803‑AR cells decreased from 60.83 to 32.19 µM. 
In addition, in the MKN45‑AR cells, the IC50 decreased from 
72.34 to 25.18 µM. When the AR GC cells were treated with 
Apa in combination with triptolide, the expression of DUSP1 
decreased further, and the IC50 of Apa in MGC803‑AR 
cells decreased to 13.61 µM. In the MKN45‑AR cells, the 
IC50 decreased to 12.06 µM. Neither were significantly 
different to the respective parental GC cells. Taken together, 
a high expression of DUSP1 was required for Apa‑resistance 
in GC cells.

Protein kinase and phosphatase can maintain homeostasis 
of cellular signaling, including the MAPK signaling pathway. 
DUSP1, which acts as a phosphatase, can deactivate the 
MAPKs, ERKs, P38 MAPKs and JNKs by dephosphorylating 
threonine and tyrosine, which are involved in cellular prolif-
eration, differentiation, and apoptosis, and the progression of 
tumor carcinogenesis (68). It has been demonstrated that the 
JNK inhibitor SP‑600125 may have antitumor activity in GC 
cells by inhibiting cell proliferation, promoting apoptosis, or 
causing cell cycle arrest (54). DUSP1 is known to dephos-
phorylate ERK (55,69). Activation of the ERK1/2 pathway has 
been shown to promote cell proliferation (56‑60) and result 
in malignant transformation (70,71). The P38 protein prolongs 
phosphorylation and induces apoptosis, whereas transient 
phosphorylation contributes to cell survival (55).

DUSP1 has been reported as a negative regulator of the 
MAPK signaling pathway, however, in the present study, JNK, 
ERK, P38 and their corresponding phosphorylated proteins 
were not significantly decreased due to the high expression 
and phosphorylation of DUSP1. This may be associated with 
other regulatory factors of the JNK, ERK and P38 signaling 
pathways. In addition, the specific MAPK pathway regulated 
by DUSP1 in conferring drug resistance appears to be depen-
dent on the cell/tissue type in addition to the chemotherapeutic 
agent used (49). The AR GC cells showed significant phos-
phorylation of JNK, ERK and P38. A marked anti‑apoptotic 
effect was observed for p‑JNK, whereas p‑ERK was closely 
associated with cell proliferation and survival and p‑P38 
affected the cell cycle. Activation of the JNK, ERK and P38 
proteins is likely to further enhance drug resistance. When 
AR GC cells were treated with a combination of Apa and 
triptolide, the expression of DUSP1 was downregulated, and 
phosphorylation of the JNK, ERK and P38 proteins in the 
MAPK pathway were significantly inhibited, particularly in 

Table I. Information on patient tissues used for immunohisto-
chemical analysis.

 Tissue samples (n)
 -----------------------------------------------
Factor Cancer Paratumor

Patients 101 72
Tumor stage
  I+II 33 22
  III+IV 68 50
Follow‑up DUSP1 H‑score
  High (≥10) 39 ‑
  Low (<10) 48 ‑

DUSP1, dual‑specificity phosphatase‑1.
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Figure 7. Expression of DUSP1 in GC tissues and the effect of DUSP1 on the prognosis of GC. (A) IHC staining of DUSP1 in patients with GC (scale 
bar, 100 µm). (B) Expression of DUSP1 was lower in tumor tissue than in paracancerous tissue. (C) Expression of DUSP1 was lower in tumor tissue of late 
stages (III and IV) than tumor tissue of early stages (I and II). (D) Expression of DUSP1 in paracancerous tissue of late stages (III and IV) did not show 
significant differences with that of paracancerous tissue of early stages (I and II) (*P<0.05, ****P<0.0001). (E) Kaplan‑Meier survival plots of patients with GC 
when grouped by expression of DUSP1. Differences between groups were compared with the log‑rank test (n=87). GC, gastric cancer; DUSP1, dual‑specificity 
phosphatase‑1; IHC, immunohistochemistry; 0+, no positive staining; 1+, partial weak staining; 2+ weak to moderate staining; 3+, strong staining.
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the MGC803‑AR cells, which conferred its proapoptotic and 
in vivo antitumor activities (72). In the present study, it was 
demonstrated that DUSP1 was associated with drug resistance. 
Even when the single factor of DUSP1 in the MAPK pathway 
was an inhibitor, the overall physiological changes in resistant 
cells were more marked in changes of the MAPK pathway. 
This may explain why Apa combined with triptolide reversed 
drug resistance from the perspective of MAPK signaling path-
ways. Therefore, the results of the present study confirmed that 
downregulation of the expression of DUSP1 with triptolide 
may be a useful strategy to overcome Apa‑acquired resistance.

In clinical GC specimens from patients who had not 
received chemotherapy or targeted drugs, the protein levels of 
DUSP1 were significantly higher in paracarcinoma tissues than 
in carcinoma tissues (P<0.0001). In addition, an increase in the 
expression of DUSP1 was associated with cancer progression, 
drug resistance and poor prognosis.

In conclusion, DUSP1 may serve as a predictive biomarker 
for Apa treatment and its increase may be one possible reason 
for Apa‑acquired resistance. Targeting DUSP1 may overcome 
the impaired efficacy caused by drug resistance and thereby 
significantly improve the effectiveness of current antitumor 
drugs. The present study not only demonstrated a novel 
mechanism for acquired resistance in GC, but also provided an 
effective combinatorial approach to overcome Apa‑acquired 
resistance.
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