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Abstract
Background Proteasome subunit alpha type 7 (PSMA7) shows a carcinogenic effect on various human malignancies, but 
its role and regulatory mechanism in gastric carcinoma (GC) remain unclear.
Aims This study aimed to explore the role and mechanism of PSMA7 in GC.
Methods In this study, PSMA7 expressions in GC cells and tissues were detected, and relationships between PSMA7 and 
clinicopathological features were explored. Then, PSMA7 levels in human GC cells were intervened, and changes in cell 
biological behavior were observed in vitro and vivo. Key proteins and downstream factors of MAPK signaling pathway were 
detected after PSMA7 intervention.
Results PSMA7 was upregulated in GC tissues and cell lines. PSMA7 overexpression was significantly associated with poor 
pTNM, cTNM stage, and high HP infection. PSMA7 can promote proliferation, invasion, and metastasis of GC cells in vitro 
and vivo. Furthermore, PSMA7 expression affected the phosphorylation level of JNK, P38, ERK and the expressions of their 
downstream factors Ap-1, c-myc, P53.
Conclusion PSMA7 can promote GC proliferation, invasion, and metastasis through MAPK signaling pathway in GC cells.
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Introduction

Gastric cancer (GC) is the fifth most common cancer and 
causes the second-highest cancer-related mortality globally 
[1]. Since patients with early GC show no specific symp-
toms, the majority of GC patients have entered an advanced 
stage at first diagnosis [2]. Amounts of GC patients succumb 
to the disease due to tumor metastasis, while there are few 
effective targeted biomarkers for clinical treatment [3, 4]. 
Therefore, it is necessary to explore the cellular mechanisms 
of GC to provide novel targets for future treatment strategies 
[5, 6].

Proteasome subunit alpha type 7 (PSMA7) is a subunit 
of the core complex of the 20S proteasome, affecting the 
key composition formation of the 26S proteasome in the 
ubiquitin–proteasome pathway (UPP) [7]. PSMA7 gene is 
located in chromosome 20q13.33 that is an amplified region 
of tumor genes closely related to many tumors [8]. The con-
nection between PSMA7 expression and the clinicopatho-
logical features of cancer patients suggests that PSMA7 has 
the potential to become a molecular target for a number of 
cancer treatments [9–11]. Our previous study has confirmed 
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that PSMA7 may be a promising prognostic biomarker for 
GC patients [12].

This study aimed to confirm the influence of PSMA7 
on GC biological behaviors and the molecular mechanism 
involved. PSMA7 expression in GC tissues and cells was 
detected, and the association between PSMA7 and several 
clinical features was confirmed. The effect of PSMA7 on 
cell proliferation, apoptosis, migration, and invasion was 
explored in vitro and vivo. We also detected the variation of 
MAPK pathway after PSMA7 dysregulation. Our study pro-
vides a new insight into PSMA7 in GC biological behaviors.

Methods

Clinical Specimens

Sixty pairs of fresh GC tissue samples and paracancer tissue 
samples were acquired from GC patients at the Department 
of Gastrointestinal Surgery in Xinghua People’s Hospital 
between December 2016 and November 2017. Patients were 
aged from 47 to 82 years (average age 59.2 years) including 
49 males and 11 females. The study was authorized by the 
Institute Research Ethics Committee of Xinghua People’s 
Hospital (NO. XSYY2016042).

Cell Culture

The human GC cell lines MGC803, MKN28, SGC7901, 
MKN45, and BGC823, and the gastric epithelial cell line 
GES-1 were obtained from Key Laboratory of Antibody 
Technique of Ministry of Health, Nanjing Medical Univer-
sity. Cells were cultured in DMEM (Gibco, USA) with 10% 
fetal bovine serum (Invitrogen, USA) and 1% penicillin/
streptomycin (Gibco, USA) with 5%  CO2 at 37 °C.

Western Blot

Total protein was extracted from tissues or cells using RIPA 
lysis buffer (Beyotime, China) according to the protocol. 
Protein concentration was detected using BCA Protein Assay 
Kit (Tiangen, China). Proteins (30 μg/lane) were separated 
by 10% SDS-PAGE and then transferred to PVDF mem-
branes at 90 V for 50 min. The membranes were immersed 
in 5% defatted milk for 120 min and were then incubated 
with antibodies at 4 °C overnight against the following: 
PSMA7(1:1000; #LS-C114781, USA), JNK (1:1,000; 
#9252, CST, USA), phospho-JNK (1:1500; #9255, CST, 
USA), p38 (1:1000; #9212, CST, USA), p-p38(1:1,000; 
#9211, CST, USA), Erk (1:1,000; #SC-514302, Santa Cruz, 
USA), p-Erk (1:1,000; #SC-81492; Santa Cruz, Santa Cruz, 
USA), p53 (1:500; #SAB4503015, Sigma-Aldrich, Ger-
many), Ap-1(1:750; #ABP50669, Abbkine, USA), c-myc 

(1:500; #ab32072, Abcam, UK), and GAPDH (1:1,000; 
#5174, CST, USA). Following washing, horseradish per-
oxidase-conjugated secondary IgG antibody was incubated 
with the membrane for 120 min at ordinary temperatures.

Immunohistochemistry (IHC)

IHC staining was carried out according to the Envision tech-
nique, and detailed procedures were shown in the previous 
research [12].

Reverse Transcription‑Quantitative Polymerase 
Chain Reaction (RT‑qPCR)

Total RNA was extracted from human tissue samples, GC 
cells, and normal gastric mucosa epithelial cell using TRI-
zol reagent (Bio-Rad, USA). Reverse transcription was con-
ducted using a Transcriptor First Strand cDNA Synthesis kit 
(Applied Biosystems, USA). The relative mRNA quantifica-
tion was conducted by SYBR premix Taq (Takara, Japan) 
on the 7,500 real-time PCR system (Applied Biosystems, 
USA). RT-qPCR results were analyzed using the  2−∆∆CT 
method, and β-actin was utilized as the internal reference 
[13]. The following primers were used: PSMA7: forward, 
5′-AGT GCG GAA GAT CTG TGC TT-3′, reverse, 5′-TCC GTA 
CGC GTT GTT GTA AT-3′, GAPDH: forward, 5′-GGA GCG 
AGA TCC CTC CAA AAT-3′, reverse, 5′-GGC TGT TGT CAT 
ACT TCT CATGG-3’.

Establishment of Short Hairpin RNA (shRNA) 
and Stable PSMA7‑Overexpression Cell Lines

BGC823 cells and MGC803 cells (1.0 ×  105) were seeded 
into 24-well plates and incubated for 24 h. Cells were then 
transfected with PSMA7 shRNAs (termed shPSMA7-1, 
shPSMA7-2, shPSMA7-3), negative controls shRNA 
(shNC), PSMA7-expressing lentivirus and their negative 
control (NC) (GenePharma, China) using Lipofectamine 
2000 (Invitrogen, USA). shRNA sequences: shPSMA7-1, 
5′-CCC ATT CTT CGC TCT GTG TTT-3′; shPSMA7-2, 
5′-CTC CTC CAT TTC CGT CTA CTA-3′; shPSMA7-3, 
5′-CCT CTT CCA AGT GGA GTA -3′; shNC, 5′-TTC TCC GAA 
CGT GTC ACG T-3′. DMEM with 10% FBS was replaced 
after 4–6 h. Puromycin (100 μg/ml; Sigma-Aldrich, Ger-
many) was mixed in the cell culture medium 48 h later.

CCK8 Assay

Cells (5 ×  103/well) were seeded into 96-well plates for 24 h. 
Subsequently, 10 µl CCK8 (BioTool, China) solution and 
90 µl DMEM were added to each well, and the mixtures 
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were incubated at 37 °C for 2 h. The optical density at 
450 nm was then measured at 24, 48, 72, and 96 h.

Colony Formation Assay

Cells (5 ×  102/well) were planted into 6-well plates. After 
14 days, when a clone visible to the naked eye appeared, the 
plates were washed with PBS and soaked in crystal violet 
(Sigma-Aldrich, Germany) for 30 min. The number of colo-
nies was determined using microscope (Leica Microsystems 
GmbH, Wetzlar, Germany) at × 200 magnification.

Wound‑Healing Assay

Cells (4 ×  105/well) were planted in 6-well plates for 24 h. A 
sterile 200-μl pipette tip was used to make a uniform scratch 
at the center of each well. Non-adherent cells of each well 
were washed using PBS. The wound widths were measured 
at 24, 48, and 72 h.

Migration and Invasion Assays

The transwell chamber was either uncoated (migration 
assay) or coated (invasion assay) with Matrigel. The cells 
 (105/well) were suspended in the upper chamber with 300 μl 
serum-free DMEM medium. The lower chamber was filled 
with 700 µl DMEM containing 10% FBS. Following a 24- or 
48-h incubation period, the cells on the upper surface of the 
filter were removed using a cotton swab. The chamber was 
fixed with 70% methanol for 30 min and stained with 0.1% 
crystal violet for 20 min. Penetrating cells were counted by 
an IX70 microscope in five randomized fields, and the mean 
cell counts were calculated.

Mice Model

A GC xenograft model was established in 4-week-old 
BALB/c nude mice (HFK Bioscience Co., Ltd., Beijing, 
China). Briefly, a single-cell suspension (5 ×  106 cells in 
150 µl PBS) was inoculated into the armpit of nude mouse 
to construct a xenograft model with six mice per group. Vital 
signs, including tumor growth rate and size, were observed 
and recorded. Tumor size was calculated using the follow-
ing formula: 0.5 × length ×  width2. After 4 weeks, the mice 
were killed using cervical dislocation, and the tumor tissues 
were collected, weighed, fixed, and embedded; in addition, 
an single-cell suspension was injected into the abdominal 
cavity to form an animal model of cavity metastasis of GC. 
The general condition of nude mouse was observed every 
3 days. After 4 weeks, the mice were killed to observe the 
metastasis of organs in the abdominal cavity. At last, an 
single-cell suspension was injected into the subcapsular 
spleen to make an animal model of liver metastasis of GC. 

After 4 weeks, the mice were killed to observe the number 
of hepatic metastasis. The tumors were also subjected to the 
analysis of PSMA7 expression and immunohistochemical 
staining analysis of Ki-67. This research was approved by 
the Animal Research Ethics Committees of Nanjing Medi-
cal University.

Statistical Analysis

Statistical analysis was conducted using GraphPad Prism 6.0 
software (GraphPad, Inc., La Jolla, CA, USA). Quantitative 
data are presented as the mean ± standard deviation. Differ-
ences between groups were assessed by one-way analysis 
of variance (ANOVA) followed by Student–Newman–Keuls 
(SNK) comparisons. Categorical data were evaluated by 
Chi-square test. P < 0.05 was considered as statistically sig-
nificant difference.

Results

PSMA7 Expression in GC Tissues and Cells

PSMA7 level in GC tissues was measured by RT-qPCR 
and western blot analysis. It was demonstrated that PSMA7 
expression was significantly higher in GC tissues compared 
with paired paracancer tissues (Fig. 1a–d). IHC analysis 
was showed that PSMA7 was highly expressed in the cyto-
plasm of GC (Fig. 1e, f). In GC cells, the PSMA7 expression 
level was measured in GC and GES-1 cells by RT-qPCR 
and western blot analysis. The results reveled that PSMA7 
expression in GC cells was significantly higher than that in 
gastric epithelial cell GES-1 (Fig. 1g–i). Among all GC cells 
evaluated, the highest expression of PSMA7 was observed 
in BGC823 cells, and MGC803 cells exhibited the lowest 
expression of PSMA7. Therefore, BGC823 and MGC803 
cells were selected for PSMA7-knockdown and PSMA7-
overexpression experiments, respectively.

Correlations Between PSMA7 Expression 
and Clinicopathological Factors

This study further explored the relationships between 
PSMA7 expression and clinicopathological factors. 
Results showed that high PSMA7 overexpression was con-
nected to poor pTNM (P = 0.037) and cTNM (P = 0.022) 
stage. PSMA7 expression was significantly higher in stage 
III and IV GC tissues compared with stage 0, I, and II 
GC tissues (P < 0.05). Furthermore, PSMA7 overexpres-
sion was associated with high HP infection (71.11%, 
P = 0.030). However, there is no association observed 
between PSMA7 level and the other clinicopathological 
features (Table 1).
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Knockdown of PSMA7 in BGC823 
and Overexpression of PSMA7 in MGC803

To further investigate the function of PSMA7 in GC, we 
downregulated PSMA7 in BGC823 and overexpressed 
PSMA7 in MGC803. Efficacy of the PSMA7 shRNA and 
overexpression transfections were confirmed by fluorescence 
microscopy (Fig. 2a, b), RT-qPCR (Fig. 2c, d), and western 
blot (Fig. 2e–h). During evaluation of knockdown efficiency, 
shPSMA7-3 showed the highest efficiency and was selected 
for further experiments.

PSMA7 Downregulation Inhibits GC Cell 
Proliferation, Migration, and Invasion

CCK8 and colony formation assays demonstrated that 
shPSMA7-3 significantly inhibited the proliferation of 
BGC823 cells (Fig.  3a–c). shPSMA7-3 increased the 

number of apoptotic BGC823 cells, as detected by flow 
cytometry (Fig.  3d, e). Wound-healing and transwell 
migration assays showed a significant inhibition on the 
migration ability of BGC823 cells in shPSMA7-3 group 
(Fig. 3f–i). Compared with the control group, the number 
of invasive cells in the shPSMA7-3 group was significantly 
reduced (Fig. 3h, i). These results suggested shPSMA7-3 
can inhibit proliferation, migration, and invasion in 
BGC823 cells.

PSMA7 Overexpression Promotes GC Cell 
Proliferation, Migration, and Invasion

CCK8 and colony formation assays confirmed that the 
overexpression of PSMA7 could promote the proliferation 
of MGC803 cells (Fig. 4a–c). Flow cytometry revealed 
that overexpression of PSMA7 inhibited the apoptosis 
of MGC803 cells (Fig. 4d, e). Wound-healing assay and 

Fig. 1  PSMA7 expression in GC tissues and cell lines. a, b PSMA7 
mRNA expression was detected in GC samples and paired paracancer 
tissues by RT-qPCR. c, d PSMA7 protein expression was detected in 
GC samples and paired paracancer tissues by western blot. e, f High 
PSMA7 protein expression was detected in the cytoplasm of GC tis-

sues (magnification × 200). g PSMA7 mRNA expression was detected 
in both GC cells and the normal gastric epithelial cell line (GES-1) by 
RT-qPCR. h, i PSMA7 protein expression was detected in both GC 
cells and the normal gastric epithelial cell line (GES-1) by western 
blot. *P < 0.05, **P < 0.01



884 Digestive Diseases and Sciences (2022) 67:880–891

1 3

transwell assay also demonstrated significant increases in 
the migration ability of MGC803 with PSMA7 upregu-
lation (Fig. 4f–i). The number of invasive cells in the 
PSMA7-overexpression group was significantly more 
than the control group (Fig. 4h, i). As aforementioned, 
the current data confirmed that PSMA7 overexpression 
can promote proliferation, migration, and invasion in 
MGC803 cells.

PSMA7 shRNA Inhibits Xenograft Growth 
and PSMA7 Overexpression Promotes Xenograft 
Growth

Nude mice were used to perform xenograft tumor assays 
with BGC823 and MGC803 cells stably transfected with 
shPSMA7-3, PSMA7, and their negative control lentiviruses 

shNC and NC. Dissected tumor samples and tumor growth 
curves revealed that the mean tumor size was smaller in the 
shPSMA7-3 transfected group than that in the shNC group 
(Fig. 5a–e). Furthermore, IHC staining of Ki-67 demon-
strated that the tumor proliferation of the shPSMA7-3-trans-
fected group was significantly inhibited compared with the 
controls (Fig. 5f). By contrast, the overexpression of PSMA7 
promoted the tumor growth in vivo (Fig. 5g–k). The num-
ber of Ki-67-positive cells in the PSMA7-overexpression 
group was more than that in the NC group (Fig. 5l). These 
results demonstrated that PSMA7 could promote GC growth 
in vivo.

Table 1  Correlation between 
PSMA7 expression and 
clinicopathological factors

Feature n PSMA7 expression X2 P value

Positive Negative

Gender
 Male 50 34 (68.00%) 16 (32.00%) 2.8134 0.093
 Female 10 4 (40.00%) 6 (60.00%)

Age (years)
 ≤ 65 22 17 (77.27%) 5 (22.73%) 2.9065 0.088
 > 65 38 21 (55.26%) 17 (44.74%)

Histological type
 Well 11 6 (54.55%) 5 (45.45%) 0.6310 0.729
 Moderately 21 13 (61.90%) 8 (38.10%)
 Poorly 28 19 (67.86%) 9 (32.14%)

Depth of invasion (pT)
 Tis + T1(a + b) + T2 36 22 (61.11%) 14 (38.89%) 0.1914 0.662
 T3 + T4(a + b) 24 16 (66.67%) 8 (33.33%)

Lymph node metastasis(pN)
 N0 29 19 (65.52%) 10 (34.48%) 1.0757 0.584
 N1 + N2 20 11 (55.00%) 9 (45.00%)
 N3(a + b) 11 8 (72.73%) 3 (27.27%)

Distant metastasis (pM)
 M0 59 38 (64.41%) 21 (35.59%) 1.7565 0.185
 M1 1 0 (0.00%) 1 (100.00%)

Pathological stage (pTNM)
 0 + I(A + B) + II(A + B) 25 12 (48.00%) 13 (52.00%) 4.3390 0.037
 III(A + B + C) + IV 35 26 (74.29%) 9 (25.71%)

Clinical stage (cTNM)
 0 + I + II(A + B) 24 11 (45.83%) 13 (51.27%) 5.2751 0.022
 III + IV(A + B) 36 27 (75.00%) 9 (25.00%)

Hp infection
 Negative 15 6 (40.00%) 9 (60.00%) 4.6890 0.030
 Positive 45 32 ( 71.11%) 13 (28.89%)
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PSMA7 Overexpression Promotes Abdominal 
and Hepatic Metastasis Formation

In order to further verify the function of PSMA7 on 
tumor metastasis, NC group and PSMA7 group cells were 
injected into the abdominal cavity and the spleen subcap-
sular membrane, respectively. In the PSMA7-overexpres-
sion group, the nodules could be touched and observed 
in the abdomen at 2-3 w, with uneven surface and hard 
texture (Fig. 6a). PSMA7-overexpression group showed 

more tumors in the abdominal cavity, with lymph node 
enlargement and a small amount of ascites (Fig. 6a, b). 
In the hepatic metastasis model, the number of hepatic 
metastatic tumors in the PSMA7 group was significantly 
higher than that in the NC group (fig. 6c). These results 
confirmed the promotion role of PSMA7 in GC metastasis.

Fig. 2  The interferential and overexpressed efficacy of PSMA7 in GC 
cells. a, b The interferential and overexpressed efficacy of PSMA7 
was detected by fluorescence microscopy (magnification × 100). c, d 

The interferential and overexpressed efficacy of PSMA7 was detected 
by RT-qPCR. e–h The interferential and overexpressed efficacy of 
PSMA7 was detected by western blot. *P < 0.05; **P < 0.01
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PSMA7 Promotes the Activation of the MAPK 
Signaling Pathway

Protein–protein interaction (PPI) network showed that 
PSMA7 may indirectly affect the MAPK signaling path-
way through NOD1, which is a substrate of PSMA7 
(Fig. 7a). NOD1 was also found to have a close connection 
to ERK and JNK in GC (Fig. 7b). Western blotting dem-
onstrated that PSMA7 knockdown significantly decreased 
the phosphorylation of JNK, Erk1/2, and p38, while 
PSMA7 overexpression promoted the phosphorylation of 
JNK, Erk1/2, and p38 (Fig. 7c, d). Furthermore, PSMA7 
shPSMA7-3 significantly decreased the expression levels 
of AP-1, c-myc, and p53 that are important downstream 
molecules of the MAPK pathway, and the overexpression 
of PSMA7 significantly increased the protein expression 
levels of AP-1, c-myc, and p53 (Fig. 7e, f).

Discussion

As a potential prognostic marker, PSMA7 has been con-
firmed to be highly expressed in various tumors, including 
colorectal cancer [14], cervical cancer [7], and lung cancer 
[15]. In this study, we confirmed that PSMA7 expression was 
increased in GC tissues compared to paired paracancer tis-
sues in fresh stomach tissue. The clinicopathological corre-
lation analysis showed that PSMA7 expression was associ-
ated with pTNM, cTNM stage, and HP infection. Therefore, 
PSMA7 is closely connected with GC progression.

GC is highly malignant and possesses considerable 
metastatic potential [16]. Malignant biological behaviors, 
including proliferation, migration, and invasion, are the 
predominant causes of tumor metastasis [17]. In human 
myeloid leukemia cells, researchers have found that down-
regulation of PSMA7 expression can inhibit the proliferation 

Fig. 3  shPSMA7-3 inhibited the proliferation, migration, and inva-
sion of BGC823 cells. a CCK8 assay and b, c plate clone assay 
showed the effect of shPSMA7-3 on cell proliferation. d, e Flow 
cytometry confirmed the effect of shPSMA7-3 on cell apoptosis. f, 

g Wound healing assay (magnification × 100) and h, i transwell assay 
(magnification × 200) showed the effect of shPSMA7-3 on migration 
and invasion. *P < 0.05; **P < 0.01; ***P < 0.001
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of K562 cells, but does not affect apoptosis [18]. In human 
colon cancer cells, it was also found that interference with 
PSMA7 did not affect RKO cell apoptosis [19]. However, 
interference with PSMA7 in lung adenocarcinoma has little 
effect on the cell proliferation, but affects cell apoptosis [20]. 
Therefore, PSMA7 has different biological functions in dif-
ferent tumor cells. Through cell proliferation assay and flow 
cytometry, we confirmed that PSMA7 could promote cell 
proliferation and inhibit cell apoptosis in GC. Cell invasion 
and metastasis are the specific reflection of malignant degree 
and the key factor of tumor recurrence and metastasis [21]. 
Our results showed that the cell proliferation, migration, and 
invasion were inhibited after interfering with PSMA7 and 
were promoted after the overexpression of PSMA7, which 
is consistent with the study in colon cancer [19].

In order to further verify the effect of PSMA7 in vivo, 
subcutaneous tumor formation, intraperitoneal implantation, 
and liver metastatic model in nude mice were conducted, 

respectively. Subcutaneous tumorigenesis showed that the 
growth rate of gastric tumors was significantly slowed down 
after interfering with PSMA7. The growth rate of PSMA7-
overexpression group was significantly accelerated compar-
ing with the control. Additionally, immunohistochemistry 
demonstrated a positive correlation between Ki67 expres-
sion and PSMA7 expression. Intraperitoneal implantation 
metastasis is a common cause of postoperative recurrence 
and death of gastric cancer. Once intraperitoneal metasta-
sis occurs, the invasion of tumor cells is increased, and the 
five-year survival rate is less than 20% [22]. The size and 
number of intraperitoneal tumors in the PSMA7-overex-
pression group were significantly higher than those in the 
control group. Liver metastasis rate of advanced GC is as 
high as 44%, and liver is the most common site of hematog-
enous metastasis [22]. In the hepatic metastasis model, we 
found the number of liver metastasis increased significantly 
after overexpression of PSMA7, thus confirming that the 

Fig. 4  PSMA7 overexpression promoted the proliferation, migration, 
and invasion of MGC803 cells. a CCK8 assay and plate clone assay, 
b, c showed the effect of PSMA7 overexpression on cell proliferation. 
d, e Flow cytometry confirmed the effect of PSMA7 overexpression 

on cell apoptosis. f, g Wound healing assay (magnification × 100) 
and h, i transwell assay (magnification × 200) showed the effect 
of PSMA7 overexpression on migration and invasion. *P < 0.05; 
**P < 0.01; ***P < 0.001



888 Digestive Diseases and Sciences (2022) 67:880–891

1 3

Fig. 5  PSMA expression regulated proliferation of GC cells in vivo. 
a–d shPSMA7-3 inhibited xenograft tumor growth of BGC823 cells 
in  vivo (n = 6). e The tumor weight of shPSMA7-3 group was less 
than shNC group. f Representative photographs of shPSMA7-3 and 
Ki-67 IHC staining in the indicated tumors (magnification × 400). 

g–j PSMA7 overexpression promoted xenograft tumor growth of 
MGC803 cells in vivo (n = 6). k The tumor weight of PSMA7 group 
was more than NC group. (L) Representative photographs of PSMA7 
and Ki-67 IHC staining in the indicated tumors (magnification × 400). 
*P < 0.05, **P < 0.01
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overexpression of PSMA7 can promote the GC metastasis 
in vivo.

MAPK is an important regulator of malignant biologi-
cal behaviors in human cancers, including cell prolifera-
tion, migration, and invasion [23–25]. Based on available 
studies, PPI network was constructed and demonstrated 
that PSMA7 seems to indirectly interact with ERK and 
JNK, which are commonly studied members of the MAPK 
signaling pathway [26, 27]. NOD1 is a newly identified 
substrate of PSMA7, which is also involved in proteas-
ome-dependent degradation [28]. NOD1 binds to ligands 
and triggers the secretion of pro-inflammatory cytokines 
by activating the MAPK pathway in colorectal cancer 

[29]. Pearson correlation analysis further confirmed that 
NOD1 is associated with ERK and JNK in GC. Therefore, 
PSMA7 probably regulates GC cell biological functions 
through MAPK pathway. In this study, MAPK-associated 
proteins were evaluated by western blotting, confirming 
that upregulation of PSMA7 could promote phospho-
rylation level of p38/Erk/JNK. The downstream targets 
Ap-1, c-myc, and p53, which regulate the proliferation, 
apoptosis, and invasion [30–32], were then investigated. 
PSMA7 overexpression was also confirmed to upregulate 
the expression of these genes. These results suggested that 
PSMA7 promotes the proliferation and metastasis of GC 
cells through MAPK signaling pathway.

Fig. 6  PSMA7 overexpression promoted abdominal and hepatic 
metastasis formation in vivo. a In the PSMA7-overexpression group, 
the abdominal wall of the nude mice was obviously distended and 
thinner, and gray tumors were seen through the wall. b The volume 

of intraperitoneal tumors was larger and the number of tumors was 
more in the PSMA7-overexpression group. c PSMA7 overexpres-
sion promoted the formation of hepatic metastatic tumors. *P < 0.05, 
**P < 0.01
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Conclusion

In summary, our study indicates that PSMA7 serves as 
a key role in the malignant biological behaviors of gas-
tric cancer cells, including proliferation, invasion, and 
metastasis. Furthermore, PSMA7 was identified to regu-
late these biological behaviors of GC cells via the MAPK 
signaling pathway. Therefore, PSMA7 may be a potential 
target for new therapeutic methods for GC patients.
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Fig. 7  PSMA7 expression was associated with MAPK pathway. a 
PPI network around PSMA7. b PSMA7 showed a significant rela-
tionship with ERK and JNK. c, d shPSMA7-3 significantly decreased 
the phosphorylation of JNK, Erk1/2, and p38. PSMA7 overexpres-
sion significantly increased the phosphorylation of JNK, Erk1/2, 

and p38. e shPSMA7-3 expression also decreased AP-1, c-myc, 
and p53 protein expression. f PSMA7 overexpression significantly 
increased AP-1, c-myc, and p53 protein expression. Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was used as internal control. 
*P < 0.05, **P < 0.01
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