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Abstract
Pancreatic cancer remains the common cancer with the worst prognosis because 
of its late diagnosis and extensive metastasis. This study aimed to investigate the 
effects of GABRP on pancreatic cancer metastasis and the molecular mechanism. 
The expression of GABRP was measured using the quantitative real-time PCR 
and western blot. The biological behaviors of cancer cells were assessed using the 
cell counting kit-8, Transwell assay, and western blot. The regulation of GABRP 
on the MEK/ERK pathway was detected by western blot. The results indicated that 
GABRP was overexpressed in pancreatic cancer tissues and cells. Knockdown of 
GABRP suppressed cell viability, invasion, migration, and epithelial–mesenchy-
mal transition (EMT), whereas GABRP overexpression facilitated these biological 
behaviors. Inactivation of the MEK/ERK pathway reversed the effects on cellular 
processes induced by GABRP. Moreover, silencing of GABRP inhibited tumor 
growth. In conclusion, GABRP promoted the progression of pancreatic cancer by 
facilitating cell metastasis and tumor growth via activating the MEK/ERK pathway. 
The findings suggest that GABRP has the potential to be a therapeutic target for the 
metastatic pancreatic cancer.
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Introduction

Pancreatic cancer, originating from the ductal epithelium and acinar cells of the 
pancreas, is an important cause of cancer-associated death and healthcare burden 
globally (Klein 2021). Recently, the incidence of pancreatic cancer is increasing, 
and over 90% of them are aggressive pancreatic ductal adenocarcinoma (Hu et al. 
2021; Wang et al. 2021). The onset of pancreatic cancer is insidious and asymp-
tomatic in its early stage, so it is usually diagnosed at the advanced stage with 
extensive metastasis (Du et al. 2016). With the development of chemoresistance 
and metastasis, pancreatic cancer leads to poor clinical outcomes (Zeng et  al. 
2019; Bhattacharya et al. 2021). Additionally, the prognosis of pancreatic cancer 
is worst among all main cancers (Loveday et  al. 2019). Thus, focusing on the 
metastasis of pancreatic cancer and searching for appropriate treatment strategies 
will contribute to improving the survival rate of patients with pancreatic cancer.

Gamma-aminobutyric acid (GABA) is a neurotransmitter in the central nerv-
ous system (Xu et al. 2021). GABRP is the type A receptor subunit pi of GABA 
that consists of five subunits, which are encoded by 19 genes. Except for neu-
rons, GABRP is expressed in multiple human tissues, such as the prostate, ovar-
ian, stomach, esophagus, and pancreas. Yang et  al. have identified that GABRP 
may be a prognostic marker and therapeutic target (Yang et al. 2022). Moreover, 
overexpression of GABRP promotes the growth of pancreatic cancer cells (Take-
hara et al. 2007). However, the effects of GABRP on pancreatic cancer metastasis 
remain unclear.

The mitogen-activated protein kinase (MAPK) pathways are the signal trans-
duction pathways that are commonly abnormal activation or inactivation in dis-
eases (Lee et  al. 2020). Extracellular signal-regulated kinase (ERK), JNK, and 
p38 are the main factors in MAPKs. Among them, The ERK signaling plays a key 
role in cancer cell proliferation, migration, and invasion (Kim and Choi 2010). It 
has been revealed that the MEK/ERK pathway is activated in pancreatic cancer 
(Wang et al. 2017). Nevertheless, whether GABRP could mediate the MEK/ERK 
pathway to affect pancreatic cancer metastasis is largely unknown.

In the current study, the effects of GABRP on metastasis in pancreatic cancer 
were explored. We speculated that GABRP promoted the metastasis of pancreatic 
cancer by modulating the MEK/ERK pathway. The data may provide a new thera-
peutic target for metastatic pancreatic cancer.

Materials and Methods

Bioinformatic Analysis

The expression of GABRP in tumor and normal tissues and the overall survival 
of patients with high or low GABRP were predicted using the GEPIA database 
(http:// gepia. cancer- pku. cn/).

http://gepia.cancer-pku.cn/
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Tissue Sample Collection

Tumor tissues and adjacent non-tumor tissues were both collected from patients 
with pancreatic cancer (n = 35) who were diagnosed and underwent surgery in 
Xi’an No.3 Hospital. Written informed consent was obtained from all patients. 
The protocol was approved by the Ethics Committee of Xi’an No.3 Hospital.

Cell Culture

Pancreatic cancer cell lines (CFAPC-1, Panc-1, Aspc-1) and normal cells 
(HPDE6-C7) were cultured at Dulbecco’s modified eagle medium (DMEM) sup-
plemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin 
(Gibco) under the condition of 37 °C with 5%  CO2.

Cell Transfection

siRNA (si)-GABRP 1#, si-GABRP 2#, si-negative control (NC), GABRP over-
expression vector (oe-GABRP), and empty vector (oe-NC) were acquired from 
Genepharma (Shanghai). CFAPC-1 cells were transfected with the vectors men-
tioned above using the Lipofectamine 3000 (Invitrogen). Forty-eight hours post-
transfection, cells were harvested.

AZD6244 Treatment

AZD6244 (MEK inhibitor; MCE) was dissolved in DMSO (Sigma-Aldrich). The 
CFAPC-1 cells were treated with 20-nM AZD6244 solution for 48 h (14).

Real‑Time Quantitative PCR (qPCR)

Total RNA was isolated using the TRIzol reagent (Invitrogen). After measur-
ing the concentration and purity, 1-μg RNA was reverse transcribed to comple-
mentary DNA using a miScript II RT kit (Qiagen). qPCR was assessed using the 
miScript SYBR Green PCR kit (Qiagen) on a LightCycle real-time PCR system 
(Roche). Relative gene expression was calculated using the  2−ΔΔCt formula as 
normalized to the expression of GAPDH.

Cell Counting Kit‑8 (CCK‑8) Assay

A CCK-8 kit (Dojindo) was used to analyze cell viability. The cells were seeded 
into 96-well plates and incubated for 24 h. Subsequently, the CCK-8 reagent was 
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incubated with the cells for 4 h. The absorbance was measured using a microplate 
reader (Bio-Rad) at 450 nm.

Transwell Assay

Transwell chambers (24-well) were precoated with 50-μL Matrigel to assess cell 
invasion. The cells were suspended in DMEM without FBS and added to the top 
chambers. The DMEM supplemented with 10% FBS was added to the bottom cham-
bers. Following 24 h, cells in the upper chambers were removed and the others that 
invaded the lower chamber were stained with crystal violet. Images were taken by a 
microscope in 5 random fields.

Transwell chambers without Matrigel were used to assess cell migration. The 
other operations were the same as mentioned above.

Western Blot

Total protein was extracted using the RIPA lysis buffer (Beyotime) and the con-
centration was measured using the BCA kit (Beyotime). About 30-μg protein was 
separated using 10% SDS-PAGE. The separated proteins were electro-transferred to 
PVDF membranes (Millipore). The membrane was blocked in 5% nonfat milk for 
1 h at 25 °C and incubated with primary antibodies overnight at 4 °C. On a second-
ary day, the membrane was incubated with HRP-conjugated secondary antibodies 
for 2 h at 25 °C. Protein bands were visualized using the ECL reagent under a Gel 
Doc EZ Gel imaging system (Bio-Rad).

In Vivo Study

The CFAPC-1 cells were stably transfected with sh-NC and sh-GABRP. BALB/c 
nude mice (male, 4–6 weeks old; SLAC, Shanghai) were housed in SPF conditions. 
The mice were randomly divided into two groups: sh-NC and sh-GABRP groups (8 
mice per group). Transfected cells (2 ×  105 cells) were inoculated subcutaneously in 
nude mice to establish the xenograft tumor model. After inoculation, the mice were 
grown under the standard conditions. Tumor volume was detected every week using 
the formula: length ×  width2 × 1/2. Five weeks later, the mice were euthanized and 
tumors were collected and weighed. The animal study was approved by the Ethics 
Committee of Xi’an No.3 Hospital.

Statistical Analysis

Data were acquired from three repeated experiments and analyzed using the Graph-
Pad Prism 7.0 software. Data were expressed as mean ± standard deviation. Compar-
isons between the two groups were carried out using the student’s t test, and com-
parisons among multiple groups were performed using one-way ANOVA. P < 0.05 
was identified as statistical significance.
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Results

GABRP Levels are Upregulated in Pancreatic Cancer

We first predicted the levels of GABRP in pancreatic cancer. The data from the 
GEPIA database showed that GABRP was upregulated in tumor tissues compared 
with normal tissues (Fig. 1A). The overall survival of high GABRP was lower than 
that of low GABRP (Fig. 1B). We detected GABRP expression in tissues and con-
firmed that GABRP expression was increased in pancreatic cancer (Fig.  1C and 
D). Compared to the HPDE6-C7 cells, the levels of GABRP were increased in the 
CFAPC-1, Panc-1, and Aspc-1 cells, especially in the CFAPC-1 cell line (Fig. 1E 
and F).

Knockdown of GABRP Suppresses the Metastasis of Pancreatic Cancer Cells

To investigate the role of GABRP knockdown in pancreatic cancer, si-GABRP 1# 
and si-GABRP 2# were transfected into the CFAPC-1 cells. The results of efficiency 
illustrated that GABRP mRNA and protein levels were decreased after transfec-
tion (Fig. 2A and B). Cell viability was inhibited by GABRP knockdown (Fig. 2C). 
Additionally, silencing of GABRP inhibited cell migration and invasion (Fig. 2D). 
The protein levels of E-cadherin were elevated, whereas N-cadherin and Vimentin 
levels were reduced by GABRP downregulation (Fig. 2F).

Overexpression of GABRP Promotes Pancreatic Cancer Cell Metastasis

Then, we explored the role of GABRP overexpression in pancreatic cancer. The 
GABRP overexpression vectors were transfected into the CFAPC-1 cells, and the 
levels of GABRP were elevated (Fig. 3A and B). Overexpressing GABRP promoted 
cell viability, compared with empty vector (Fig.  3C). Cell migration and inva-
sion were both facilitated by GABRP overexpression (Fig. 3D and E). In addition, 
GABRP reduced the levels of E-cadherin and increased the levels of N-cadherin and 
Vimentin (Fig. 3F).

GABRP Activates the MEK/ERK Pathway

To identify the underlying mechanism, we analyzed the effects of GABRP on the 
MEK/ERK pathway. Knockdown of GABRP reduced the protein levels of p-MEK1 
and p-ERK1/2, and did not affect MEK1 and ERK1/2 levels (Fig.  4A). On the 
other hand, overexpression of GABRP increased the protein levels of p-MEK1 and 
p-ERK1/2 and also did not affect MEK1 and ERK1/2 levels (Fig. 4B).
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Fig. 1  GABRP levels are upregulated in pancreatic cancer. A The levels of GABRP in tumor and normal 
tissues were predicted using the GEPIA online database. B The overall survival of patients with high and 
low GABRP expression was predicted using the GEPIA database. C qPCR and D western blot were used 
to detect GABRP expression in tumor tissues and adjacent non-tumor tissues from patients with pancre-
atic cancer. E qPCR and F western blot measured GABRP expression in normal cells (HPDE6-C7) and 
tumor cells (CFAPC-1, Panc-1, Aspc-1). **P < 0.01. ***P < 0.001
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Fig. 2  Knockdown of GABRP suppresses the metastasis of pancreatic cancer cells. A GABRP expres-
sion was examined using qPCR after transfection. B GABRP levels were examined using western blot 
after transfection. C Cell viability was analyzed using CCK-8 analysis. D Cellular migration and E inva-
sion were assessed using Transwell assay. F The protein levels of E-cadherin, N-cadherin, and Vimentin 
were measured by western blot. **P < 0.01. ***P < 0.001

Fig. 3  Overexpression of GABRP promotes pancreatic cancer cell metastasis. A qPCR and B western 
blot were carried out to assess the efficiency after transfection. C CCK-8 assay measured the cell viabil-
ity. D Cellular migration and E invasion were assessed using Transwell assay. F Western blot detected 
the protein levels of E-cadherin, N-cadherin, and Vimentin. ***P < 0.001
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GABRP Promotes the Metastasis of Pancreatic Cancer via the MEK/ERK Pathway

We used AZD6244 to suppress the activation of the MEK/ERK pathway. The 
results of western blot indicated that the elevation of the p-MEK1 and p-ERK1/2 
induced by GABRP was reversed by the AZD6244 treatment (Fig. 5A). GABRP 
promoted cell viability, migration, and invasion, whereas AZD6244 treatment 
counteracted the promotion induced by GABRP (Fig.  5B–D). The downregula-
tion of E-cadherin, and the upregulation of N-cadherin and Vimentin induced by 
GABRP overexpression were partly abolished by AZD6244 (Fig. 5E).

Silencing of GABRP Inhibits Tumor Growth In Vivo

To explore the role of GABRP in vivo, a xenograft tumor model was established. 
Knockdown of GABRP inhibited tumor size, volume, and weight, compared with 
sh-GABRP (Fig. 6A–C).

Fig. 4  GABRP activates 
the MEK/ERK pathway. A 
Western blot was used to 
measure the protein levels of 
MEK1, p-MEK1, ERK1/2, and 
p-ERK1/2 after GABRP knock-
down. B Western blot was used 
to measure the protein levels 
of MEK1, p-MEK1, ERK1/2, 
and p-ERK1/2 after GABRP 
overexpression

Fig. 5  GABRP promotes the metastasis of pancreatic cancer via the MEK/ERK pathway. A Western 
blot assessed the protein levels of p-MEK1 and p-ERK1/2 in GABRP overexpression cells treated with 
AZD6244. B CCK-8 assessed the cell viability. Transwell assay was carried out to evaluate the C cell 
migration and D invasion. E The protein levels of E-cadherin, N-cadherin, and Vimentin were measured 
using the western blot. *P < 0.05. **P < 0.01. ***P < 0.001
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Discussion

With the development of cancer treatment technology, pancreatic cancer is still 
associated with a poor prognosis. The new strategies are urgently needed to inves-
tigate. Epithelial–mesenchymal transition (EMT) plays a central role in cancer 
invasion and metastasis, which induces early dissemination of tumor cells (Zheng 
et al. 2015). Tumor invasion stimulates cell migration, promoting cell prolifera-
tion and survival (Keleg et al. 2003). In addition, the interaction of epithelial or 
tumor cells and stromal cells induces the tumor microenvironment, leading to 
tumor metastasis (Ren et al. 2018). Thus, controlling tumor metastasis can help 
decelerate tumor progression, which may improve patient survival.

Accumulating evidence has shown that GABRP is pivotal in cancer progression 
by regulating biological behaviors. For example, GABRP knockdown impedes ovar-
ian cancer cell migration and invasion (Sung et  al. 2017). GABRP is related to a 
worse prognosis of breast cancer, and knockdown of which suppresses the carci-
nogenicity and cytoskeletal changes (Sizemore et al. 2014). GABRP is a target of 
miR-320c and rescues the suppression of cervical cancer cell migration induced by 
miR-320c (Li et al. 2020). Moreover, GABRP promotes cell proliferation and inhib-
its apoptosis of oral squamous cell carcinoma and is linked to tumor differentiation 
(Ma et al. 2016). GABRP is a prognostic biomarker of pancreatic cancer, and inhib-
iting the expression of endogenous GABRP hinders the growth of pancreatic cancer 
cells (Yang et al. 2022; Takehara et al. 2007). Additionally, GABRP is contributed 
to tumor metastasis and infiltration of macrophages. Overexpression of GABRP has 
immunomodulatory effects in pancreatic cancer (Jiang et  al. 2019). However, the 
effects of GABRP on the metastasis of pancreatic cancer remain unclear. Herein, we 
focused on whether GABRP affected tumor cell metastasis. The results showed that 
GABRP was upregulated in pancreatic cancer. Silencing of GABRP inhibited the 
migration, invasion, and EMT of pancreatic cancer cells, whereas overexpression 
of GABRP promoted these cellular processes. The data suggested that GABRP is 
an oncogene in pancreatic cancer and promoted cancer progression, consistent with 
previous studies mentioned above.

Fig. 6  Silencing of GABRP inhibits tumor growth in vivo. A The representative images of tumors col-
lected from mice after sacrificed. B Tumor volume was calculated. C Tumor weight was measured. 
P < 0.001
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The MEK/ERK signaling is important in the regulation of cell survival, migration, 
apoptosis, and EMT (Chen et al. 2020; Sun et al. 2015). It is associated with tumorigene-
sis and functions as an oncogene in cancers, including pancreatic cancer (Griesmann et al. 
2021). However, MEK inhibitor alone has no significant effects on pancreatic cancer (Yan 
et al. 2021). Therefore, exploring novel targets related to the MEK pathway is required. It 
has been proved that GABRP promotes tumor progression by regulating the MEK/ERK 
pathway (Takehara et al. 2007; Sung et al. 2017; Sizemore et al. 2014). In this study, we 
found that GABRP depletion inactivated the MEK/ERK pathway, whereas GABRP over-
expression activated this pathway. Moreover, the inactivation of the pathway reversed the 
effects of GABRP on cell migration, invasion, and EMT. Thus, we believed that GABRP 
promoted the progression of pancreatic cancer via the MEK/ERK pathway.

The major limitation of this study is that we only explore the effects of GABRP 
on tumor growth in vivo. Whether GABRP regulate tumor metastasis to liver and 
lung has not been analyzed. We will further study in our future work.

In conclusion, GABRP was highly expressed in pancreatic cancer, which pro-
moted cell metastasis in vitro and tumor growth in vivo by activating the MEK/ERK 
pathway. The data suggested that GABRP might be a novel target for the treatment 
of pancreatic cancer.
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