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Rab25 acts as an oncogene and participates in the regulation of 
aerobic glycolysis via PKM2 in gastric adenocarcinoma
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Background: Rab25, a hub node of protein-protein interaction networks, has become one of the 
most popular tumor-associated proteins. Pyruvate kinase (PK) is the main rate-limiting enzyme in the 
glycolysis pathway and plays a significant role in the regulation of Warburg effect. In this study, we aimed 
to characterize the expression and function of Rab25 in gastric adenocarcinoma (GAC) and verify our 
hypothesis experimentally that Rab25 may participate in the regulation of aerobic glycolysis via PKM2 (a 
subtype of PK) in GAC.
Methods: The impact of Rab25 expression on patient overall survival was estimated using the Kaplan-
Meier method. Rab25 expression was silenced or increased respectively by lentivirus-mediated transfection. 
To assess the role of Rab25 in cell viability in vitro, cell proliferation and migration experiments were 
performed. Levels of pyruvate and lactic acid were detected by kits. Immunofluorescence analysis and Co-
Immunoprecipitation were performed to explore the interaction between Rab25 and PKM2 protein.
Results: High Rab25 expression was associated with reduced patient overall survival. Silencing Rab25 
inhibits GAC cells proliferation and overexpressing Rab25 promotes cell proliferation and migration 
in gastric cells in vitro. The study revealed that Rab25 participates in the positive regulation of aerobic 
glycolysis in GAC cells. Rab25 protein and PKM2 protein co-located on the cell membrane and could bind 
to each other in GAC cells. Rab25 is a positive regulator of PKM2 and Rab25 up-regulation promotes 
phosphorylation of PKM2.
Conclusions: In human GAC, Rab25 predicts poor prognosis and regulates aerobic glycolysis via 
phosphorylating PKM2-Y105.
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Introduction

Gastric cancer is a common malignant tumor, with over 
1 million new cases and more than 780 thousand deaths 
worldwide annually, making it the fifth most frequently 
diagnosed cancer and the third leading cause of cancer 
death (1). Gastric adenocarcinoma (GAC) accounts for 
about 95% of all gastric malignant tumors. Despite the 
continuous improvement of digestive endoscopy, surgical 
techniques and clinical treatment of GAC, the prognosis of 
patients with GAC is still not optimistic (2). The diagnostic 
rate of early stage of GAC is low and its prognosis has not 
been fundamentally improved. Therefore, it is particularly 
important to explore the molecular mechanism of the 
carcinogenesis and progression of GAC and formulate new 
strategies for its prevention and treatment.

Multiple factors and complicated procedures participate 
in stomach tumorigenesis. It involves not only the abnormal 
regulation of signaling transduction pathways and gene 
expressions, but also the metabolic changes in tumor  
cells (3). Because cellular sugar metabolism is the most 
basic form of metabolism, the abnormality of glucose 
metabolism in tumor cells, unraveled in the Warburg effect, 
is considered to be the pivotal marker of tumor (4). In 
aerobic conditions, the normal cells mainly supply energy 
through the oxidative phosphorylation of glucose. In hypoxia, 
normal cells provide energy with glycolysis, where glucose 
is converted to pyruvate, the latter of which is converted 
to lactic acid. Unlike normal cells, tumor cells, even under 
aerobic conditions, produce large amounts of lactic acid 
via aerobic glycolysis instead of mitochondrial oxidative 
phosphorylation, the former known as the Warburg effect (5).  
The Warburg effect represents a shift of using glucose 
from oxidative phosphorylation to glycolysis, universally 
acknowledged to be the most important feature of cancer. 
Thus, it is of great practical significance to elucidate the 
molecular mechanism of gastric carcinogenesis through 
probing the metabolic abnormalities implicated in GAC 
cells so as to lay down more effective modalities for the 
prevention and treatment of GAC.

The Rab protein family, the largest subfamily of the 
Ras superfamily, is composed of small molecule GTP 
binding proteins. They participate in many key processes 
during cellular endocytosis and membrane recycling, and 
predominantly regulate the key process of vesicle transports 
and protein exchanges in cells (6). Rab25, a newly 
discovered Rab family protein, is located in lq22 and belongs 
to a member of the Rab11 subfamily (7). Rab25, a hub 

node of protein-protein interaction networks, has become 
one of the most popular tumor-associated proteins (8).  
Mounting evidence suggests that Rab25 particularly plays a 
vital role in tumorigenesis (9-12). It has been consecutively 
reported that Rab25 mRNA or protein was found to be 
highly expressed in most epithelial tumors including ovarian 
(13,14), luminal B breast (15), testicular (16), bladder (17),  
prostatic (18) and liver tumors (19). Predominantly reported, 
Rab25 acts as an oncogene, especially in ovarian cancer, 
the level of whose expression in tumor tissue samples of 
patients is negatively correlated with their survival rate (20).  
As an oncogene, Rab25 has been shown to increase the 
proliferation, invasion, and metastasis of ovarian cancer cells 
in vitro. It also has been demonstrated that Rab25 increases 
tumorigenicity and decreases tumor cell apoptosis in vivo 
animal models (21). Recently, one interesting study found 
that Rab25 can promote the proliferation and invasion 
of ovarian cancer cells via the regulation of their energy 
metabolism (22). The study insinuates the possibility that 
Rab25 may regulate glycometabolism in ovarian cancer 
cells, which may constitute a novel mechanism of Rab25 
in carcinogenesis. Given that the major form of glucose 
metabolism is aerobic glycolysis in tumors, we focused on 
the pathway of aerobic glycolysis.

Pyruvate kinase (PK) is the main rate-limiting enzyme 
in the glycolysis pathway and plays a significant role in 
the regulation of glycolysis and Warburg effect (23). 
Mammalian PKs are encoded by two genes (PKLR and 
PKM), and each can generate two isoforms, respectively 
(PKL and PKR; PKM1 and PKM2) (24). In the process of 
malignant transformation of adult cells, the expression of 
PKM2 was reported to be particularly increased and play 
an important role in cell metabolic reprogramming (25). In 
addition, PKM2 was also reported to promote tumor growth 
by inhibiting tumor cell apoptosis or transforming tumor 
metabolism into aerobic glycolysis and bringing nutrients to 
biosynthesis (26-28). In view of the vital function of PKM2 
in tumor metabolism, it is worth exploring that PKM2 acts 
as a target of tumor regulation. There is growing evidence 
that oncogenes and tumor-related signaling pathways are 
more specific to the regulation of glucose metabolism-
related enzymes. Therefore, it is very important to explore 
the effects of oncogene on the activity of metabolic enzyme 
in order to find a more specific target of chemotherapeutic 
drugs (29).

In this study, we explored the expression and function 
of Rab25 in GAC. In view of the fact that Rab25 is a gene 
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that has a significant effect on the energy metabolism of 
cancer, we explore whether it affects tumor metabolism by 
regulating PKM2 and further affects the development of 
GAC. Through the exploration of Rab25, Warburg effect 
and PKM2, we aimed to validate our hypothesis that Rab25 
participates in glycolysis pathway via PKM2.

We present the following article in accordance with the 
MDAR checklist (available at http://dx.doi.org/10.21037/
tcr-20-2597).

Methods

Cell lines and cell culture

Human GAC cell lines (AGS, SGC-7901, MGC-803,and 
NCI-N87) and normal human gastric mucosal epithelial 
cell line GES-1 were purchased from the Type Culture 
Collection of the Chinese Academy of Sciences (Shanghai, 
China). Cells were cultured in RPMI 1640 medium with 
10% fetal bovine serum, 100U/ml penicillin sodium, and 
100 mg/ml streptomycin sulfate in humidified 5% CO2 at 
37 ℃.

RNA interference and stable cell line generation

To construct the stable Rab25-overexpressing and Rab25-
silencing cells, the recombinant lentivirus pHBLV- Rab25 
encoding Rab25 or pHBLV-n.c (negative control) and 
recombinant lentivirus pHBLV-shRab25 or pHBLV-shn.
c were purchased from Hanbio (Shanghai, China). The 
shRNAs were cloned into pHBLV-U6-Puro lentiviral vector 
(Hanbio; China). The target sequences were shRab25-1, 
5'-GATGGCTGAAGGAGCTCTATG-3'; shRab25-2, 
5'- GCCTTTGAGACTGTCCTGAAA-3'. Lentivirus 
infection was conducted according to the manufacturer's 

protocols. In brief, the differentiated GES-1 and AGS cells 
were seeded into a 6-well plate and cultured overnight to 
reach 70% confluence. Subsequently, cells were transfected 
with above different lentiviruses in the presence of 
ploybrene (8 μg/mL; Sigma-Aldrich; USA) for 24 h. After 
24 h, each culture medium was removed and each fresh 
medium was added. At 72 h after transduction, puromycin 
(5 mg/mL) was added to each medium for stable cell line 
selection. The empty lentivector lenti-puromycin was used 
as negative control. After antibiotic selection for 3 weeks, 
stable cells were obtained. In addition, we performed the 
transfection of PKM2 siRNA (siPKM2) and Control siRNA 
(siCtrl) plasmid using the Lipofectamine 2000 reagent 
(Invitrogen) according to the manufacturer’s instructions.

RNA isolation and quantitative real-time PCR

Total RNAs were extracted from cell lines with Trizol 
reagent (Invitrogen) according to the manufacture’s 
protocol. To obtain cDNA, PrimeScriptTM RT reagent kit 
(TaKaRa) was used for reverse transcription. Expression 
levels of candidate genes and β-actin were determined by 
quantitative real-time PCR using a Qiagen Rotor-Gene Q 
system (Qiagen, Inc.) and the levels of gene expression were 
calculated using the 2-ΔΔCt method. All reactions were run in 
triplicate. Sequences of primers are listed in Table 1.

Protein extraction and western blot analysis

Cells were washed twice with ice-cold PBS and lysed 
in RIPA buffer for 15 min. Cell debris was removed by 
centrifugation at 12,000 g for 30 min at 4 ℃. Total protein 
lysates were quantitated using BCA protein assay kit 
(Pierce Biotechnology Inc). Equal amount of total protein 
lysates was separated with 12% sodium dodecyl sulfate-
polyacrylamide gels and transferred to a polyvinylidene 
difluoride membrane. The membrane was blocked with 
5% BSA, followed by incubation overnight at 4 ℃. The 
following antibodies were used for immunoblotting: 
β-Actin (1:1,000; Cell Signaling Technology; 3700), Rab25 
(1:1,000; Cell Signaling Technology; 13048), PKM2 
(1:2,000; R&D SYSTEMS; MAB7244), PKM2-p-Tyr105 
(1:2,000; Signalway Antibody; 12821), and PKM2-p-Tyr 
(1:1,000; PTM Biolabs; PTM-701). Goat anti-mouse or 
goat anti-rabbit IgG horseradish peroxidase (Cell Signaling 
Technology) was used as secondary antibodies. Finally, the 
pictures were visualized using SuperSignal™ West Pico 

Table 1 Sequence of primers used in this study

Gene Primer sequence (5'→3')

Rab25 (F) GCCCTGGACTCTACCAATGTTGA

Rab25 (R) GCTGTTCTGTCTCTGCTTGGACAC

PKM2 (F) CGCTGGATAACGCCTACA

PKM2 (R) CATCAAACCTCCGAACCC

β-actin (F) ACCAACTGGGACGACATGGAGAA

β-actin (R) GGGATAGCACAGCCTGGATAGCA

F, forward; R, reverse.

http://dx.doi.org/10.21037/tcr-20-2597
http://dx.doi.org/10.21037/tcr-20-2597
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Chemiluminescent Substrate (Thermo Scientific).

Cell proliferation assay

Cell proliferation was determined by survival cell count 
assay. Cells were seeded in 6-well plate at approximately 
2000 cells per well and incubated for 5 days at 37 ℃ with 5% 
CO2 in a humidified incubator. Survival cells were quantified 
by cell counter (Beckman Coulter, Inc.) every 24 h.

Colony-formation assay

AGS cells (5×102) stably expressing shRNA targets against 
Rab25 and their relative control cells were seeded in 
six-well plates with each 2 mL culture medium. GES-1 
pHBLV-Rab25 stable cells and their relative control cells 
were seeded in six-well plates with 500 cells/well under 
the same culture conditions. The cells were cultivated 
for 2–3 weeks until their colonies were visible. Cells were 
washed twice with PBS and fixed with pure methanol at 
room temperature for 15 min. Then the cells were stained 
with coomassie brilliant blue dye and incubated at room 
temperature for 30 min. Coomassie brilliant blue dye was 
carefully removed and the plates in ddH2O were immersed 
to rinse off coomassie brilliant blue dye. After the plates 
were dried at room temperature, the number of colonies 
was counted.

Wound healing assay

Cell migration was evaluated using wound healing assay. 
Briefly, 5×105 cells/well were plated in a 6-well plate and 
cultured overnight to yield a confluent monolayer. The 
cells were then wounded with a 200 μL pipette tip. The 
remaining cells were washed three times with PBS and 
then cultured with RPMI 1640 medium without FBS. 
Photographs were taken at 0, 6, and 12 hours.

Soft-agar colony formation assay

First of all, 2 mL of 1.2% agar containing 2× culture 
medium was added to each well of a 6-well plate. After 
the bottom agar was solidified, 2 mL of a mixture of 0.7% 
agar and 500 cells in 2× culture medium around 40 ℃ was 
added on top of the 1.2% agar. One hundred microliters 
of medium were added twice weekly to prevent desiccation 
of the upper layer of agar. After 2 weeks, colonies were 
counted under the electron microscope.

Cellular metabolic analysis.

The stable cell lines with Rab25 overexpression or 
knockdown were cultured at 37 ℃ with 5% CO2 in a 
humidified incubator, and intracellular lactate levels were 
measured using a Lactate Assay Kit (Nanjing Jiancheng 
Bioengineering Institute; A019-2). Cellular pyruvic acid 
levels were measured using a Pyruvate Assay Kit (Nanjing 
Jiancheng Bioengineering Institute; A081). Cellular PK 
activity was measured using the PK enzyme activity dipstick 
assay kit (Nanjing Jiancheng Bioengineering Institute; 
A076-1).

IHC staining and score system

Human GAC tissue specimens and corresponding non-
malignant gastric tissue specimens along with their clinical 
and pathological data were collected and confirmed in Renji 
hospital, Shanghai Jiao Tong University School of Medicine. 
Stomach specimens were fixed in 4% paraformaldehyde 
and embedded in paraffin. Tissue sections were stained 
with haematoxylin and eosin in accordance with standard 
methods. For IHC, tissue sections (4 mm) were subjected 
to heat-mediated antigen retrieval (citrate buffer, pH 6). 
Primary antibodies were applied and incubated at 4 ℃ 
overnight. The following primary antibodies were used: 
Rab25 (1:100; proteintech; 13189) and PKM2 (1:800; 
proteintech; 60268). The immunoreactive score (IRS) was 
used to quantify the IHC staining, giving a range of 0 to 
12 as a result of multiplication of positive cell proportion 
scores (0–4) and staining intensity scores (0–3) as previously 
reported (30). IHC staining and statistical analyses were 
performed in a double-blind manner.

Immunofluorescence analysis

AGS cells were cultured on glass coverslips in a 24-well 
plate, fixed with 4% paraformaldehyde, permeabilized using 
0.1% Triton X-100, washed with 1× PBS, and blocked 
with 5% bovine serum albumin. Then the samples were 
incubated with Rab25 antibody (1:200; Cell Signaling 
Technology;13048) and/or PKM2 antibody (1:200; R&D 
SYSTEMS; MAB7244) at 4 ℃ overnight, followed by 
staining with Alexa Fluor 568 Goat anti-Rabbit IgG (1:200; 
Thermo Fisher Scientific; 1738303) and Alexa Fluor 647 
Goat anti-Mouse IgG (1:200; Thermo Fisher Scientific; 
1764240). Coverslips were mounted with vectashield 
mounting medium (Vector Laboratories, CA 94010) 
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containing diamidino-2-phenylindole (DAPI) nuclear stain 
and examined under a confocal laser scanning microscope.

Co-immunoprecipitation

The AGS cells were trypsinized, washed with ice-cold 
PBS, lysed with IP lysis buffer (Beyotime Biotechnology; 
P0013) plus PMSF and cleared by centrifugation. To 
immunoprecipitate endogenous proteins, lysate (500 μg) 
was mixed with 2 μg PKM2 (proteintech; 60268) and its 
relative IgG (Beyotime Biotechnology; A7082) antibodies 
overnight at 4 ℃. The next day, UltraLink Immobilized 
Protein A beads (Beyotime Biotechnology; P2015) were 
added to the antigen-antibody complex and incubated for 
two hours at room temperature with rotation. Beads were 
recovered by low speed centrifugation and washed with 
immunoprecipitation buffer. Loading buffer was added 
to each sample and incubated at 95 ℃ for 15 minutes, 
centrifuged and subjected to SDS-PAGE. After appropriate 
separation, gels were transferred and analyzed for co-
immunoprecipitation using standard immunoblotting 
techniques as detailed above.

Statistical analysis

All experiments were performed at least three times, and 
the mean and standard deviation (SD) are shown for each 
experiment. Statistical analysis was carried out in Excel, 
Prism GraphPad 5 and SPSS. Statistical analysis was done 
via Student t-test, chi-square test, ANOVA, and Cochran-
Armitage test for trend. Significance was defined as P<0.05.

Results

Rab25 predicts poor prognosis in GAC

To observe the expression level of Rab25 in GAC 
tissues, immunohistochemical staining was used in 
the various differentiated GAC tissues. The Rab25 
immunohistochemistry (IHC) score was significantly higher 
in GAC tissue than in paracancerous tissue (Figure 1A).  
In addition, the staining degree of Rab25 protein in 
GAC tissue was negatively correlated with the degree of 
differentiation. The highly differentiated GAC tissues 
were weakly stained while the poorly differentiated GAC 
tissues were strongly stained. It appeared that the poorer 
the level of differentiation, the stronger the degree of 
immunohistochemical staining (Figure 1B). According 

to the IHC score of Rab25, we divided the patients into 
high expression group and low expression group. Kaplan-
Meier 5-year survival analysis revealed a significantly 
reduced survival duration in GAC patients with high tumor 
Rab25 expression (Figure 1C). We further performed 
clinicopathologic correlation with Rab25 expression 
in GAC patients (Table 2). Our analysis confirmed that 
high Rab25 expression is associated with poor tumor cell 
differentiation.

Silencing Rab25 inhibits GAC cells proliferation in vitro

To estimate the expression levels of Rab25 in GAC cell 
lines, the gene level was evaluated by real-time PCR in 
the cancer cells. We found that the expression of Rab25 
was generally increased in GAC cells. In particular, the 
expression level of Rab25 in the GAC cell AGS was 18.77 
times higher than that in the normal gastric mucosal 
epithelial cell GES-1 (Figure 2A). In our previous study, 
we identified the promoter of the human Rab25 gene and 
illuminated the mechanism by which PKA regulates the 
expression of Rab25 in AGS cells (31). Therefore, AGS 
cells were used to explore the important role of Rab25 in 
GAC. To investigate the effect of Rab25 on the function 
of GAC cells, Rab25 expression in AGS cells was silenced 
by lentivirus-mediated transfection. Both two shRNA 
oligos could effectively decreased Rab25 expression at 
transcriptional and protein levels in AGS cells (Figure 2B). 
In order to simplify the experiment, we selected shRab25-1 
for the next experiment. To investigate the effect of rab25 
on cell proliferation capacity, cell count assay and colony-
formation assay were performed and the results showed that 
inhibition of Rab25 expression attenuated cell proliferation 
obviously (Figure 2C,D). In addition, knocking down Rab25 
also significantly reduced the colony formation ability of 
AGS cells in soft agar (Figure 2E). These data show that 
silencing Rab25 inhibits the proliferation of GAC cells and 
reduces the ability of tumorigenesis.

Rab25 up-regulation in GES-1 cells promotes cell 
proliferation and migration

To further explore the significance of Rab25 in gastric cells, 
we selected normal human gastric mucosal epithelial cell 
line GES-1 as control and constructed the stable Rab25-
overexpressing GES-1 cells (Figure 3A). As shown in  
Figure 3B, cell count assay revealed that up-regulation of 
Rab25 expression significantly enhanced cell proliferation 
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in pHBLV-Rab25 GES-1 cells compared with the parental 
pHBLV-n.c GES-1 cells. Furthermore, colony-formation 
assay also demonstrated that overexpression of Rab25 
promotes cell proliferation in GES-1 cells (Figure 3C). To 
further examine the functional role of Rab25 in the GES-
1 cells, we performed the wound healing assay to evaluate 
the ability of cell migration. Microscopic examinations at 
0, 6, 12 hours revealed obvious difference of migration of 
GES-1 cells in the pHBLV-Rab25 group compared with 
controls (Figure 3D). At the same time, we found that 
overexpression of Rab25 promotes the colony formation 
ability of GES-1 cells in soft agar (Figure 3E). Collectively, 
these results suggest that Rab25 promotes cell proliferation 

and migration.

Rab25 participates in the regulation of aerobic glycolysis in 
GAC cells

High lactate production is characteristic of cancer cells 
exhibiting the Warburg effect. Accordingly, we tested 
the metabolic state of Rab25-knockdown AGS cells and 
pHBLV-Rab25 GES-1 cells by measuring their lactate levels 
using a Lactate Assay Kit. In the meantime, we detected 
the expression of pyruvate, the key metabolites involved in 
aerobic glycolysis. In Rab25-knockdown AGS cells, the level 
of pyruvate dropped by 4 times and the level of lactic acid 

Figure 1 Rab25 predicts poor prognosis in gastric adenocarcinoma. (A) Comparison of IHC quantification of Rab25 expression from human 
gastric adenocarcinoma samples and matched normal gastric tissue samples (n=154). ***, P<0.001. (B) IHC staining of Rab25 proteins in 
human normal gastric tissues versus in human gastric adenocarcinoma samples. (C) Kaplan-Meier survival curves of 154 patients with gastric 
adenocarcinoma whose tumors had a high or low Rab25 expression. Rab25 high and low groups were separated by the median expression. 
Significance was determined with log-rank test. P=0.009. Scale bars, 200 μm.
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decreased by approximately 1.6 times, when compared with 
those in the controls respectively (Figure 4A), suggesting 
that Rab25 is a positive regulator of glycolysis. Meanwhile, 
in pHBLV-Rab25 GES-1 cells, the level of pyruvate and 
lactic acid increased with the overexpression of Rab25 when 
compared with those in the controls respectively (Figure 4B).  
Taken together, these results validated that Rab25 
participated in the regulation of aerobic glycolysis in GAC 
cells. On this basis, we envisioned a model diagram of 
Rab25 participating in the regulation of aerobic glycolysis 
and made a preliminary exploration (Figure 4C).

Rab25 is a positive regulator of PKM2

To find out the specific mechanism of Rab25 participating 
in the regulation of Warburg effect, we analyzed the 
relationship between Rab25 and the key molecules in 
aerobic glycolysis pathway by utilizing GRAMM-X protein-
protein docking database (32). The result reflects there 
may be an interaction between Rab25 and PKM2. The 
PKM2 IHC score was significantly higher in GAC tissue 

than in paracancerous tissue (Figure 5A,B). To further 
search the effect of Rab25 on the expression of PKM2, 
analysis of IHC scores in 41 patients was performed to 
examine the correlation between Rab25 with PKM2. 
Our results demonstrated that PKM2 expression is 
positively correlated with the expressions of Rab25 and the 
correlation coefficient (R) was 0.818 (Figure 5C). Then the 
immunofluorescent staining showed that Rab25 protein and 
PKM2 protein co-located on the cell membrane in AGS 
cells (Figure 5D). At the same time, we found that Rab25 
protein and PKM2 protein could bind to each other by co-
immunoprecipitation in AGS cells (Figure 5E). To further 
confirm the effect of Rab25 on the expression of PKM2, we 
detected the activity of PK and the gene expression level 
of PKM2 in the stable Rab25-overexpressing and Rab25-
silencing cells (Figure 5F,G). Through detection, we found 
that the activity of PK and the gene level of PKM2 were 
positively related to Rab25. The results reflect that Rab25 
has a positive regulatory effect on PKM2. Moreover, we 
transfect AGS stable transfected cells with Control siRNA 
(siCtrl) and PKM2 siRNA (siPKM2) and use plate cloning 

Table 2 Clinical characteristics of patients based on different Rab25 expression

Characteristics Total (n=154) Low Rab25‡ (n=52) High Rab25& (n=102) P value

Age (year) 63.5±11.7# 64.9±10.6# 0.429$

Sex 0.715$$

Male 106 37 (34.9) 69 (65.1)

Female 48 15 (31.2) 33 (68.8)

Tumor site 0.439$$

Proventriculus 37 15 (40.5) 22 (59.5)

Corpora ventriculi 41 11 (26.8) 30 (73.2)

Sinuses ventriculi 76 26 (34.2) 50 (65.8)

Stage 0.316$$$

I 22 8 (36.4) 14 (63.6)

II 35 15 (42.9) 20 (57.1)

III 83 25 (30.1) 58 (69.9)

IV 14 4 (28.6) 10 (71.4)

Differentiation <0.001$$$

Well 4 3 (75.0) 1 (25.0)

Moderately 52 29 (55.8) 23 (44.2)

Poorly 98 20 (20.4) 78 (79.6)
‡, IHC score: 0–5; &, IHC score: 6–12; #, mean ± SD); $, t-test; $$, chi-square test; $$$, Cochran-Armitage test for trend.
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experiments to detect changes in cell proliferation capacity. 
The results show that the activity of PKM2 is necessary for 
the oncogenic functions of Rab25 (Figure 5H).

Rab25 up-regulation promotes phosphorylation of PKM2

Given that phosphorylation of PKM2 protein plays a key 

role in the regulation of PKM2 activity (33), we focused 
on the effect of Rab25 on PKM2 phosphorylation. Indeed, 
we found that in vitro, western blotting showed that Rab25 
could significantly promote the phosphorylation level of 
tyrosine of PKM2 protein (PKM2-pTyr) (Figure 6A,B). 
It is known that multiple kinases frequently activated in 
different cancer types were identified to phosphorylate  

Figure 2 Silencing Rab25 inhibits gastric adenocarcinoma cells proliferation in vitro. (A) qPCR analysis comparing Rab25 mRNA 
expression (normalized to β-actin) in gastric adenocarcinoma cells with normal gastric mucosal epithelial cell lines GES-1. ***, P<0.001; ns, 
not statistically significant. (B) qPCR analysis (normalized to β-actin) and western blot analysis (normalized to β-Actin) of Rab25 expression 
in AGS cells transfected with control shRNA (Rab25 shn.c) or two different shRNAs against Rab25 (shRab25-1 and shRab25-2). ***, 
P<0.001. (C) The growth curves of the Rab25 shn.c and shRab25 AGS cells by survival cell count assay in vitro. *, P<0.05; **, P<0.01. (D) 
Representative images (left) and quantification (right) of colony formation in six-well plates from the Rab25 shn.c and shRab25 AGS cells. 
***, P<0.001. Stained by coomassie brilliant blue dye and clones in 6-well plate without magnificatio. (E) Representative images (left) and 
quantification (right) of colony formation per 10-fold field of view in soft agar from the Rab25 shRNA knockdown AGS cell lines. ***, 
P<0.001. Stained and magnified ten times. 
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Figure 3 Rab25 up-regulation in GES-1 cells promotes cell proliferation and migration. (A) qPCR analysis (normalized to β-actin) and 
western blot analysis (normalized to β-actin) of Rab25 expression in GES-1 cells transfected with pHBLV-n.c or pHBLV- Rab25 lentivirus. 
***, P<0.001. (B) The growth curves of the pHBLV-n.c and pHBLV-Rab25 GES-1 cells by survival cell count assay in vitro. *, P<0.05; **, 
P<0.01. (C) Representative images (left) and quantification (right) of colony formation in six-well plates from the Rab25 overexpression 
GES-1 sublines. ***, P<0.001. Stained by coomassie brilliant blue dye and clones in 6-well plate without magnification. (D) Representative 
images (left) and quantification (right) of colony formation per 10-fold field of view in soft agar from the pHBLV-n.c and pHBLV-Rab25 
GES-1 cells. ***, P<0.001. (E) Cell migration was detected using wound healing assay to investigate the effect of Rab25 in GES-1 cells. 
Photographs were taken at 0, 6, and 12 hours. Stained and magnified ten times. 
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PKM2-Y105 (34). Therefore, we focused on the Y105 
site and found that Rab25 could significantly promote the 
phosphorylation level of PKM2-Y105 in vitro (PKM2-
pY105) (Figure 6C,D). Taken together, these data suggest 
that Rab25 is involved in regulating the Warburg effect by 
phosphorylating PKM2-Y105.

Discussion

In this study, we have discovered that Rab25 was highly 

expressed in GAC tissues and cells. Meanwhile, 5-year 
survival analysis revealed a significantly reduced survival 
duration in GAC patients with high tumor Rab25 
expression. Our results demonstrated that silencing Rab25 
expression attenuated cell proliferation and clone formation 
capacity in GAC cells (AGS) in vitro. To explore the 
underlying mechanism, we analyzed the regulatory function 
of Rab25 in aerobic glucose metabolism, a process that plays 
an important role in the development and transformation 
of malignant tumors (35-37). As demonstrated, silencing 

Figure 6 Rab25 up-regulation promotes phosphorylation of PKM2. (A) Western blot analysis (normalized to β-Actin) of PKM2-pTyr, 
PKM2, and Rab25 protein levels in the pHBLV-n.c and pHBLV-Rab25 GES-1 cells. (B) Western blot analysis (normalized to β-Actin) of 
PKM2-pTyr, PKM2, and Rab25 protein levels in the Rab25 shn.c and shRab25 AGS cells. (C) Western blot analysis (normalized to β-Actin) 
of PKM2-pY105, PKM2, and Rab25 protein levels in the pHBLV-n.c and pHBLV-Rab25 GES-1 cells. (D) Western blot analysis (normalized 
to β-Actin) of PKM2- pY105, PKM2, and Rab25 protein levels in the Rab25 shn.c and shRab25 AGS cells. (E) An assumed diagram of the 
mechanism of Rab25 regulating glycolysis pathway in gastric adenocarcinoma cells.
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Rab25 inhibited the Warburg effect in GAC cells. 
Moreover, the expressions of relevant glycolytic genes 
including PKM2, GLUT1, HK2, and HIF-1α were 
decreased in Rab25-knockdown GAC cells (Figure S1). 
Rab25 may form complexes with other proteins, and bind to 
other receptors in synergy with endogenous and exogenous 
danger signals to regulate Warburg effect. As is widely 
acknowledged, PI3K/AKT/mTOR pathway is one of the 
important signal transduction pathways in cells (38). Many 
studies have shown that mTOR/HIF-1α/Myc-hnRNPs/
PKM2 signaling pathway plays an extremely important 
role in glycolysis pathway (39,40). Meanwhile, Rab25 can 
combines with AKT (41) and we drew a diagram of the 
mechanism of Rab25 regulating glycolysis pathway in GAC 
cells (Figure 6E). In this study, our results demonstrated 
that Rab25 has a positive regulatory effect on PKM2. Since 
phosphorylation of PKM2 protein plays a key role in the 
regulation of PKM2 activity, it is reasonable to speculate 
that Rab25 may have an effect on PKM2 phosphorylation. 
Phosphorylation experiments showed that Rab25 could 
significantly promote the level of tyrosine phosphorylation 
of PKM2 protein in vitro. In addition, phosphorylation 
of PKM2-Y105 was shown to correlate with tumor 
progression (33) and PKM2-pY105 was also shown to play 
a key role in cell transformation (34), we focused on the 
Y105 site and found that Rab25 could significantly promote 
the phosphorylation level of PKM2-Y105 in vitro. Taken 
together, we propose that Rab25 is involved in regulating 
the Warburg effect via phosphorylating PKM2-Y105  
in GAC.

Many studies have shown that Rab25 acts as an oncogene 
in most epithelial tumors including ovarian (13,14), luminal 
B breast (15), testicular (16), bladder (17), prostatic (18) and 
liver tumors (19). Our findings have revealed that Rab25 acts 
as an oncogene in GAC, which also belongs to an epithelial 
tumor. In addition, our previous study has elucidated the 
mechanism of increased gene expression of Rab25 in GAC 
cells (AGS) (31). Rab25 was reported to promote tumor 
growth or metastasis in ovarian (42) and bladder cancer (17) 
at increased expression level. We selected normal human 
gastric mucosal epithelial cell line GES-1 as control and 
constructed the stable Rab25-overexpressing GES-1 cells. 
With Rab25 expression increased in normal human gastric 
mucosal epithelial cells (GES-1), the ability of proliferation 
and migration of gastric cells have improved significantly. 
Furthermore, overexpression of Rab25 may induce normal 
gastric cells to have a tendency for malignancy. On the one 
hand, in this study we found a significant increase in the 

level of HIF-1α gene in gastric cells overexpressing Rab25 
(Figure S2) and the biological effects mediated by HIF-
1α are thought to be conducive to cancer development 
and progression (43). On the other hand, we found that 
overexpression of Rab25 promotes the colony formation 
ability of GES-1 cells in soft agar. Furthermore, recent 
research has shown that PKM2 has dichotomous functions 
in nontransformed cells (nononcogenic) versus in cancer 
cells (tumorigenic). In nontransformed mammary epithelial 
cells, unphosphorylated PKM2 proteins form tetramers 
with high PK activity. However, in transformed tumor cells, 
PKM2 proteins are phosphorylated at Y105 and dissociate 
into dimers. The pY105-PKM2 promotes YAP nuclear 
translocation and increases cancer stem–like cells, becoming 
essential for tumor cell growth and transformation (34).  
These results can support that PKM2 proteins are 
phosphorylated at Y105 by Rab25 and induce GES-1 cells 
(nononcogenic) have a tendency for malignancy found in 
our research.

As demonstrated, Rab25 is involved in the regulation of 
aerobic glycolysis and plays a positive role. PKM2, GLUT1 
and HIF-1α are the key molecules in glycolysis pathway 
and we had conceived that there are three regulatory 
pathways for Rab25 to participate in aerobic glycolysis 
(Figures 4C,6E). But in our study, there was no significant 
correlation between the expression of Rab25 and GLUT1 
(Figures S1,S2). At the same time, there was a positive 
correlation between the expression of HIF-1α and Rab25 
(Figures S1,S2). Further screening for Rab25 interaction 
partners using mass spectrometry is required to further 
explore the function of Rab25 in GAC.

The intervention of tumor metabolic dysregulations has 
been considered as a promising strategy for cancer therapy. 
However, direct modulation of PKM2 may destruct the 
balance of metabolism (44). However, there are more and 
more data indicating that oncogenes and tumor-related 
signaling pathways are more specific to the regulation of 
enzymes in glucose metabolism (29). Therefore, targeting 
oncogenic activation of PKM2 could be an alternative 
effective strategy. Recent studies have shown that aberrant 
cancer metabolism is closely related to chemotherapeutic 
resistance (45). In this study, we demonstrated that Rab25 
is a positive regulator of aerobic glycolysis in GAC. 
Based on the contribution of aberrant metabolism to 
chemotherapeutic resistance, it is possible that silencing 
Rab25 functions may contribute to the improvement of 
treatment. Further studies are required to use Rab25 as an 
intervention target for improving GAC treatment.

https://cdn.amegroups.cn/static/public/TCR-20-2597-supplementary.pdf
https://cdn.amegroups.cn/static/public/TCR-20-2597-supplementary.pdf
https://cdn.amegroups.cn/static/public/TCR-20-2597-supplementary.pdf
https://cdn.amegroups.cn/static/public/TCR-20-2597-supplementary.pdf
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In summary, we demonstrated that Rab25 acts as an 
oncogene and predicts poor prognosis in GAC. In this 
study, we elucidated the specific mechanism that Rab25 
participates in the regulation of aerobic glycolysis via PKM2 
in GAC. The observation will expand the understanding of 
the function of Rab25 and the understanding of glycolytic 
regulatory network containing PKM2 protein in tumor 
cells. Our results may provide brand new perspectives on 
elucidating gastric carcinogenesis in terms of the effects of 
tumor genes on Warburg effects and thus more efficacious 
molecular targets for the treatment of gastric cancer.
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Supplementary

Figure S1 qPCR analysis comparing Rab25, PKM2, GLUT1 and HK2 mRNA expression (normalized to β-actin) in the Rab25 shn.c and 
shRab25 AGS cells. * P<0.05, ** P<0.01, *** P<0.001.

Figure S2 qPCR analysis comparing Rab25, PKM2, GLUT1 and HK2 mRNA expression (normalized to β-actin) in the pHBLV-n.c and 
pHBLV-Rab25 GES-1 cells. ** P<0.01, *** P<0.001.


