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Background: Rho-GTPases and their activators, guanine nucleotide exchange factors 
(GEFs), are increasingly being recognized as essential mediators of oncogenic signaling. 
Although it is known that P-Rex1, a member of the Dbl family of GEFs for the Rac small 
GTPase, contributes to the migration of cancer cells, its exact role in liver cancer and the 
underlying mechanisms remain unclear.
Materials and Methods: Public datasets from the Gene Expression Omnibus database 
(GEO) and clinical liver cancer samples were analyzed to explore the expression of P-Rex1. 
P-Rex1 knockdown and overexpression cell lines were established using a recombinant 
lentiviral transfection system. BrdU and colony formation assays were performed to deter-
mine cell viability. Migratory capacity was analyzed using a transwell migration assay and an 
in vitro wound-healing assay. Nude mice bearing subcutaneous xenograft tumors were 
established to determine the effects of P-Rex1 on tumorigenesis in vivo. The role of 
P-Rex1 in hepatocarcinogenesis was determined through Western blot and co- 
immunoprecipitation.
Results: Induced expression of endogenous P-Rex1 was identified in liver cancer tumors 
when compared with adjacent nonmalignant tissues from clinical data. In response to HGF 
treatment, P-Rex1-knockdown cells displayed reduced proliferation and migration in vitro as 
well as reduced xenograft tumor growth in vivo. Overexpression of P-Rex1 promoted liver 
cancer cell proliferation and migration. P-Rex1 primarily acts as a downstream effector of 
GPCR signaling. This study demonstrated that downregulation of P-Rex1 led to a significant 
decrease in the phosphorylation of Akt and Erk1/2 by reducing the phosphorylation of the 
tyrosine kinase receptor c-Met. Furthermore, a physical association between P-Rex1 and 
c-Met was observed after HGF treatment, suggesting that P-Rex1 may be involved in the 
HGF/c-Met signaling pathway.
Conclusion: These results support the role of P-Rex1 as a novel player in liver cancer, 
which suggest that targeting P-Rex1 may provide a potential strategy for liver cancer 
treatment.
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Introduction
Liver cancer is one of the most common causes of cancer-related death worldwide, 
making it an increasing public health concern. One of the limiting factors in liver 
cancer treatment is late diagnosis that renders surgical resection or radiofrequency 
ablation, otherwise potentially curative treatment modalities, inapplicable.1,2 

Sorafenib, a commonly used oral drug, is a standard systemic treatment for patients 
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with advanced liver cancer, but resistance usually takes 
less than six months to develop. Although lenvatinib was 
approved by the Food and Drug Administration as first- 
line treatment for patients with unresectable liver cancer in 
2018, acquired drug resistance remains inevitable.3 Thus, 
the need for novel treatment strategies has become increas-
ingly urgent. The MET oncogene, which encodes the tyr-
osine kinase receptor for hepatocyte growth factor (HGF), 
has been observed to play a pivotal role in the promotion 
of tumor growth and metastasis, including liver cancer.4,5 

Aberrant c-Met activity occurs in various cancer types and 
is often associated with a poor prognosis. Binding of HGF 
to c-Met activates multiple intracellular pathways such as 
mitogen-activated protein kinase (MAPK) and phosphati-
dylinositol 3-kinase (PI3K) via phosphorylation of the 
receptor tyrosine kinase domain. Several studies have 
demonstrated the effects of HGF on phenotypic changes 
in liver cancer, including epithelial-mesenchymal transi-
tion (EMT), migration, and invasion. Knockdown of c-Met 
impairs liver cancer cell proliferation, colony formation, 
and migration in vitro as well as tumor growth in vivo.6–8 

In addition, HGF has been shown to induce resistance to 
multiple kinase inhibitors by activating phosphorylated 
c-Met, a process that is dependent on the Akt/Erk1/ 
2-EGR1 pathway.9 Although it is widely believed that 
c-Met is one of the most promising therapeutic targets 
for liver cancer treatment, none of the clinical trials of 
nonselective inhibitors have shown the desired effects.

Rho-GTPase family proteins are key molecular 
switches in whole-intracellular signal transduction, cycling 
between the inactive GDP-bound and active GTP-bound 
states. The exchange of GDP for GTP and the subsequent 
activation of Rho-GTPases are mediated by GEFs, whose 
activation often occurs downstream of receptor 
signaling.10,11 Rho-GTPases and Rho-GEFs play central 
roles in controlling intracellular processes such as cytos-
keleton regulation, cell polarity, reactive oxygen species 
(ROS) formation, and gene transcription.12 

Overexpression of Rho-GEFs contributes to cancer pro-
gression and metastasis in various cancer types, including 
breast cancer and glioblastoma, mainly through the pro-
motion of tumor cell migration and invasion.13–15 

PtdIns(3,4,5)P3-dependent Rac exchanger 1 (P-Rex1), 
a member of the Dbl family of Rho-GEFs, is synergisti-
cally activated by PtdIns(3,4,5)P3 and the βγ subunits of 
G-protein-coupled receptors (GPCR).16,17 The PREX1 
gene region is frequently deleted or amplified in cancer, 
suggesting the role of PREX1 as a putative oncogene in 

human cancers.18–20 In addition to the P-Rex1 pathway’s 
extensive involvement in the inflammatory response, neur-
ite differentiation,21 lung endothelial permeability,22,23 and 
pulmonary fibrosis,24 its involvement in cancer has only 
recently been studied.17,25,26 However, the role of P-Rex1 
in liver cancer remains elusive. The present work indicates 
that P-Rex1 functions in liver cancer cell proliferation, 
migration, and xenograft tumor growth by acting as 
a downstream effector of HGF signaling. Knockdown of 
P-Rex1 suppressed Akt and Erk1/2 phosphorylation by 
reducing the phosphorylation of the tyrosine kinase recep-
tor c-Met. A physical association between P-Rex1 and 
c-Met was observed after HGF treatment. Collectively, 
these findings suggest the possibility of targeting P-Rex1 
for liver cancer therapy based on its dual function in liver 
cancer pathogenesis and inflammation.27

Materials and Methods
Immunohistochemistry
Five paraffin sections of liver cancer tumors and paired 
adjacent non-tumor tissues were obtained from the 
Shanghai Fifth People’s Hospital repository and subjected 
to deparaffinization and antigen retrieval. All human- 
sample experimental procedures were approved by the 
Research Ethics Committee of Shanghai Fifth People’s 
Hospital, Fudan University (2016EC119) and conducted 
in accordance with the Code of Ethics of the World 
Medical Association (Declaration of Helsinki); the donor 
was informed completely and provided consent for the 
experiment. P-Rex1 was detected by incubating the sec-
tions with primary antibodies at 4°C overnight. Coloration 
was developed using a DAB chromogenic kit (Boster, 
Wuhan, China). The immunohistochemical score was 
measured based on the staining intensity standard.

Analysis of the Liver Cancer Database
GSE121248 and GSE112790 were obtained from the 
NCBI Gene Expression Omnibus (GEO) (http://www. 
ncbi.nlm.nih.gov/geo). Prior to downstream analysis, the 
array probes were mapped to the respective gene symbols 
using array annotations. The average expression values of 
genes matching multiple probes were calculated as the 
expression value of genes. A t-test was used to identify 
significant differences between two groups. Correlation 
between the mRNA expression of P-Rex1 and liver cancer 
prognosis was evaluated using the online Kaplan-Meier 
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plotter database. The overall survival (OS) of liver cancer 
patients with vascular invasion was analyzed.

Construction of the P-Rex1 Knockdown 
and Overexpression System
Human liver cancer cell lines (SMMC7721, HepG2, Huh7, 
PLC/PRF/5, and SK-Hep1) were obtained from the cell 
bank of the Chinese Academy of Science (Shanghai, 
China). Cells were cultured in DMEM supplemented 
with 10% fetal bovine serum (FBS, Gibco, USA) at 37° 
C in a humidified 5% CO2 atmosphere. Three small hair-
pin RNAs (shRNAs) specifically targeting P-Rex1 (target 
sequence-1, 5ʹ-GCAACGACTTCAAGCTGGTGGAGAA 
-3ʹ, target sequence-2, 5ʹ-GACTCCTACAGCGA 
GTGTAAC-3ʹ, target sequence-3, 5ʹ-GCATCAAG 
AAGGTGTGCTTCA −3ʹ) and one scrambled shRNA (5ʹ- 
AGTACTGCTTACGATACGGTT-3ʹ) were designed and 
cloned into the pLKO.1-puromycin lentiviral vector for 
construction of the P-Rex1 knockdown system. Full- 
length human P-Rex1 coding sequences were kindly 
provided by Richard D. Ye and cloned into the pCDH- 
CMV-MCS-EF1-Puro lentiviral vector to construct 
a P-Rex1 overexpression system. The cloned plasmids 
as well as the packaging plasmids (psPAX2 and 
pVSVG) were transfected into 293T cells to produce 
the lentiviral particles used to infect liver cancer cells. 
At about two and three days post-transfection, super-
natants were collected and filtered using 0.45-μm cellu-
lose acetate filters. The stably transfected cells were 
screened by puromycin 48 h after viral infection, and 
then P-Rex1 expression was verified using Western 
blotting.

BrdU Assay
Cell proliferation ELISA was performed using the BrdU 
assay kit (Roche, Switzerland) following the manufacturer’s 
instructions. Briefly, shP-Rex1 or PROE cells as well as 
control cells were seeded in 96-well plates (4000/well) and 
cultured with DMEM/FBS containing HGF (20 ng/mL, 
PeproTech, USA) or buffer control. Cells were incubated 
with BrdU for 4 h and fixed using FixDenat. Anti-BrdU 
antibody was used to detect BrdU incorporation.

Colony Formation Assay
Scrambled control or shP-Rex1 cells were diluted in cul-
ture medium and seeded into six-well plates at a density of 
500 per well, in triplicate. Cells were treated with HGF (20 

ng/mL) or buffer control for 14 days until optimal clones 
were formed. The clones were fixed with methanol, 
stained with 0.1% crystal violet, and then photographed. 
Colony formation was evaluated using NIH Image 
J software.

Cell Migration Assay
Cells were serum-deprived 12 h before the transwell 
migration assay. A total of 5×104 cells were seeded in 
the upper chamber (8 μM pore size, Corning) with 100 
μL serum-free DMEM containing 20 ng/mL HGF. Fetal 
bovine serum (10%) was placed in the wells of the lower 
chamber to induce migration. The chamber was incubated 
in a humidified environment with 5% CO2 at 37°C for 24 
h. The cells that migrated on the membrane underside 
were counted and photographed in five random fields.

For the wound-healing assay, scrambled control or shP- 
Rex1 cells were seeded into six-well plates and left over-
night. At confluence, the cells were scratched using 
a standard 1-mL pipette tip to create a cell-free strip. The 
cells were maintained for a total period of 32 h in DMEM 
containing 2% FBS with HGF (20 ng/mL) or buffer con-
trol. Cell migration was evaluated by measuring the 
reduced wound area versus total area throughout the entire 
observation period, and photographs were taken 0, 16, and 
32 h after scratching.

Co-Immunoprecipitation (Co-IP)
293T cells were either co-transfected with an HA-tagged 
human c-Met plasmid and an AU5-tagged human P-Rex1 
plasmid or transfected separately with one or the other. At 
about 48 h post-transfection, the cells were lysed on ice 
with cold RIPA lysis buffer. For endogenous immunopre-
cipitation, SK-Hep1 cells were stimulated with HGF (20 
ng/mL) or buffer control for the indicated times. Cell 
lysates were cleared and incubated with 3 μg anti-HA or 
c-Met antibodies (Cell Signaling Technology, USA) over-
night at 4°C. Protein A/G PLUS-Agarose (Santa Cruz, 
USA) was added to the lysates and incubated by rotation 
at 4°C for 5 h. The immunoprecipitates were collected and 
subjected to Western blotting using different antibodies, as 
indicated in the figures.

Western Blot Analysis
Total protein of the cells or tumor tissues was extracted in 
RIPA lysis buffer containing protease and phosphatase 
inhibitor cocktails (Sigma-Aldrich, USA). Protein samples 
were separated by SDS-PAGE and transferred to PVDF 
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membranes. The membranes were blocked with 5% skim 
milk for 1.5 h at room temperature and incubated over-
night at 4°C with primary antibodies, including P-Rex1, 
phospho-c-Met, c-Met, phospho-Akt (473), Akt, phospho- 
Erk1/2, Erk1/2, and β-actin. All antibodies were purchased 
from Cell Signaling Technology, and the dilution ratio was 
1:1000. Protein bands were detected using the Enhanced 
Chemiluminescence Substrate Kit and visualized using the 
FluorChem E system.

In vivo Tumor Xenograft Model
Male nude mice (BALB/c-nu, five weeks) were purchased 
from Shanghai SLAC Laboratory Animal Co. Ltd. 
(Shanghai, China) and housed under specific pathogen- 
free conditions. A total of 5×106 SK-Hep1 (scrambled- 
shRNA or P-Rex1-shRNA) cells in a volume of 100 μL 
PBS were inoculated subcutaneously in the right oxter of 
each mouse. Tumor volumes were measured and recorded 
every three days after inoculation using the formula V= 
(L×W2)/2, where the length and width of tumors were 
determined using Vernier calipers. The mice were sacri-
ficed after a one-month period of observation. Solid 
tumors were surgically resected and weighed. Animal’s 
welfare and use adhered to the guideline for ethical review 
of laboratory animal welfare (China National Standard 
GB/T 35892–2018) following a protocol approved by the 
Institutional Animal Care and Use Committee (IACUC) at 
Shanghai Jiaotong University.

Statistical Analysis
Quantitative data are expressed as the means ± SEM 
obtained from at least three independent experiments. 
Statistically significant differences between samples were 
determined by a one-way ANOVA (Bonferroni test). The 
Wilcoxon signed-rank test was used for the statistical 
analysis of tumor growth. Statistical significance was 
defined as P < 0.05. Analysis and graphing were per-
formed using Prism software.

Results
Induced Expression of P-Rex1 in Liver 
Cancer
To determine whether P-Rex1 is involved in the pathogenesis 
of liver cancer, human tissues obtained from the Shanghai 
Fifth People’s Hospital repository were analyzed for P-Rex1 
expression. The results confirmed that P-Rex1 expression in 
tumors was markedly upregulated compared with that in 

normal tissues (Figure 1A). Liver cancer patient data from 
public datasets of the Gene Expression Omnibus database 
(GEO) showed that P-Rex1 was presented at a significantly 
higher expression level in tumors than in adjacent nonmalig-
nant tissues (GSE121248 and GSE112790). P-Rex1 was 
originally purified from leukocyte cytosol and was found to 
be highly expressed in neutrophils. The expression of the 
neutrophil marker myeloperoxidase (MPO) showed no sig-
nificant difference between groups, indicating that the high 
P-Rex1 levels were not due to infiltrating neutrophils (Figure 
1B and C). The overall survival (OS) of liver cancer patients 
was evaluated using the online Kaplan-Meier plotter data-
base. Liver cancer patients with vascular invasion in high 
P-Rex1 expression group experienced shorter survival com-
pared with patients with low P-Rex1 expression group 
(Figure 1D). These results demonstrate that P-Rex1 may be 
involved in the pathogenesis of liver cancer and its over-
expression indicates a worse clinical outcome.

Establishment of the P-Rex1 Knockdown 
SK-Hep1 Cell Line
Expression of P-Rex1 was detected in five common liver 
cancer cell lines (SK-Hep1, PLC/PRF/5, SMMC7721, 
HepG2, and Huh7). Western blot results showed that the 
expression of P-Rex1 was high in the highly metastatic 
cell lines, especially SMMC7721 and SK-Hep1. HepG2 
cells expressed low levels of P-Rex1 (Figure 1E and F). To 
evaluate the role of P-Rex1 in liver cancer, a P-Rex1 
knockdown SK-Hep1 cell line was established using 
a recombinant lentiviral transfection system. Three 
shRNA sequences were designed and constructed using 
lentivirus plasmids. Group shPR3, which showed maxi-
mum efficiency in silencing P-Rex1 protein expression, 
was selected for further investigation into the role of 
P-Rex1 in proliferation and migration (Figure 1G).

P-Rex1 Knockdown Inhibits Progression 
into the G2/M Phase in SK-Hep1 Cells
To explore the role of P-Rex1 in the cell cycle, flow 
cytometry was performed to detect cell cycle distribution. 
The cell phase distribution was found to be 77.40 ± 0.90% 
vs 71.23 ± 0.84% in G0/G1 phase, 2.74 ± 0.10% vs 4.70 ± 
0.13% in S phase (P < 0.001), and 9.75 ± 0.98% vs 5.45 ± 
0.18% in G2/M phase (P < 0.05), before vs after P-Rex1 
knockdown in SK-Hep1 cells, respectively (Figure 2A). 
The fraction of cells in S phase was significantly 
increased, while the G2/M phase fraction was decreased 
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Figure 1 P-Rex1 expression in liver cancer. (A) Immunohistochemical staining of P-Rex1 in tumor and paired adjacent non-tumor (normal) tissues from patients (original 
magnification: scale bars = 100 μm, inset: scale bars = 25 μm), n=5. (B and C) P-Rex1 and MPO mRNA expression was analyzed in malignant liver tissues and adjacent non-malignant 
tissues using the GEO datasets (GSE121248 and GSE112790). (D) The Kaplan-Meier overall survival (OS) curves were presented. Liver cancer patients with vascular invasion were 
divided into a high P-Rex1 expression group and a low P-Rex1 expression group. (E and F) The protein and mRNA levels of P-Rex1 in five liver cancer cell lines. (G) The stable 
scrambled control clone and P-Rex1 knockdown clones (shPR1, shPR2, and shPR3) were constructed using recombinant lentiviral transfection. Representative Western blots and 
bar charts are shown. Quantitative data are shown as means ± SEM from three independent experiments. (*P < 0.05, **P < 0.01, and ***P < 0.001).
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after P-Rex1 knockdown, suggesting that P-Rex1 deple-
tion induces S-phase arrest and inhibits progression into 
the G2/M phase. Moreover, p21 was reported to inhibit 
progression into G2 and through G2/M via inhibition of 
the CDK1-cyclinA and CDK1-cyclinB1 complexes.28 The 
protein level of p21 in the P-Rex1 knockdown group was 
significantly increased (P < 0.05) 6 h after HGF stimula-
tion (Figure 2B), further demonstrating the inhibitory 
effect of P-Rex1 knockdown on the cell cycle.

Downregulation of P-Rex1 Reduces 
Proliferation and Migration of SK-Hep1 
Cells
To evaluate the effect of P-Rex1 on liver cancer cell 
proliferation, a BrdU assay was performed to determine 
cell viability in serum-containing medium supplemented 

with HGF (20 ng/mL) or buffer control. The 48-h cell 
proliferation rates were significantly reduced after 
P-Rex1 depletion in both the normal (P < 0.05) and HGF- 
stimulated conditions (P < 0.05, Figure 3A). Moreover, 
a colony formation assay was conducted to assess the 
effect of P-Rex1 on colonogenicity. ShP-Rex1 cells 
formed fewer and smaller colonies than control cells did 
in response to HGF (P < 0.001, Figure 3B and C).

Migratory capacity was analyzed using a transwell 
migration assay and an in vitro wound-healing assay. HGF 
induced a higher rate of migration in the SK-Hep1 cells. 
Compared with that of the scrambled controls, the increased 
number of migrated cells was diminished in P-Rex1- 
knockdown cells (Figure 3D and E). In agreement with the 
results from the transwell assay, treatment of SK-Hep1 cells 
with HGF increased wound healing rates significantly 32 

A

B

Figure 2 P-Rex1 regulates cell cycle transition in SK-Hep1 cells. (A) Cell phase distribution in scrambled control and P-Rex1 knockdown (shP-Rex1) cells. The ratio is 
presented as a bar diagram. (B) The expression of p21 protein after HGF treatment for the indicated time (h) in the control and shP-Rex1 groups of SK-Hep1 cells. Each 
experiment was repeated three times. The data are presented as means ± SEM. (*P < 0.05 and ***P < 0.001).
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Figure 3 Downregulation of P-Rex1 attenuates proliferation and migration in SK-Hep1 cells. (A) A BrdU assay was performed to determine the proliferation of scrambled control and 
P-Rex1 knockdown (shP-Rex1) cells in culture medium treated with or without HGF (20 ng/mL) for 48 h. (B and C) Scrambled control or shP-Rex1 cells were diluted and seeded into 
six-well plates to determine their colony forming capabilities. (D and E) A transwell migration assay was performed to evaluate the migratory behavior of scrambled control or shP-Rex1 
cells treated with HGF (20 ng/mL). Representative images of migrated cells are shown, scale bars = 200 μm. (F and G) Wound closure with scrambled control or shP-Rex1 cells treated 
with HGF (20 ng/mL) or buffer control for a total of 32 h. Microphotographs were taken at 0, 16, and 32 h. Scale bars = 500 μm. Each experiment was repeated three times. The data are 
presented as means ± SEM. *P < 0.05 and ***P < 0.001 comparing shP-Rex1 cells with scrambled control cells; ##P < 0.01 and ###P < 0.001 comparing HGF-treated samples with 
untreated samples in the same group.
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h after scratching (P < 0.05). However, much slower migra-
tion was observed in P-Rex1-knockdown cells (Figure 3F 

and G). These results demonstrate that P-Rex1 is involved in 
liver cancer cell proliferation and migration.

A

B

C

Figure 4 P-Rex1 downregulation inhibits xenograft tumor growth in vivo. (A) BALB/c-nu mice (male) were subcutaneously transplanted with SK-Hep1 cells transfected with 
scrambled-shRNA or P-Rex1-shRNA (n=6). The volumes of the tumors were measured and presented as the mean ± SEM. The tumors were removed for weight analysis at 
29 days post-inoculation (B). (C) The expression of c-Met, p-Akt, and p-Erk1/2 in tumor tissue homogenates. The data are shown above as means ± SEM from three 
independent experiments. (*P < 0.05 and **P < 0.01).
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Silencing P-Rex1 Suppresses Xenograft 
Tumor Growth in vivo
Nude mice bearing subcutaneous xenograft tumors were 
established to determine the effects of P-Rex1 on tumor-
igenesis in vivo. SK-Hep1 cells expressing scrambled- 
shRNA or P-Rex1-shRNA were inoculated into nude 
mice subcutaneously, and then tumor growth was 
observed. The P-Rex1-knockdown group exhibited 
a significant decrease in tumor volume compared with 
the scrambled control group (914.77 ± 114.99 mm3 vs 
1483.70 ± 186.90 mm3, respectively, P < 0.01) (Figure 
4A). The average tumor weights of the P-Rex1- 
knockdown group and the control group were 0.70 ± 
0.09 g and 1.20 ± 0.13 g, respectively, 29 days after 
infusion with SK-Hep1 cells (P < 0.01) (Figure 4B). 
Additionally, a Western blot analysis of tumor tissue 
homogenates showed that phosphorylated Akt (p-Akt) 
and Erk1/2 (p-Erk1/2) levels were attenuated in the 
P-Rex1-knockdown group. Significantly lower levels of 
the HGF receptor c-Met were observed in P-Rex1- 
knockdown tumor tissues compared with those in control 
tissues (Figure 4C). All of these molecules are closely 
related to tumorigenesis, tumor cell growth, and apoptosis. 
Collectively, these findings suggest that P-Rex1 knock-
down downregulates liver cancer cell ectopic tumor 
formation.

P-Rex1 Knockdown Inhibits Akt and 
Erk1/2 Phosphorylation by Targeting 
c-Met
Having established a role for P-Rex1 in tumorigenesis and 
metastasis, the subsequent experiment was focused on the 
signaling mediated by P-Rex1 in vitro. HGF/c-Met has 
been implicated in liver cancer tumor proliferation, moti-
lity, and invasion. The phosphorylation levels of c-Met 
(p-c-Met) were significantly elevated after HGF stimula-
tion. The upregulation of p-c-Met was less pronounced in 
P-Rex1-knockdown cells, suggesting a correlation 
between P-Rex1 and the HGF/c-Met signaling pathway 
(P<0.05, Figure 5A and B). Moreover, P-Rex1- 
knockdown cells showed much less phosphorylation of 
downstream signaling molecules Akt and Erk1/2 com-
pared with control cells (P < 0.05, Figure 5A, C, and D). 
Furthermore, an empty vector or P-Rex1-containing plas-
mid was transfected into shP-Rex1 cells to investigate 
whether re-expression of the P-Rex1 protein could rescue 
c-Met phosphorylation. In contrast with the shP-Rex1 

group, a small but significant increase in p-c-Met protein 
levels was observed in the P-Rex1 re-expression group 
following HGF stimulation (P < 0.05, Figure 5E and F). 
These data demonstrate that P-Rex1 is involved in HGF/ 
c-Met signaling in SK-Hep1 cells.

As P-Rex1 was primarily identified as a GEF for the 
activation of Rac1, a key element in controlling the for-
mation of lamellipodia,29 examinations were conducted to 
reveal whether Rac1 is involved in P-Rex1-mediated 
oncogenic signaling. Immunofluorescence showed that 
P-Rex1 depletion significantly decreased HGF-induced 
lamellipodia formation in SK-Hep1 cells, supporting 
a Rac1-dependent role (P < 0.001, Figure 5G, H, and I). 
According to published reports, c-Met participates in 
cytoskeletal reorganization via stimulation of Rac1 activa-
tion in different endosomal pathways.30 These results not 
only indicate the formation of a P-Rex1-Rac1-c-Met posi-
tive feedback loop but also confirm the essential role of 
P-Rex1 in the migration and spread of liver cancer cells.

P-Rex1 Overexpression Facilitates 
Proliferation and Migration by Promoting 
the HGF/c-Met/Akt Pathway in HepG2 
Cells
To further validate the role of P-Rex1 in liver cancer, stable 
overexpression of P-Rex1 in HCC cells was constructed 
using recombinant lentiviral transfection. HepG2 cells, 
which expressed the lowest levels of endogenous P-Rex1, 
were used to generate the P-Rex1 stable overexpression cell 
line. One vector control clone (VEC) and one P-Rex1 over-
expression clone (PROE) were obtained. Western blot analy-
sis and RT-qPCR showed that recombinant P-Rex1 was 
expressed in the PROE clone but not in the control VEC 
clone, suggesting stable overexpression of P-Rex1 in the 
HepG2 cell line (Figure 6A and B). P-Rex1 expression sig-
nificantly promoted HepG2 cell proliferation after HGF (20 
ng/mL) treatment (Figure 6C). As shown in Figure 6D and E, 
HepG2 cells displayed relatively low metastasis. A much 
higher migration level, induced by 10% fetal bovine serum, 
was observed in PROE cells than in VEC cells. Treatment of 
HepG2 cells with human HGF prior to 10% fetal bovine 
serum increased the migration abilities of both VEC and 
PROE clones. Furthermore, HGF induced an increase in the 
phosphorylation of c-Met as well as downstream Akt and 
Erk1/2. The increase was more significant in PROE cells than 
in VEC cells (Figure 6F-I). These findings demonstrate that 
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Figure 5 P-Rex1 is involved in HGF/c-Met signaling in SK-Hep1 cells. (A–D) Levels of phosphorylation of c-Met, Akt, and Erk1/2 after HGF stimulation for the indicated 
time (min) in scrambled control and P-Rex1 knockdown (shP-Rex1) cells. (E and F) ShP-Rex1 cells were transiently transfected with a P-Rex1-containing plasmid to restore 
its function. Western blotting for p-c-Met and c-Met was performed. Data quantification is shown below. (G–I) Control and P-Rex1 knockdown cells were stained with 
Rhodamine-conjugated phalloidin after HGF stimulation for 60 min, and signal was quantified. Different power images were included. Scale bars =10 μm. The data are shown 
above as means ± SEM from three independent experiments. (*P < 0.05, **P < 0.01, and ***P < 0.001).
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Figure 6 P-Rex1 expression promotes proliferation and migration in HepG2 cells. Stable vector control clone (VEC) and P-Rex1 overexpression clone (PROE) were 
constructed using recombinant lentiviral transfection. A representative Western blot (A) and RT-qPCR (B) are shown. (C) A BrdU assay was performed to determine the 
proliferation of VEC and PROE cells in culture medium treated with HGF (20 ng/mL) for 48 h. (D and E) A transwell assay was performed to evaluate the invasive behavior 
of VEC and PROE cells treated with HGF (20 ng/mL). Representative images of migrated cells are shown, scale bars = 250 μm. (F–I) Levels of phosphorylation of c-Met, Akt, 
and Erk1/2 after HGF stimulation in VEC and PROE cells. The data are shown as mean ± SEM from three independent experiments. (*P < 0.05, **P < 0.01, and ***P < 0.001).
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P-Rex1 facilitates the motility and migration of HepG2 cells 
through the HGF/c-Met/Akt pathway.

P-Rex1 and c-Met Form a Protein 
Complex
Given the requirement for P-Rex1 in c-Met-promoted 
HCC, this study analyzed whether P-Rex1 interacts with 
c-Met through immunoprecipitation. HA-tagged c-Met and 
AU5-tagged P-Rex1 plasmids were co-transfected into 
293T cells to construct a heterologous expression system. 
Co-transfection with P-Rex1 and c-Met increased the co- 
immunoprecipitation of P-Rex1 with c-Met more than 
transfection with P-Rex1 alone (Figure 7A). More 

importantly, a markedly improved interaction between 
endogenous P-Rex1 and c-Met was observed after HGF 
treatment for 30 min (P < 0.001, Figure 7B-D). 
A schematic drawing depicting P-Rex1’s involvement in 
the HGF/c-Met/Akt pathway illustrates these interactions 
(Figure 7E). Taken together, these data suggest a physical 
association between P-Rex1 and c-Met.

Discussion
P-Rex1, the first member of the P-Rex family, was origin-
ally purified from leukocyte cytosol prepared from pig 
blood.16 The family includes three members: P-Rex1, 
P-Rex2a, and P-Rex2b. The sequences of P-Rex2a and 

A B C

ED

Figure 7 P-Rex1 and c-Met form a protein complex. (A) 293T cells were co-transfected with both HA-tagged human c-Met plasmid and AU5-tagged human P-Rex1 plasmid 
or were transfected separately. Cell lysates were subjected to immunoprecipitation with anti-HA antibody followed by Western blot analysis with an anti-AU5 antibody. 
(B and C) SK-Hep1 cells were treated with HGF (20 ng/mL) or buffer control for the indicated times. Co-immunoprecipitation was performed using anti-c-Met antibody. 
P-Rex1 expression was determined through Western blotting. (D) Levels of phosphorylation of c-Met. (E) Schematic drawing depicting P-Rex1’s involvement in the HGF/ 
c-Met/Akt pathway. The data are shown above as means ± SEM from three independent experiments. (**P < 0.01 and ***P < 0.001).
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P-Rex2b are homologous with those of P-Rex1.31,32 

Despite various studies pointing out the oncogenicity of 
guanine nucleotide exchange factors (GEFs) in multiple 
cancer types, especially melanoma, breast cancer, glioblas-
toma, and prostate cancer, the present work unveiled 
a specific new function of P-Rex1 in the pathogenesis of 
liver cancer. P-Rex1 knockdown attenuated liver cancer 
cell proliferation, migration, and xenograft tumor growth 
by mediating the activation of the HGF signaling pathway. 
Silencing P-Rex1 suppressed Akt and Erk1/2 phosphory-
lation by targeting c-Met. Additionally, the present data 
demonstrated that P-Rex1 and c-Met could form a protein 
complex after HGF treatment, suggesting that P-Rex1 
might be an attractive therapeutic target in liver cancer 
therapy.

P-Rex1 primarily acts as a downstream effector of 
GPCR signaling.31,33 There is compelling evidence that 
PIP3 positively regulates the activation of P-Rex1, which 
directly activates Rac1.16 More recent studies have focused 
on the crosstalk between the P-Rex1/Rac1 pathway and 
other classical oncogenic signaling pathways, such as the 
ErbB pathway in breast cancer26 and the VEGF/VEGFR 
pathway in prostate cancer, and considered P-Rex1 as an 
essential mediator in cancer progression. In liver cancer, 
aberrant c-Met activity causes c-Met monomers to recruit 
other receptor monomers to form heterodimers of receptor 
proteins, leading to increased tumor cell proliferation and 
drug resistance. The present results indicated crosstalk 
between the P-Rex1/Rac1 pathway and the HGF/c-Met 
pathway. Downregulation of P-Rex1 diminished HGF- 
induced c-Met phosphorylation as well as phosphorylation 
of the downstream signaling molecules Akt and Erk1/2. 
Recombination and endogenous co-immunoprecipitation 
assays identified an interaction between P-Rex1 and c-Met, 
suggesting that P-Rex1 may directly or indirectly contribute 
to the HGF/c-Met pathway. The interaction between GEFs 
and tyrosine kinase receptors has rarely been reported. 
P-Rex1 was found to be associated with platelet-derived 
growth factor receptors (PDGFRβ), driving alterations in 
cell shape and invasion.34 Li et al reported that c-Met, 
AXL, ELMO2, and DOCK180 could form a complex to 
induce cytoskeletal reorganization after HGF treatment.35 

DOCK180 is a guanine nucleotide exchange factor for 
Rac1. Thus, the present findings show for the first time 
that HGF promotes the recruitment of P-Rex1 to c-Met, 
independent of GPCRs. However, understanding the mode 
of interaction (direct or indirect) and the exact mechanism 

underlying P-Rex1-mediated receptor activation requires 
further investigation.

HGF-induced P-Rex1/Rac1 activation was supported by 
the observation that 1) P-Rex1 depletion significantly 
decreased HGF-induced lamellipodia formation in SK- 
Hep1 cells, which is suggestive of a Rac1-dependent 
mechanism; 2) a much slower migration in P-Rex1- 
knockdown cells implies the involvement of Rac1 in HGF 
signaling. Activated Rac1 binds and activates the PI3K/ 
p110β subunit to increase PIP3 production, while the phos-
phorylated tyrosine kinase receptor c-Met recruits more 
PI3K/p85 subunits.36,37 More importantly, detection of the 
P-Rex1/c-Met interaction in a co-immunoprecipitation 
assay supports the role of P-Rex1 in HGF/c-Met signaling. 
These findings placed P-Rex1 downstream of the HGF 
signaling pathway as a component of the positive feedback 
loop. Recent evidence has suggested that activated c-Met is 
associated with poor outcomes of sorafenib therapy in HCC, 
leading to sorafenib resistance via reactivation of the Akt/ 
Erk1/2-EGR1 signaling pathway.9,38 The HGF/c-Met axis 
offers a potential target for drug therapy in liver cancer. Of 
note, the combination of c-Met inhibitors with other related 
molecule inhibitors would be a promising strategy due to 
the low sensitivity and effectiveness of single-agent regi-
mens in preclinical and clinical trials.39,40 More recent 
studies have identified a set of small molecules against 
P-Rex1 by differential scanning fluorimetry, but inhibition 
of P-Rex1-related cell function needs to be further 
confirmed.41

Liver cancer is an extraordinarily heterogeneous malig-
nancy with a poor prognosis and a lack of curative treat-
ments that requires continued research efforts. This study 
demonstrated that P-Rex1 is involved in liver cancer cell 
proliferation, migration, and tumor growth by modulating 
Akt and Erk1/2 phosphorylation via c-Met targeting. 
Identification of P-Rex1 as a key molecule in HGF/c-Met 
signaling may shed light on the pathogenesis of liver 
cancer. P-Rex1 could be a potential molecular drug target 
in the design of novel therapeutic approaches for liver 
cancer treatment, but further investigation is required.
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