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FAK-Src/MAPK signaling pathway and contributes to the 
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Background: Hepatocellular carcinoma (HCC) is the leading cause of mortality worldwide. Phosphatase 
regenerating liver 3 (PRL-3) was associated with cancer metastasis. However, the significance of PRL-3 in 
the prognosis of HCC remains elusive. The aim of this study was to elucidate the role of PRL-3 in HCC 
metastasis and its prognosis. 
Methods: The expressions of PRL-3 in cancer tissues isolated from 114 HCC patients, who underwent 
curative hepatectomy from May to November in 2008, were analyzed by immunohistochemistry, and its 
prognostic significance was evaluated. Thereafter, the migration, invasion, and metastatic alterations in 
MHCC97H cells with PRL-3 overexpression or knockdown were explored and compared with the tumor 
size and lung metastasis in orthotopic HCC model of nude mice derived from MHCC97H cells with PRL-
3 overexpression or knockdown. The underlying mechanism involving PRL-3–mediated effect on HCC 
migration, invasion, and metastasis was further examined. 
Results: Univariate and multivariate analysis demonstrated PRL-3 overexpression was an independent 
prognostic factor for poor overall survival (OS) and progression-free survival (PFS) of the HCC patients. 
Increased PRL-3 expression in MHCC97H cells was in accordance with the enhanced metastasis potential. 
PRL-3 knockdown inhibited the migration, invasiveness, and clone forming ability in MHCC97H cells, 
whereas PRL-3 overexpression reverted the above behavior. The growth of xenograft tumor in the liver was 
suppressed, and the lung metastasis in nude mice was inhibited by PRL-3 downregulation. The knockdown 
of PRL-3 could downregulate the expressions of Integrinβ1 and p-Src (Tyr416), p-Erk (Thr202/Tyr204) 
activation, and reduce MMP9 expression. Both MEK1/2 inhibitor (U0126) and Src inhibitor could repress 
PRL-3-induced invasiveness and migration in MHCC97H cells.
Conclusions: PRL-3 was significantly overexpressed and an independent prognostic factor to predict 
the death of HCC patients. Mechanically, PRL-3 plays a critical role in HCC invasive and metastasis via 
Integrinβ1/FAK-Src/RasMAPK signaling. Validation of PRL-3 as a clinical prediction marker in HCC 
warrants further research.
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Introduction

Hepatocellular carcinoma (HCC), associated with a high 
incidence of hepatitis B or C and following cirrhosis, is 
one of the major health burdens worldwide, especially in 
eastern Asia. According to Globocan 2020, it is the third 
most common cause of fatality from cancer worldwide (1).  
Despite the advancement of the diagnosis and surgical 
techniques of HCC, only around 30% of HCC patients 
could be benefitted from curative therapy, such as resection 
or local ablation. The long-term survival is not satisfactory 
for HCC patients post curative therapy owing to the high 
postoperative recurrence (2,3). The systemic therapies 
are the preferred alternatives for advanced HCC patients; 
however, multiple pathways-mediated complex signal 
network resulting in metastasis (4-7) and drug resistance 
influences their efficacies (3,4,8). The molecular target 
therapy also reflects a low response rate for HCC patients 
due to multiple genes and pathways-mediated complex 
signal network leading to carcinogenesis and metastasis 
(4,7,9). 

Understanding of HCC biology, its critical molecular 
players in tumor metastasis, could be targeted to achieve 
optimal therapies with improvement in patients’ long-term 
survival. Both phosphatases and protein kinases regulate 
the homeostasis of multiple physiological processes. 
Nonetheless, phosphatases have not gained much more 
attention as protein kinases (10). It has been reported 
that PRL-3 is co-localized with Integrinβ1, one of the 

important cell surface receptors, mediating cell adhesion 
and causing tyrosine phosphorylation of FAK at tyrosine 
397 and ultimately to mitogen activated protein (MAP) 
kinase activation. Autophosphorylation of FAK leads to 
the binding of Src-homology 2 (SH2) domain of Src, then 
phosphorylates other tyrosine residues in FAK and thereby 
maximizes its kinase activity to play a crucial role in cell 
adhesion and cell signals transduction and activation (11-13).

Phosphatase of regenerating liver 3 (PRL-3), implicated 
in cancer metastasis, was known to be overexpressed in a 
variety of malignant tumors and associated with malignant 
behaviors in glioblastoma, gastric cancer, mammary cancer, 
colon cancer, ovarian cancer, and so on (14-18). Recently, 
PRL-3 was proposed as a potential biomarker for tumor 
aggressiveness (19,20). Previous research had demonstrated 
that PRL-3 associated with the worse prognosis of 
HCC patients (21), however, the role of PRL-3 in HCC 
development remains largely unidentified. In the present 
study, we worked on the hypothesis that PRL-3 is critical 
in the mechanisms of HCC patients, as it is in mice. Based 
on this, the PRL-3 expression was validated to be higher 
in HCC tissues. We also performed logistic regression to 
verify whether or not PRL-3 can predict death. Moreover, 
we provided relevant new insight into the underlying 
molecular mechanism of PRL-3 in HCC invasion and 
metastasis. We present the following article in accordance 
with the ARRIVE reporting checklist (available at https://
jgo.amegroups.com/article/view/10.21037/jgo-22-976/rc). 

Methods

Patients and specimen 

Overall, 114 HCC patients who underwent curative 
hepatectomy were enrolled in the study between May 
and November in 2010 from the Liver Cancer Institute 
of Zhongshan Hospital, Fudan University. Liver cancer 
tissues collected from these patients were fixed in 10% 
formaldehyde solutions and embedded in paraffin, prepared 
for tissue microarray (TMA). All patients were followed up 
with their serum a-fetoprotein (AFP) assay and liver image 
examination by ultrasonography, computed tomography 
(CT), and magnetic resonance imaging every three months. 
The last follow-up time was on 20th October 2015. The 
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study was conducted in accordance with the Declaration of 
Helsinki (as revised in 2013). The human test subjects have 
been approved by the Ethics Committee of Zhongshan 
Hospital, Fudan University (approval No. B2020–138/pre-
review No. Y2014–125). Written informed consent was 
obtained from the patients.

Immunohistochemical analysis

TMA construction and immunohistochemistry were 
conducted following a two-step method as detailed 
previously (21). Briefly, the primary antibody (polyclonal 
rabbit anti-human PRL-3, ab50276, ABCAM, Cambridge, 
UK) was diluted 1:400 in phosphate-buffered saline 
(Hyclone, Logan, Utah, USA) containing 1% bovine serum 
albumin (Gibco, USA). 

After incubating with the appropriate biotin-conjugated 
secondary antibody, the sections were stained with DAB 
Horseradish Peroxidase Color Development Kit (Beyotime, 
China). The intensity of the cytoplasmic and nuclear 
membrane immunostaining for PRL-3 was graded as 
follows: 0, no immunostaining; 1, immunostaining detected 
in 25% of tumor cells; 2, moderate immunostaining 
marked in 25–50% of tumor cells; and 3, strong and 
diffuse immunostaining observed in over 50% of tumor 
cells. Subsequently, a score of 0 to 3 was considered 
negative, weakly positive, moderately positive, and strongly 
positive. Two independent pathologists evaluated the 
immunohistochemical staining under a light microscope.

HCC cells and cell culture

MHCC97H cells established in the Liver Cancer Institute, 
Fudan University (22), were cultured in Dulbecco’s modified 
Eagle medium (DMEM, Gibco, USA) supplemented with 
10% fetal bovine serum and 1% penicillin-streptomycin 
(100 units/mL, each) in the condition of 37 ℃ in a 
humidified atmosphere containing 5% CO2. 

Generation of stable cell lines 

The recombinant PRL-3-shRNA (TargetSeq: CTACAAA 
CACATGC GCTTCCT), PRL-3-expression sequence 
lentivirus, and the negative control lentivirus (both carrying 
GFP; Jiman Co. Shanghai, China) were developed and 
titered to 109 TU/mL (transfection unit). To obtain a stable 
PRL-3 knockdown/overexpressing cell line, MHCC97H 
cells were seeded in six-well dishes at a density of 2×105 cells  

per well. The cells were then infected with the same 
titer virus with 8 µg/mL polybrene on the following day. 
Approximately 72 h after a viral infection, GFP expression 
was confirmed under a fluorescence microscope, and the 
culture medium was replaced with a selection medium 
containing 4 µg/mL puromycin (Thermo Fisher Scientific, 
USA). The cells were, thereafter, cultured for at least  
14 days. The puromycin-resistant cell clones were isolated, 
amplified in a medium containing 2 µg/mL puromycin for 
seven to nine days, and transferred to a medium without 
puromycin. The clones were designated PRL-3 knocking 
down (97H-SH4), overexpressing (97H-OE), or negative 
control (97H-NC) cells and finally validated by polymerase 
chain reaction (PCR) and Western-blot.

Cell invasion assays

The invasion assay was conducted using Transwells with 
filters coated with Matrigel (BD Bioscience, USA) on the 
upper surface. The experiments were performed according 
to the manufacturer’s protocol. HCC cells (1×105) were 
added to the upper chamber in serum-free medium, and the 
number of invaded HCC cells in the lower chamber was 
counted after incubating for 48 h at 37 ℃ in a humidified 
atmosphere with 5% CO2.

 

Wound healing assays

Different PTP4A3/PRL-3 expressing MHCC97H cells 
were seeded in 6-well plates (2×105 cells/2 mL in each well, 
Corning, USA). A straight scratch was made using a yellow 
pipette tip (200 µL, Axygen, USA) when all the cultures 
were confluent. The cells were then cultured in a serum-
free medium, and the wounds were observed under 10× 
microscope (Leica MZ6/MZ205FA, Germany) at 0, 24, 48, 
and 72 h. The 97-OE cells were also treated with MEK1/2 
inhibitor (U0126, Beyond time, China) in 10 µM in 1 h (23)  

or Src inhibitor Saracatinib (AZD0530, provided by 
AstraZeneca, UK) in 6 µM in 2 h (24).

Clone formation assays

Different PRL-3 expressing MHCC97H cells were 
trypsinized into single cells and resuspended in serum-free 
DMEM medium (Gibco, USA). They were then transferred 
into a 6-well plate with low attachment (500 cells/well, 
Corning, USA). The cells were photographed employing a 
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phase-contrast microscope after 14 days of culture.

Establishment of orthotopic HCC model in nude mice

In this study, the experiments were conducted on BALB/c 
nu/nu male nude mice (Shanghai Institute of Materia Medica, 
Chinese Academy of Sciences, China) at six to eight weeks of 
age. First, different tumor tissues (97H-WT, 9H-NC, 97H-
SH4, 97H-OE) were obtained from subcutaneous tumor 
implantation after three weeks (1×107 cells in each mice) (25). 
The cancerous tissues were divided into small pieces about 
2 mm in diameter and transplanted to the liver of the nude 
mouse under specific-pathogen-free conditions, as described 
previously (26). Because of the greater metastasis potential 
of MHCC97H cells (described as 100%), all the nude mice 
were sacrificed on the 30th day, earlier than those under the 
experiment with the previously described methods (22,26), 
to observe the earlier lung metastasis in the four different 
groups, with six nude mice in each group. Experiments 
were performed under a project license (No. 2016-013) 
granted by the Animal Ethics Committee of Zhongshan 
Hospital, Fudan University, in compliance with institutional 
guidelines for the care and use of animals.

Statistical analysis

Statistical analysis software SPSS (Statistical Package for 
Social Sciences) 18.0 (SPSS Inc, Chicago, IL, USA) was 
exploited to perform the Poisson distribution events test 
and Chi-square test. Overall survival (OS) and progression-
free survival (PFS) curves were obtained by the Kaplan-
Meier method and compared with the log-rank test. 
Univariate and multivariate analyses were executed by the 
Cox proportional hazard models. A P value less than 0.05 
was considered statistically significant.

Results

Overexpression of PRL-3 predicted poor prognosis in HCC 
patients

The enrolled 114 patients who underwent curative resection 
were clinically diagnosed as HCC between May and 
November in 2008. The clinic-pathological features of the 
tumors were detailed in Table S1; the middle age of these 
HCC patients was 52 years old (from 19 to 79 years old). 
Among the study population, 83.3% (95/114) were male, 
82.5% (94/114) were positive for Hepatitis B Virus (HBV) 

surface antigen, 0.9% (1/114) was positive for Hepatitis C 
Virus (HCV), and 16.6% (19/114) were negative for both. 
Furthermore, two patients had received TACE before the 
resection, and the others had not received any treatment 
before. The liver function of all patients had been diagnosed 
as Child-Pugh A before the resection. During follow-up,  
79 HCC patients showed tumors recurrence or metastasis, 
and 73 patients died. As illustrated in Figure 1A, the 
expression of PRL-3 was mainly distributed at the cytoplasm 
and nuclear membrane of the cancer cells, but rarely at the 
nucleus. Higher expressions of PRL-3 were documented 
in 57 cases (50%) (Figure 1B). HCC patients with PRL-3-
overexpression demonstrated a significantly poorer survival 
as compared to those with PRL-3-low expression; their 
median OS was 14±2.696 months (95% CI: 8.716–19.284) 
and 84±3.271 months (95% CI: 77.588–90.412) (P<0.001), 
respectively (Figure 1C). The difference of PFS between the 
two groups was also statistically significant, and their median 
PFS was found to be 5±1.208 months (95% CI: 2.633–
7.367) and 56±5.761 (95% CI: 44.708–67.292), (P<0.001), 
respectively (Figure 1D). Moreover, the expression of PRL-
3 was correlated with AFP level (P<0.001), tumor diameter 
(P<0.001), vascular invasion (P<0.001), and pathological 
differentiation (P=0.009) (Table S2). Further multivariate 
analysis revealed that overexpression of PRL-3 was an 
independent predictor for OS and PFS of HCC patients 
(Tables S3,S4).

PRL-3 overexpression promoted the malignant behaviors 
of HCC cells

To investigate the roles of PRL-3 in HCC cell migration, 
invasiveness, and metastasis, we demonstrated overexpression 
of PRL-3 in highly metastatic MHCC97H cells compared 
with that in poorly metastatic Hep3B cells (Figure 2A). We 
employed LV-mediated RNAi and overexpressing sequences 
to create stable differential PRL-3 expressing cells. First, 
the silencing efficiency of PRL-3 was validated (Figure 2B),  
then the migration, invasive, and colony-forming capacities 
of the treated HCC cells was assessed. Significant 
suppression in the migration (P<0.01), invasiveness (P<0.01), 
and colony formation abilities of HCC cells were attributed 
to PRL-3 knockdown. However, the migration and invasion 
abilities of HCC cells could be regained by recovering 
PRL-3 expression (P<0.01) (Figure 2C-2E). 

The significant role of PRL-3 in motility and invasion 
of HCC cells in vitro motivated further investigation of the 
PRL-3-mediated effects on metastasis in the orthotopic 

https://cdn.amegroups.cn/static/public/JGO-22-976-Supplementary.pdf
https://cdn.amegroups.cn/static/public/JGO-22-976-Supplementary.pdf
https://cdn.amegroups.cn/static/public/JGO-22-976-Supplementary.pdf
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Figure 1 The PRL-3 expression in HCC tissues and its predictive value for HCC prognosis. (A) A tissue microarray analysis illuminated 
that the expression of PRL-3 was mainly distributed at the cytoplasm and nuclear membrane of HCC cells, and differential expressions 
could be found in HCC tissues with varying survival time. The sections were stained with DAB Horseradish Peroxidase Color Development 
Kit. (B) The higher and lower expression of PRL-3 accounted for 50% and 32% of HCC patients, respectively. (C) HCC patients in the 
PRL-3-high expression group reflected a significantly poorer OS (P<0.001) and median survival time as compared with HCC patients in the 
PRL-3 low expression group. (D) The PFS time of HCC patients in the PRL-3-low expression group was also longer than that of patients 
in the PRL-3 high expression group. PRL-3, phosphatase regenerating liver 3; HCC, hepatocellular carcinoma; DAB, diaminobenzidine 3; 
OS, overall survival.

HCC model of nude mice (26). We explored tumor growth 
and lung metastasis in orthotopic HCC model of nude mice 
derived from PRL-3 overexpression or knockdown. The 
average wet weight of HCC tumor was 1.60330±0.35081, 
3.80330±0.29388, 2.91330±0.27260, and 2.97330±0.20718 g  
in the groups of PTP4A3/PRL-3 knockdown (97H-
SH4), PTP4A3/PRL-3 over-expression (97H-OE), the 
wild-type (97H-WT), and the negative-control (97H-
NC), respectively (Figure 3A). A significant difference 
in average wet weight was prominent between the PRL-
3 down-regulating group (97H-SH4) and the wild-type 
group (97H-WT) or the negative control group (97H-NC) 
(P=0.007). Lung metastasis was reported in six mice in the 
97H-WT group (6/6,100%) and five mice in the 97H-NC 
group (5/6, 83%). The average number of lung metastasis 
was 18.1667±3.16667 and 12±3.4737 in the 97H-WT 
and 97H-NC groups. All the mice in the 97H-OE group 

exhibited lung metastasis (6/6, 100%), and the average 
lung metastasis lesion number was 20±2.26599. The lung 
metastasis was more easily witnessed in the 97H-OE group, 
although there was no statistical difference between 97H-
OE and 97H-WT or 97H-NC groups (Figure 3B). The 
average size of xenograft tumor in the liver of the 97H-SH4 
group was 1.60330±0.35081 g (P=0.007), and there was no 
detectable lung metastasis lesion in the 97H-SH4 group 
(0/6, 0%) (P=0.006). These findings indicated that the 
downregulation of PRL-3 could suppress tumor growth and 
inhibit lung metastasis of HCC in nude mice (Figure 3B).

PRL-3 participated in the integrin β1/FAK-Src/MAPK 
signaling pathway and contributed to the regulation of 
malignant behaviors in HCC cells 

MHCC97H cells with PRL-3 overexpression exhibited 
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Figure 2 PRL-3 overexpression promoted the malignant behaviors of HCC cells. (A) The expression levels of PRL-3 in normal liver cells 
(L02) and HCC cells with different metastasis potentials (Hep3B, MHCC97L, and MHCC97H). (B) Validation of the expression levels of 
PRL-3 in MHCC97 cells transfected with LV-PRL-3-RNAi and LV-PRL-OE by RT-PCR and Western-blot. (C) Wound-healing assay 
substantiated the increased migration ability of the HCC cells with PRL-3 overexpression as compared with the controls. (D) Clone-
forming assay confirmed a remarkably higher number of clones derived from HCC cells with PRL-3 overexpression as compared to that of 
HCC cells with PRL-3 downregulation. Magnification 100×; (E) HCC cells with PRL-3 expression revealed stronger invasive capacity than 
that of the controls in Transwell chambers assay which was stained with 0.1% crystal violet solution. Magnification 100×. **, P<0.01 and 
mean ± SD were used to represent the data. PRL-3, phosphatase regenerating liver 3; HCC, hepatocellular carcinoma; RT-PCR, reverse-
transcription polymerase chain reaction.
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crucial role in cell adhesion and subsequent cell signals 
transduction and activation (12). In this study, knockdown 
of PRL-3 suppressed the expression of Integrin β1 in 
MHCC97H cells as well as reduced the phosphorylation 
levels of its downstream signal molecule c-Src or ERK. 
The two sites of tyrosine phosphorylation of Src, Tyr416 
and Tyr527, with an opposing effect, determined the 
Src activity. Phosphorylation at Tyr416 in the activation 
loop of kinase domain results in upregulation of enzyme 
activity, whereas phosphorylation at Tyr527 in the 
carboxyterminal tail by Csk renders the enzyme less active 
(27,28). Marked inhibition of the phosphorylation of p-Src 
(Tyr416) and p-ERK (Thr202/Tyr204) was evident with 
PRL-3 knockdown in MHCC97H (97H-SH4). On the 
contrary, PRL-3 overexpression (97H-OE) induced the 
expression of Integrin β1 and increased the p-Src (Tyr416) 
and p-Erk (Thr202/Tyr204) levels in HCC cells. The 
above results clearly implicated that the overexpression 
of PRL-3 induced and activated the Integrinβ1/FAK-Src/
ERK signaling pathway (Figure 4A). MMP9, one of the 
zinc-MMPs families, involved in the degradation of the 
Extracellular matrix (ECM), thereby facilitating invasiveness 
and metastasis of HCC (29,30). Research findings also 
confirmed integrin and ERK signaling activated MMPs 
(31,32). Present study also revealed increased production 
of MMP9 medicated by PRL-3 overexpression, whereas 
knockdown of PRL-3 resulted in a sharp decline in MMP9 

in HCC (Figure 4A). HCC cells were treated with MEK1/2 
inhibitor U0126 at a concentration of 10 µM for 1 h. The 
results authenticated that the phosphorylation of ERK and 
the expression of MMP9 was inhibited. Meanwhile, PRL-
3-induced migration and invasion were attenuated after 
the above treatment. However, the Integrinβ1 and FAK 
expressions exhibited no obvious changes (Figure 4B,4C). 
We further used Src (Tyr416) inhibitor Saracatinib at a 
concentration of 6 µM to treat the 97H-OE cells for 2 h. 
This inhibitor repressed the phosphorylation of Src (Tyr416) 
as well as the expression of MMP9, simultaneously reversed 
PRL-3-induced migration and invasiveness (Figure 4D). But 
no significant changes could be detected in the expressions 
of Integrinβ1 and FAK, as well as the phosphorylation of 
ERK or Src (Tyr527) (Figure 4B). 

Discussion

Enhanced expression of PRL-3 in MHCC97H cells with high 
metastasis potential identified previously by mass spectrometry 
indicated the relevance of PRL-3 in regulating malignant 
behaviors of HCC (the result has not been published). In this 
study, we defined the significance of PRL-3 in the migration, 
invasive, and metastasis of HCC cells. Overexpression of 
PRL-3 was in close correlation with vascular invasiveness, 
poor pathological differentiation, incomplete capsule, late 
clinical-stage, elevated AFP level, or huge tumors and was also 

Figure 3 PRL-3 promoted growth and lung metastasis of HCC in vivo. (A) HCC model of orthotopic liver transplantation in BALB/c nude 
mice was established as detailed previously. Subcutaneous injection of MHCC97H cells transfected with scramble, LV-PRL-3-RNAi, LV-
PRL3-OE in nude mice resulted in a subcutaneous tumor, a piece of which were then implanted orthotopically into livers of nude mice (6 
nude mice in each group). The established HCC models were sacrificed after 30 days. Significantly larger sizes of HCC tissues derived from 
LV-PRL3-OE in the 97HOE group were documented than that of the other three groups. (B) The rate of lung metastasis in the 97HOE 
group was obviously higher when compared with the other three groups. Hematoxylin and eosin dyes were employed to stain 4-µm paraffin 
slices of lung tissues. The lung metastasis lesions were counted in 50 serial sections of each sample. Arrows indicated the presence of a 
metastasis lesion in the lung slice. Magnification 40× (left) and 100× (right). **, P<0.01, *, P<0.05, and mean ± SD were used to represent the 
data. PRL-3, phosphatase regenerating liver 3; HCC, hepatocellular carcinoma.
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associated with poor OS and PFS, even as an independent risk 
factor. Thus, it could be utilized as a promising predictor for 
postoperative survival and recurrence of HCC patients. 

Being a critical potential target molecule for preventing 

the malignant biological behaviors of HCC, further 
investigations were conducted to elucidate the potential 
mechanism both in vivo and in vitro. Peng et al. reported the 
association and co-localization of endogenous Integrinβ1 

Figure 4 PRL-3-mediated activation of integrinβ1/FAK/Src/ERK/MMP9 pathway and its role in HCC invasion and metastasis. (A) 
PRL-3 overexpression activated integrinβ1/FAK-Src/ERK1/2 signaling axis and augmented MMP9 expression. Simultaneously, PRL-3 
overexpression altered the auto-phosphorylation of Src-Tyr416 but had no effect on the phosphorylation level of Src-Tyr527. (B) MEK1/2 
inhibitor U0126 exhibited no obvious effect on integrinβ1 and FAK expressions. No significant changes in the expressions of Integrinβ1 
and FAK, as well as the phosphorylation of ERK or Src (Tyr527) were documented due to the Src (Tyr416) inhibitor Saracatinib. (C) The 
Transwell stained with 0.1% crystal violet solution and shown that U0126 attenuated the migration and invasion of HCC cells with PRL-3 
overexpression. Magnification 100×. (D) Wound healing assays and cell invasion assays which were stained with 0.1% crystal violet solution 
shown that Saracatinib reversed migration or the invasiveness of HCC cells transfected with LV-PRL3-OE and the phosphorylation of 
ERK or Src (Tyr527). Magnification 100×. **, P<0.01, *, P<0.05 and mean ± SD were utilized to represent the data. PRL-3, phosphatase 
regenerating liver 3; HCC, hepatocellular carcinoma.
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with endogenous PRL-3 in LoVo cells of colon cancer. 
Although they failed to find the direct interaction between 
these two molecules, they hypothesized Integrinα1 mediated 
the PRL-3-Integrinβ1 interaction (12). In this study, the 
results revealed the PRL-3-induced regulation of the 
expression of Integrinβ1 and its crucial downstream protein 
FAK; however, the detailed mechanism of interaction with 
each other needs to be further dissected. Integrinβ1/FAK 
signaling, known as one of the key pathways, contributes 
to cancer cell apoptosis, proliferation, adhesion, migrating, 
invasion, and metastasis (33-36). FAK and c-Src can form a 
dual kinase complex and c-Src phosphorylated and activated 
FAK-Tyr576/Tyr577 (37,38). The FAK/c-Src complex, in 
turn, induces the phosphorylation of protein Paxillin and 
Cas (39), activating Ras/MAPK pathway and promoting the 
production of MMPs by the intermediary adaptor molecules 
Crk and Grb2 (40-42). Here we demonstrated activation 
of Integrinβ1/FAK-Src/MAPK signal axis, induction of the 
migrating and invasive behaviors of HCC cells, and the 
production of MMP9 mediated by PRL-3 overexpression. 
On the other hand, MEK1/2 inhibitor (u0126) reversed 
PRL-3 overexpression-mediated effects as described above. 
Src is one of the downstream factors in Integrinβ1 signaling, 
whereas, an upstream molecule of ERK activation (43,44). 

Our results also confirmed that Saracatinib (AZD0530) 
could selectively inhibit the auto-phosphorylation of Src-
Tyr416 and reverse PRL-3 overexpression-mediated 
migration and invasion in HCC cells, but did not affect 
the inhibitory phosphorylation site Tyr527 of Src and the 
upstream molecules Integrinβ1 and FAK. We presumed the 
contribution of PRL-3 in Integrinβ1/FAK-Src/RasMAPK 
signal and regulation of invasive and metastasis behaviors 
in HCC cells. PRL-3 could be a crucial upstream molecule 
of this pathway and a potential key regulator in HCC 
metastasis. However, other co-regulation pathways could 
not be excluded, and further validation of the conclusion in 
other HCC cells owing to the heterogeneous expression of 
PRL-3 is essential.

Besides, there are some limitations in present study. In 
the first of all, the only one cell line might not be optimal. 
However, in the study, we had used in vivo mouse model and 
human samples to further verify the results. These results 
also gave us sufficient evidence for our conclusion. Secondly, 
the clinical sample was not large enough, which might be the 
reason of PRL-3 seemed to be too strong as the predictive 
factor of HCC in this study. Finally, the binding sites of PRL-
3 on the downstream genes for regulating the malignant 
biological behavior of HCC needs to be further study.

Conclusions

Overall, our data highlighted significant overexpression 
of PRL-3 in HCC patients, which, therefore, can be 
considered as an independent prognostic factor to predict 
the OS of HCC patients. Mechanically, these data 
substantiated the crucial role of PRL-3 in HCC invasive and 
metastasis via Integrinβ1/FAK-Src/RasMAPK signaling. 
Validation of PRL-3 as a clinical prediction marker in HCC 
warrants further investigation. 
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Table S1 Prognostic analysis of the clinical features and PRL-expression

Clinical Features n=114 P value (OS) P value (PFS)

Gender Male 95 (83%) 0.243 0.249

Female 19 (17%)

Age (year) ≥65 24 (17%) 0.110 0.179

<65 90 (83%)

HBsAg Negative 20 (18%) 0.608 0.712

Positive 94 (82%)

HBcAb Negative 4 (4%) 0.458 0.396

Positive 110 (96%)

AFP (ng/mL) >400 43 (38%) 0.116 0.112

≥20, ≤400 24 (21%)

<20 47 (41%)

Tumor size (cm) ≥10 25 (22%) <0.001* <0.001*

>5, <10 40 (35%)

≤5 49 (43%)

Tumor number Non single 17 (15%) 0.039* 0.036*

single 97 (85%)

Cirrhosis non 17 (15%) 0.227 0.201

Micro-nodular 49 (43%)

Macro-nodular 48 (42%)

Tumor Embolus non 65 (57%) <0.001* <0.001*

Microvascular invasion 31 (27%)

Tumor thrombi 18 (16%)

Tumor capsule complete 51 (45%) 0.122 0.066

incomplete/none 63 (55%)

Edmondson Staging I-II 86 (75%) 0.030* 0.028*

III-IV 28 (25%)

TNM Staging Stage 1 52 (46%) <0.001* <0.001*

Stage 2 28 (30%)

Stage 3a 34 (24%)

PRL-3 expression -/± 20 (18%) <0.001* <0.001*

+ 37 (32%)

++ 57 (50%)

* was considered statistically significant.
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Table S2 PRL-3 expression related with different clinical feature of HCC

Clinical Features PRL-3++ (%) x2 P value

Gender Male 46/95 (48.2%) 0.561 0.455

Female 11/19 (57.9%)

Age (year) ≥65 11/24 (45.8%) 0.208 0.649

<65 46/90 (51.1%)

HBsAg Negative 8/20 (40%) 0.961 0.329

Positive 49/94 (48.9%)

AFP (ng/mL) >400 32/43 (74.4%) 8.741 <0.001*

≤400, ≥20 9/24 (37.5%) 

<20 16/47 (34.0%)

Tumor size (cm) ≥10 24/25 (96.0%) 23.602 <0.001*

>5, <10 21/40 (52.5%)

≤5 12/49 (24.5%)

Tumor number Non-single 10/17 (58.8%) 0.615 0.435

single 47/97 (48.5%)

Cirrhosis non 9/17 (52.9%) 0.159 0.853

Micro-nodular 23/49 (46.9%)

Macro-nodular 25/48 (52.1%)

Tumor embolus non 18/65 (27.7%) 16.624 <0.001*

Microvascular invasion 22/31 (70.9%)

Tumor thrombi 17/18 (94.4%)

Tumor capsule complete 20/51 (39.2%) 4.383 0.039*

Incomplete/none 37/63 (58.7%)

Edmondsonsstaging I-II 37/86 (43.0%) 7.124 0.009*

III-IV 20/28 (71.4%)

TNM staging Stage 1 14/52 (26.9%) 13.191 <0.001*

Stage 2 17/28 (60.7%)

Stage 3a 26/34 (76.5%)

*, was considered statistically significant.
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Table S3 Independent risk factors of overall survival (OS) by multifactor Cox regression model

β SE Wald df P value Exp(B)

PRL-3 expressions(trong positive/non strong positive) 1.409 0.353 15.972 1 <0.001 4.091

Tumor size (≥10 cm/<10 cm) 0.524 0.227 5.334 1 0.021 1.688

Tumor embolus (positive/negative) 0.211 0.368 0.329 1 0.566 0.810

Edmondson staging (III-IV/I-II) 0.218 0.321 0.461 1 0.497 1.243

TNM (Stage IIIa/StageII/Stage I) 0.393 0.356 1.224 1 0.269 1.482

Tumor number (non-single/single) 0.237 0.544 0.190 1 0.663 1.268

Table S4 Independent risk factors of progress-free survival (PFS) by multifactor Cox regression model 

β SE Wald df P value Exp(B)

PRL-3 expression (strong positive/non strong positive) 1.505 0.353 18.157 1 <0.001 4.505

Tumor size (≥10 cm/<10 cm) 0.340 0.215 2.502 1 0.114 1.405

Tumor embolus (positive/negative) 0.153 0.347 0.196 1 0.658 0.858

Edmondson staging (III-IV/I-II) 0.071 0.332 0.046 1 0.830 1.074

TNM (Stage IIIa/StageII/Stage I) 0.235 0.338 0.484 1 0.487 1.265

Tumor number (non-single/single) 0.348 0.530 0.431 1 0.512 1.416


