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Abstract: Flotillin-2 (Flot2) is a highly conserved and ubiquitously expressed protein that resides on the cytoplasmic 
side of the cell membrane within specific cholesterol rich microdomains. Some studies have reported that over-
expression of Flot2 is related to cancer progression. However, the role of Flot2 in hepatocellular carcinoma (HCC) 
remains unclarified. In this study, we aim to explore the correlation between Flot2 expression and HCC progression 
and the underlying mechanism. In the present study, overexpression of Flot2 in HCC tissues and cell lines was 
detected, and forced overexpression of Flot2 significantly promoted the proliferation, migration, invasion and me-
tastasis of HCC in vitro and in vivo by modulating cell cycle and inducing EMT, which was mediated via up-regulation 
of Twist as a result of Raf/MEK/ERK1/2 pathway activation. In contrast, silencing Flot2 expression inhibited these 
biological processes. Furthermore, high expression of Flot2 was significantly correlated with poor prognosis of HCC 
patients after curative resection and is an independent risk factor. In conclusion, Flot2 promoted tumor growth and 
metastasis of HCC through modulating cell cycle and inducing EMT. The expression of Flot2 may play a key role in 
HCC progression and may be regarded as a potential poor prognostic marker for HCC.
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Introduction

Hepatocellular carcinoma (HCC) is the fifth 
most common cancer and the second leading 
cause of cancer-related death in men world-
wide [1]. Although hepatectomy provides long-
term survival for HCC patients, the high postop-
erative recurrence rate is a major problem. HCC 
metastatic recurrence is the leading cause of 
high mortality rates after curative resection [2]. 
Several studies have demonstrated that epi-
thelial-mesenchymal transition (EMT) plays a 
vital role in the early stage of tumor metastasis 
[3-11]. EMT refers to a complex process in 
which epithelial cells transform into mesenchy-
mal cells. In this process, the polarity of epithe-

lial cells disappears and invasive and migratory 
abilities increase, accompanied by down-regu-
lation of epithelial markers and up-regulation of 
mesenchymal markers.

Flotillin-2 (Flot2) is a highly conserved and ubiq-
uitously expressed protein that resides on the 
cytoplasmic side of cell membrane within spe-
cific cholesterol rich microdomains. Flotillins 
have been reported to be involved in a variety of 
biological process, for instance, axonal growth, 
membrane trafficking and various signalling 
pathways [12]. Recent studies have shown that 
overexpression of Flotillin-2 is related to metas-
tasis in several human cancers. It was reported 
that overexpression of Flot2 could promote pro-
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gression and lymph node metastasis of mela-
noma [13]. Overexpression of Flot2 is also 
related to poor prognosis of breast and gastric 
cancer patients, and it is used as a prognostic 
biomarker [14, 15]. Recently, it was found that 
Flot2 promotes nasopharyngeal carcinoma 
metastasis via EMT [16]. 

However, the biological role of Flot2 has not yet 
been clarified in hepatocellular carcinoma. In 
the present study, we examined the expression 
of Flot2 in HCC and explored the relationship 
between Flot2 and HCC progression. Our 
results showed that Flot2 significantly promot-
ed the invasion, migration, proliferation and 
metastasis of HCC in vitro and in vivo through 
modulating cell cycle and inducing EMT, and 
this activity was mediated by up-regulation of 
Twist as a result of Raf/MEK/ERK1/2 pathway 
activation.

Furthermore, high expression of Flot2 was cor-
related with poor prognosis in HCC patients 
after curative resection and was an independ-
ent risk factor, indicating that Flot2 may be 
regarded as a potential poor prognostic marker 
for HCC.

Methods

Ethics statement

The experiments were approved by the Ethics 
Committee of Zhongshan Hospital, Fudan Uni- 
versity, and informed consent was obtained 
from each patient. Paraffin-embedded patho-
logical specimens were obtained from 187 HCC 
patients after curative resection between 2005 
and 2012. 

Cell culture

Two commonly used human HCC cell lines, 
MHCC97H and SMMC-7721, were used in this 
study. The MHCC97H cell line [17] (a human 
HCC cell line with high metastatic potential, 
established at Liver Cancer Institute, Fudan 
University, Shanghai, China) and SMMC-7721 
cell line (obtained from the Cell Bank of the 
Chinese Academy of Sciences, Shanghai, 
China) were cultured in Dulbecco’s modified 
Eagle’s medium (DMEM; Invitrogen, Carlsbad, 
CA) containing 10% fetal bovine serum (FBS) 
and 1% streptomycin/penicillin at 37°C in a 
humidified atmosphere of 5% CO2. 

Construction of Flot2 overexpressed and si-
lenced HCC cell lines 

To explore the role of Flot2 in HCC, MHCC97H 
and SMMC-7721 were transfected with four 
types of lentivirus plasmids (Lv-vector, Lv-Flot2, 
Lv-shVector and Lv-shFlot2, from Shanghai 
GeneChem, China) to construct Flot2-overex- 
pressed (MHCC97H-Flot2, SMMC-7721-Flot2) 
and Flot2-silenced (MHCC97H-shFlot2, SMMC-
7721-shFlot2) HCC cell lines. A blank vector 
(Lv-vector and Lv-shVector) was also transfect-
ed into MHCC97H and SMMC-7721 cells to 
establish the control groups. Briefly, 3×105 
cells per well were seeded in 6-well plates the 
day before transfection. After 24 h, the four 
types of lentiviruses were added to respective 
HCC cells with 1 ml of DMEM containing no FBS 
and 5 μg/ml Polybrene (Sigma, USA). Twelve 
hours later, the medium was removed and 
replaced with fresh culture medium containing 
10% FBS. Three days later, the cells were col-
lected for subsequent culture. The expression 
of Flot2 was validated with western blotting. 
This study used a CRISPR/Cas9-based syner-
gistic activation mediator (SAM) system to 
amplify the expression of Flot2, and the shRNA 
sequence targeting Flot-2 was 5’-AAGGCAG- 
AAGCCTACCAGAAA-3’ (lentivirus provided by 
Shanghai GeneChem, China).

RNA isolation and quantitative RT-PCR

Total RNA was extracted from HCC cells with 
RNAiso Plus (Takara, Kusatsu, Japan). cDNA 
was synthesized using PrimeScript™ RT rea-
gent Kit with gDNA Eraser (Takara, Kusatsu, 
Japan). Quantitative PCR was performed using 
SYBR®Premix Ex Taq™ (Takara, Kusatsu, 
Japan). The primers for amplification were as 
follows: Flot2, forward 5’-CCCCAGATTGCTGCC- 
AAA-3’ and reverse 5’-TCCACTGAGGACCACAA- 
TCTCA-3’; GAPDH, forward 5’-TGACTTCAACAG- 
CGACACCCA-3’ and reverse 5’-CACCCTGTT- 
GCTGTAGCCAAA-3’. All experiments were per-
formed independently three times.

Microarray analysis

For microarray and qRT-PCR analyses, total 
RNA was isolated from MHCC97H-Flot2 cells 
and MHCC97H-Vector cells. The 60-mer oligo-
nucleotide probes were designed in microarray 
(Agilent). Performed according to the instruc-
tions. GO analysis and KEGG analysis was 
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adopted according to the up-regulated and 
down-regulated genes.

Western blotting 

Briefly, 30 μg of total protein lysate was sub-
jected to western blotting as previously 
described [18]. The antibodies used in this 
study were as follows: monoclonal anti-human 
Flotillin-2, Twist (1:1000, Santa Cruz Biotech- 
nology, USA), E-cadherin, N-cadherin, Vimentin, 
β-actin, ERK1/2, P-ERK1/2, MEK, P-MEK, 
C-Raf, P-C-Raf, cyclin D3, CDK2, CDK4, p27, 
p21 and p18 (1:1000, Cell Signaling Technology, 
USA). Then, immunoblots were incubated with 
HRP-conjugated anti-mouse/rabbit IgG (Cell 
Signaling Technology, USA) at 1:4000 dilution 
for 1 h at room temperature.

Cell proliferation, migration, and invasion as-
says

The proliferation of HCC cells was evaluated 
using a Cell Counting Kit-8 (CCK-8, Dojindo, 
Kumamoto, Japan) assay. Cells were plated in a 
96-well plate at 2×103 cells per well and allowed 
to grow for different times. The growth rate was 
determined by the cell number and was count-
ed in triplicate every day using the CCK-8 assay. 
DMEM containing 10% of the CCK-8 reagent 
was added to each well and incubated at 37°C 
for 1-2 h. Viable cells were counted every day by 
reading the absorbance at 450 nm using a 
96-well plate reader BP800 (Dynex Techno- 
logies). 

Cell migration was assessed with a wound 
healing assay. HCC cells were seeded on a 6-
well plate (3×105 per well) and incubated over-
night. Then, a 200 µl pipette tip was used to 
scratch the cell monolayer. Wound closure was 
observed and photographed at 0 and 24 h 
under an inverted microscope.

Cell invasion assays were performed using 
Boyden chambers with an 8-μm pore size 
(Corning, Tewksbury, MA, USA), which were pre-
coated with Matrigel (BD Biosciences, San 
Jose, CA, USA) prior to seeding of HCC cells; the 
incubation time was 24-48 h, as described pre-
viously [19]. All experiments were performed 
independently three times. The invaded cells 
were assessed by counting the number of 
stained cells in four random fields at a magnifi-
cation of 200×.

Xenograft model in nude mice

Male BALB/c nude mice (6 weeks old, weight-
ing 20-22 g) were obtained from the Shanghai 
Institute of Materia Medica, Chinese Academy 
of Science. All studies on mice were conducted 
in accordance with the National Institutes of 
Health “Guide for the Care and Use of 
Laboratory Animals” and were approved by the 
Shanghai Medical Experimental Animal Care 
Committee. HCC cells (1×107 cells) in PBS were 
injected subcutaneously to obtain subcutane-
ous tumors. After 4 weeks, the mice were sacri-
ficed to obtain the HCC tissues, which were 
used in the orthotopic model. The xenograft 
HCC model was established by orthotopic inoc-
ulation of histologically intact tumor tissue 
(2×2×2 mm) into the livers of nude mice as 
described previously [20]. Each group con-
tained 5 mice. Seven weeks later, the mice 
were sacrificed and the tumor volume (largest 
diameter × perpendicular height2/2) and weight 
were measured and compared using an inde-
pendent-sample t-test. Then, the tumors and 
lungs were placed in a 4% paraformaldehyde 
solution. The total number of liver and lung 
metastases were counted as previously 
described [21].

Tissue microarray (TMA) and immunohis- 
tochemistry (IHC) 

A tissue microarray (TMA) was constructed as 
described previously [22]. The TMA sections 
contained 187 pairs of tumors and matched 
peritumoral tissues. The immunohistochemis-
try protocol was described previously [22]. The 
TMA was incubated with mouse monoclonal 
antibody anti-Flot2 (1:100, Santa Cruz 
Biotechnology, USA). An UltraVision Quanto 
Detection System HRP DAB (Thermo Fisher 
Scientific, CA, USA) was used to detect Flot2 
expression. The integrated optical density was 
assessed using Image-Pro Plus software [23].

Patients and follow-up

HCC specimens used in the TMA were obtained 
from patients who received radical resection 
between 2005 and 2012 at the Liver Cancer 
Institute and Zhongshan Hospital (Fudan 
University, Shanghai, China). The criteria for 
resectability have been described previously. 
The patients did not receive any preoperative 
anticancer treatment. This study was approved 
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Figure 1. Flot2 is overexpressed in HCC tissues and cell lines and construction of Flot2 overexpressed and silenced HCC cell lines. A. Immunohistochemistry stain-
ing of paired tumor and peritumor tissues from HCC patients (200×). B-D. Western blotting and qRT-PCR analysis of Flot2 expression at protein and mRNA levels 
in HCC cell lines (HCCLM3, MHCC97H, MHCC97L, HepG2, Huh7, SMMC-7721, BEL-7402) and a normal hepatic cell line (L02). E. Western blotting analysis of Flot2 
expression in Flot2-overexpressed and silenced MHCC97H and SMMC-7721 cells. F. The ratios of Flot2 overexpression in MHCC97H (approximately 1.74 fold) 
and SMMC-7721 (approximately 3.02 fold). G. The ratios of Flot2 knockdown in MHCC97H (approximately 0.24 fold) and SMMC-7721 (approximately 0.2 fold).  
All experiments were performed independently three times. The data were analysed by an unpaired two-tailed Student’s t-test. *indicates P < 0.05, **indicates P 
< 0.01.
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Figure 2. The effect of Flot2 overexpression on migration, invasion and proliferation of HCC cells. A. Wound healing assay shown that closing of the wound was much 
faster in SMMC-7721-Flot2 group than the control group. B, C. Compared with the control group, the invasive ability of Flot2 overexpressed group was significantly 
increased by Transwell matrix penetration assay (MHCC97H-Flot2 group: 144.6 ± 7.0 vs 256.8 ± 6.9, P < 0.01; SMMC-7721-Flot2 group: 115.8 ± 7.9 vs 216.0 ± 
7.5, P < 0.01). D. The proliferation was markedly up-regulated in Flot2 overexpressed group compared with the control group by the CCK8 assay (d0, P > 0.05; d1, 
d2, d3, d4, P < 0.01). E-G. Western blotting analysis of of cyclin D3, CDK2, CDK4, p27, p21 and p18 expression in Flot2 overexpressed HCC cells. All experiments 
were performed independently three times. The data were analysed by an unpaired two-tailed Student’s t-test. *indicates P < 0.05, **indicates P < 0.01.
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Figure 3. The effect of Flot2 knockdown on migration, invasion and proliferation of HCC cells. A. Wound healing assay shown that closing of the wound was much 
slower in MHCC97H-shFlot2 group than the control group. B, C. Compared with the control group, the invasive ability of Flot2 silenced group was significantly de-
creased by Transwell matrix penetration assay (MHCC97H-shFlot2 group: 48.3 ± 4.1 vs 102.8 ± 5.8, P < 0.01; SMMC-7721-shFlot2 group: 37.3 ± 3.9 vs 105.5 ± 
5.1, P < 0.01). D. The CCK8 assay showed that the proliferation were markedly down-regulated in Flot2 silenced group compared with the control group (d0, d1, P > 
0.05; d2, d3, d4, P < 0.01). E-G. Western blotting analysis of the cyclin D3, CDK2, CDK4, p27, p21 and p18 expression in Flot2 silenced HCC cells. All experiments 
were performed independently three times. The data were analysed by an unpaired two-tailed Student’s t-test. *indicates P < 0.05, **indicates P < 0.01.
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by the research ethics committee of Zhongshan 
Hospital. Informed consent was obtained from 
all patients.

Statistical analysis

Analysis was performed with SPSS 18.0 (SPSS 
Inc). Pearson’s x2 test or Fisher’s exact test was 
used to compare qualitative variables, and 
quantitative variables were analysed by an 
unpaired two-tailed Student’s t-test or Spe- 
arman correlation test. The overall survival (OS) 
and disease free survival (DFS) were analysed 
by the Kaplan-Meier method. P < 0.05 was con-
sidered statistically significant.

Results

The expression of Flot2 in HCC tissues and cell 
lines 

To investigate the role of Flot2 in HCC, we first 
examined the expression of Flot2 in HCC tis-
sues and cell lines. Immunohistochemistry 
(IHC) staining of paired tumor and peritumor tis-
sues from HCC patients showed that the 
expression of Flot2 in HCC tumor tissues was 
significantly higher than in peritumor tissues 
(Figure 1A). In addition, qRT-PCR and western 
blotting revealed that Flot2 was markedly over-
expressed in seven HCC cell lines (HCCLM3, 
MHCC97H, MHCC97L, HepG2, Huh7, SMMC-
7721, and BEL-7402) in comparison to a nor-
mal hepatic cell line (L02) at the protein (Figure 
1B, 1C) and mRNA (Figure 1D) levels. Then, 
MHCC97H and SMMC-7721 cells were used to 
construct Flot2 overexpressed and silenced 
HCC cell lines. As Figure 1E-G shown, the con-
struction of Flot2-overexpressed (MHCC97H-
Flot2 and SMMC-7721-Flot2) and Flot2-
silenced (MHCC97H-shFlot2 and SMMC-7721-
shFlot2) HCC cell lines was confirmed with a 
western blot. 

Microarray analysis of Flot2-overexpressed 
HCC cells

To elucidate the molecular mechanisms of 
Flot2 in HCC, an Agilent cDNA microarray analy-
sis was conducted in the Flot2-overexpressed 
HCC cell line. The results showed that the 
expression of 714 genes was up-regulated and 
the expression of 695 genes was down-regulat-
ed in the MHCC97H-Flot2 group compared with 
the MHCC97H-Vector group. GO analysis 

showed that these genes were predicted to be 
involved in many biological processes, such as 
cell adhesion, EMT regulation, cell proliferation 
and cell migration. KEGG analysis showed 
these genes were predicted to be involved in 
several signalling pathways, such as the MAPK 
signalling pathway and Ras signalling pathway 
(Supplementary Figures 1 and 2). 

Up-regulating Flot2 expression promoted the 
migration, invasion and proliferation of HCC 
cells

To evaluate the effect of Flot2 overexpression 
on cell migration, invasion and proliferation of 
HCC cells, a wound healing assay, Transwell 
matrix penetration assay, and CCK-8 assay and 
western blotting were adopted. The wound 
healing assay showed that closing of the wound 
was much faster in the Flot2 overexpressed 
group than in the control group (Figure 2A). In 
addition, the number of invaded cells in the 
Flot2 overexpressed group was also increased 
several-fold compared with the control group in 
the Transwell matrix penetration assay (Figure 
2B, 2C). The CCK-8 assay showed that the pro-
liferation was markedly up-regulated in the 
Flot2 overexpressed group compared with the 
control group (Figure 2D). The western blot 
analysis showed that Flot2 promoted cell prolif-
eration through positive regulation of cell cycle 
proteins, such as up-regulation of cyclin D3, 
CDK2 and CDK4 and down-regulation of p27, 
p21 and p18 (Figure 2E-G). These results indi-
cated that Flot2 overexpression promoted 
migration, invasion and proliferation of HCC 
cells. 

Silencing Flot2 expression inhibited migration, 
invasion and proliferation of HCC cells

To further investigate whether down-regulation 
of Flot2 expression in HCC cells could exert a 
negative effect on cell migratory, invasive and 
proliferative abilities, the wound healing assay, 
Transwell matrix penetration assay, CCK-8 
assay and western blotting analysis were again 
conducted. The wound healing assay showed 
that closing of the wound was much slower in 
the Flot2 silenced group than in the control 
group (Figure 3A). In addition, the number of 
invaded cells in the Flot2 silenced group was 
also significantly decreased compared with the 
control group (Figure 3B, 3C) in the Transwell 
matrix penetration assay. The CCK-8 assay 
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Figure 4. The effect of Twist and Raf/MEK/ERK1/2 pathway on Flot2 induced EMT. A, B. The expression of Twist 
and EMT markers E-cadherin, N-cadherin and Vimentin were detected by western blotting in MHCC97H and SMMC-
7721 cell lines respectively transfected with Flot2-Vector, shFlot2-Vector and two blank Vectors. C. Western blotting 
detection of the expression of P-C-Raf, P-MEK and P-ERK1/2 in MHCC97H and SMMC-7721 cells transfected with 
Flot2-Vector and blank vector respectively, indicating the activity of Raf/MEK/ERK1/2 signalling pathway was en-
hanced. D. Down-regulation of P-C-Raf, P-MEK and P-ERK1/2 was detected by western blotting in MHCC97H and 
SMMC-7721 cells transfected with shFlot2-Vector and blank vector respectively. E. Enhanced activity of the Raf/
MEK/ERK1/2 signaling pathway significantly inhibited by U0126 (10 μM, 2 h), the inhibitor of ERK1/2, and reversed 
the Flot2 induced EMT by down-regulating Twist expression. F, G. U0126 treatment significantly suppressed the in-
vasive ability of MHCC97H-Flot2 and SMMC-7721-Flot2 cells. All experiments were performed independently three 
times. The data were analysed by an unpaired two-tailed Student’s t-test. *indicates P < 0.05, **indicates P < 0.01.

Figure 5. Effects of Flot2 on tumor growth of HCC in vivo. Xenograft tumor model established in nude mice (n=5 for 
each group). A. The tumors volume and weight of the MHCC97H-Flot2 group were significantly larger and heavier 
than those of MHCC97H-Vector group (volume, 1.77 ± 0.13 vs 0.71 ± 0.07 cm3, P < 0.01; weight, 1.70 ± 0.12 vs 
0.76 ± 0.05 g, P < 0.01). B. The tumors volume and weight of the SMMC-7721-Flot2 group were significantly larger 
and heavier than those of SMMC-7721-Vector group (volume, 0.82 ± 0.24 vs 0.23 ± 0.07 cm3, P < 0.01; weight, 
0.62 ± 0.10 vs 0.35 ± 0.05 g, P < 0.05). C. The tumors volume and weight of the MHCC97H-shFlot2 group were 
significantly smaller and lighter than those of the MHCC97H-shVector group (volume, 0.61 ± 0.08 vs 2.58 ± 0.54 
cm3, P < 0.01; weight, 0.57 ± 0.05 vs 2.12 ± 0.05 g, P < 0.01). D. The tumors volume and weight of the MHCC97H-
shFlot2 group were significantly smaller and lighter than those of the SMMC-7721-shVector group (volume, 0.09 ± 
0.03 vs 0.34 ± 0.09 cm3, P < 0.05; weight, 0.29 ± 0.08 vs 0.63 ± 0.02 g, P < 0.01). *P < 0.05, **P < 0.01.
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Figure 6. Effects of Flot2 on tumor metastasis of HCC in vivo. A. Representative HE staining of lung metastasis from MHCC97H-Flot2 group and MHCC97H-Vector 
group, the number of lung metastasis (red arrows) in MHCC97H-Flot2 group were approximately 3-fold than the MHCC97H-Vector group (12.60 ± 1.86 vs 4.00 ± 
0.89, P < 0.01). B. Representative pictures of intrahepatic metastasis (red arrows), the number of intrahepatic metastasis in SMMC-7721-Flot2 group were ap-
proximately 3-fold than the SMMC-7721-Vector group (29.40 ± 9.96 vs 1.80 ± 0.86, P < 0.05). C. Representative HE staining of intrahepatic metastasis (red arrows 
represented intrahepatic metastasis; blue arrows represented primary tumor). D. Representative HE staining of vascular invasion in liver of SMMC-7721-Flot2 group 
(red arrows represented vascular invasion; blue arrow represented primary tumor). *P < 0.05, **P < 0.01.
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showed that the proliferation was markedly 
restrained in the Flot2 silenced group (Figure 
3D). The western blotting analysis showed that 
knockdown of Flot2 could inhibit cell prolifera-
tion through negative regulation of cell cycle 
proteins, such as down-regulation of cyclin D3, 
CDK2 and CDK4 and up-regulation of p27, p21 
and p18 (Figure 3E-G). These results indicated 
that knockdown of Flot2 inhibited the migra-
tion, invasion and proliferation of HCC cells.

Flot2 induced EMT through modulating Twist 
expression via the Raf/MEK/ERK1/2 pathway

To further clarify the role of Flot2 in EMT, EMT 
markers were detected in both the Flot2 over-
expressed and silenced groups. Western blot-
ting revealed that Flot2 overexpression signifi-
cantly inhibited the expression of E-cadherin 
and enhanced the expression of N-cadherin, 
Vimentin and Twist (Figure 4A). Moreover, 
silenced Flot2 expression significantly enhan- 
ced the expression of E-cadherin and reduced 
the expression of N-cadherin, Vimentin and 
Twist (Figure 4B). As shown in the cDNA micro-
array analysis, the MAPK signalling pathway 
was predicted to play a key role in the change of 
many biological processes caused by Flot2 
overexpression. To validate this prediction, 
phosphorylation of the signalling proteins extra-
cellular signal-regulated kinase (ERK)1/2 in 
HCC cells was assessed. Compared with the 
control group, the Flot2 overexpressed group 
displayed significantly enhanced activation of 
ERK1/2. In addition, MEK and c-Raf, the 
upstream activators of the ERK signalling path-
way, were also activated (Figure 4C). On the 
other hand, the Flot2 silenced group displayed 
significantly reduced activation of ERK1/2, 
MEK and c-Raf (Figure 4D). U0126, an inhibitor 
of ERK1/2, significantly inhibited EMT induced 
by Flot2 overexpression, as shown in Figure 4E. 
Up-regulation of E-cadherin and down-regula-
tion of N-cadherin, Vimentin and Twist was 
detected in U0126-treated Flot2-overexpressed 
HCC cells. Other signalling pathways, such as 
PI3K/Akt, were not appreciably activated by 
Flot2 overexpression. Furthermore, the number 
of invaded cells in the U0126-treated Flot2 
overexpressed group was also significantly 
decreased compared with the untreated Flot2 
overexpressed group (Figure 4F, 4G). These 
results indicated that Flot2-induced EMT was 
mediated via Twist as a result of Raf/MEK/
ERK1/2 pathway activation.

Flot2 promoted tumor growth and metastasis 
of HCC in vivo

We next determined whether Flot2 influenced 
the behaviour of tumors in vivo. MHCC97H and 
SMMC-7721 cells (each cell line included four 
groups: Lv-Vector, Lv-Flot2, Lv-sh Vector and 
Lv-shFlot2) were orthotopically implanted into 
Balb/c nu/nu nude mice livers (n=5 for each 
group). Seven weeks later, all the mice were 
sacrificed and metastases in the lung and liver 
were evaluated by pathological examination. 

The results showed that the tumors volume of 
the Flot2 overexpressed group were significant-
ly larger than those of the control group 
(MHCC97H-Flot2 group P < 0.01, SMMC-7721-
Flot2 group P < 0.05) (Figure 5A, 5B); in addi-
tion, the tumors volume of the Flot2 silenced 
group were significantly smaller than those of 
the control group (MHCC97H-shFlot2 group P < 
0.01, SMMC-7721-shFlot2 group P < 0.05) 
(Figure 5C, 5D). Compared with the MHCC97H-
vector group, the mice bearing the MHCC97H-
Flot2 group showed more lung metastasis 
(Figure 6A, P < 0.01), indicating that Flot2 sig-
nificantly promoted lung metastasis of 
MHCC97H cell-based tumors. As shown in 
Figure 6B (P < 0.05), the SMMC-7721-Flot2 
group had more intrahepatic metastasis than 
the SMMC-7721-Vector group, especially, exhib-
iting many vascular invasions in the liver, indi-
cating that Flot2 significantly promoted intrahe-
patic metastasis of SMMC-7721 cell-based 
tumors. All the orthotopic tumors and meta-
static nodules in the liver were demonstrated 
by HE staining (Figure 6C, 6D). Taken together, 
these results demonstrated that Flot2 promot-
ed tumour growth and metastasis of HCC in 
vivo.

Correlations between Flot2 expression and 
clinicopathological features of HCC

To explore the possible correlations between 
Flot2 expression and clinicopathological fea-
tures of HCC, immunohistochemistry (IHC) 
staining was performed using a tissue microar-
ray of 187 HCC patients after curative resec-
tion. The patients were divided into low (n=39) 
and high (n=148) Flot2 expression groups 
according to expression levels. As Table 1 
shows, the expression of Flot2 in HCC tumor 
tissues was significantly correlated with throm-
bus (P=0.015) and TNM stage (P=0.027).
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Overexpression of Flot2 was correlated with 
poor prognosis of HCC patients after curative 
resection

TMA data analysis showed that the 1-, 3-, and 
5-year OS rates were 88%, 61%, and 50%, 
respectively, and the 1-, 3-, and 5-year DFS 
rates were 68%, 47%, and 39%, respectively. 
Kaplan-Meier analysis showed that the median 

OS and DFS times were 66.8 
months and 25.5 months for all 
HCC patients. Patients with high 
Flot2 expression had shorter 
overall survival times (P=0.01, 
HR: 2.18, 95% CI: 1.19-4.01) 
(Figure 7A) and disease-free sur-
vival times (P < 0.01, HR: 2.68, 
95% CI: 1.56-4.62) (Figure 7B) 
compared with patients with low 
Flot2 expression. The median OS 
and DFS times were 55.6 months 
and 18 months, respectively, for 
patients with high Flot2 expres-
sion; and the median OS and DFS 
times for patients with low Flot2 
expression were more than 68.2 
months and 66.2 months, 
respectively.

Furthermore, univariate and mul-
tivariate analyses showed that 
Flot2 expression was also an 
independent risk factor for both 
OS (P=0.027, HR: 2.01, 95% CI: 
1.085-3.724) and DFS (P < 
0.001, HR: 2.701, 95% CI: 1.53-
4.768) for HCC patients after 
curative resection (Table 2).

Discussion

In this study, we first detected the 
overexpression of Flot2 both in 
HCC tissues and cell lines. Then, 
we explored the role of Flot2 in 
HCC growth and metastasis in 
vivo and in vitro. In accordance 
with the studies in other cancers 
[13, 16, 24, 25], overexpression 
of Flot2 significantly enhanced 
the invasion, migration, and pro-
liferation of HCC cells in vitro and 
promoted tumor growth and 
metastasis in vivo. Knockdown of 

Table 1. Relationship between Flot2 expression and clinico-
pathologic features
Relationship between Flot2 expression and clinicopathologic features

Flot2 expression
Clinicopathological features (n) Low (%) High (%) P
Age, years
    ≤ 50 (n=79) 16 (9) 63 (34) 0.862
    > 50 (n=108) 23 (12) 85 (45)
Gender
    Female (n=28) 8 (4) 20 (11) 0.276
    Male (n=159) 31 (17) 128 (68)
HBsAg
    Negative (n=26) 6 (3) 20 (11) 0.764
    Positive (n=161) 33 (18) 128 (68)
Cirrhosis
    No (n=143) 26 (14) 117 (62) 0.105
    Yes (n=44) 13 (7) 31 (17)
AFP
    ≤ 20 ng/ml (n=52) 11 (6) 41 (22) 0.950
    > 20 ng/ml (n=135) 28 (15) 107 (57)
Size, cm
    ≤ 5 (n=109) 23 (12) 86 (46) 0.922
    > 5 (n=78) 16 (9) 62 (33)
Number
    Single (n=160) 33 (18) 127 (68) 0.870
    Multiple (n=26) 5 (3) 21 (11)
Thrombus
    No (n=112) 30 (16) 82 (44) 0.015
    Yes (n=75) 9 (5) 66 (35)
TNM
    I-II (n=100) 27 (15) 73 (39) 0.027
    III-IV (n=87) 12 (6) 75 (40)
Encapsulation
    Yes (n=92) 18 (9) 74 (40) 0.669
    No (n=95) 21 (11) 74 (40)
Grade
    I-II (n=121) 28 (15) 93 (50) 0.298
    III-IV (n=66) 11 (6) 55 (29)
HBeAg: hepatitis B e antigen; AFP: a-fetoprotein; Chi-square test, statistically 
significant difference (P < 0.05).

Flot2 expression also inhibited the invasive, 
migratory, and proliferative ability of HCC cells 
in vitro and decreased tumor growth and 
metastasis in vivo.

EMT refers to the complex process in which epi-
thelial cells transform into mesenchymal cells. 
In this process, the polarity of epithelial cells 
disappears and the invasive and migratory abil-
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ities increase, accompanied by down-regula-
tion of epithelial markers and up-regulation of 
mesenchymal markers. EMT is critical to inva-
sion and metastasis, allowing tumor cells to 
metastasize and form a secondary tumor in dis-
tant organs [26-29]. The complex process is 
modulated by a series of EMT-inducing tran-
scription factors (EMT-TFs), such as Twist, Snail, 
Slug, and Zeb1, which have been studied in 

detail in many experiments [30, 31]. In the pre-
sent study, Flot2 overexpression significantly 
up-regulated the expression of E-cadherin and 
down-regulated of the expression of N-cadherin 
and Vimentin, indicating that Flot2 induces 
EMT of HCC cells. We observed a strong induc-
tion of Twist, as well as Raf/MEK/ERK1/2 path-
way activation, in Flot2-overexpressed HCC 
cells, while U0126, an ERK1/2 inhibitor, signifi-

Figure 7. Kaplan-Meier analysis for cumulative overall and disease-free survival curves of patients with high or low 
Flot2 expression. A. The patients with high Flot2 expression had a shorter overall survival times than the patients 
with low Flot2 expression (P=0.01, HR: 2.18, 95% CI: 1.19-4.01). B. Patients with high Flot2 expression had a short-
er disease-free survival times than the patients with low Flot2 expression (P < 0.01, HR: 2.68, 95% CI: 1.56-4.62).

Table 2. Univariate and multivariate analysis of risk factors related to OS and DFS of HCC patients
Univariate and multivariate analyses of factors associated with survival and recurrence

Factor
Overall Survival Disease-free Survival

Univariate P
Multivariate

Univariate P
Multivariate

HR 95% CI P HR 95% CI P
Age: ≤ 50 vs > 50 years 0.59 NA 0.37 NA
Gender: Female vs Male 0.58 NA 0.32 NA
Cirrhosis: No vs Yes 0.41 NA 0.11 NA
HBsAg: Negative vs Positive 0.47 NA 0.85 NA
AFP: ≤ 20 vs > 20 ng/ml 0.37 NA 0.17 NA
Size: ≤ 5 vs > 5 cm < 0.01 2.01 1.31-3.07 < 0.01 < 0.01 1.58 1.08-2.30 0.02
Number: Single vs Multiple 0.26 NA < 0.01 NS
Thrombus: No vs Yes < 0.01 NS < 0.01 NS
TNM: I vs II vs III < 0.01 1.81 1.05-3.13 0.03 < 0.01 2.33 1.23-4.40 < 0.01
Encapsulation: Yes vs No 0.30 NA 0.191 NA
Grade: I-II vs III-IV < 0.01 1.65 1.07-2.53 0.02 < 0.01 1.52 1.03-2.24 0.04
Flot2: High vs Low 0.01 2.01 1.09-3.72 0.03 < 0.01 2.70 1.53-4.77 < 0.01
HBeAg: hepatitis B e antigen; NA: not adopted; NS: not significant; HR: Hazard Ratio; CI: Confidence Interval; AFP: a-fetoprotein; 
Flot2: Flotillin-2. Statistically significant difference (P < 0.05).
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cantly inhibited the Flot2-induced down-regula-
tion of E-cadherin and up-regulation of 
N-cadherin and Vimentin, indicating that Flot2-
induced EMT was coordinated by Twist as a 
result of Raf/MEK/ERK1/2 pathway activation. 
In addition, we found that Flot2 promoted cell 
proliferation through positive regulation of the 
cell cycle, such as up-regulation of cyclin D3, 
CDK2 and CDK4 and down-regulation of p27, 
p21 and p18.

Moreover, we found that overexpression of 
Flot2 promoted growth and metastasis, while 
knockdown of Flot2 expression inhibited tumor 
growth and metastasis of HCC in vivo. The 
SMMC-7721-Flot2 group showed more intrahe-
patic metastasis in mouse livers, and the 
MHCC97H-Flot2 group revealed more lung 
metastasis, both compared with the control 
group. The tumors volume and weights of the 
Flot2 overexpressed groups were significantly 
larger and heavier than those of the control 
groups, while those of the silenced groups were 
significantly smaller and lighter than the control 
groups. According to the above results, we 
demonstrated that Flot2 promoted tumor 
growth and metastasis of HCC. 

Flot2 expression was up-regulated in several 
malignant tumors and was suggested to be a 
prognostic marker for cancers [14-16, 25, 
32-35]. Furthermore, using a tissue microarray 
analysis, we found that the expression of Flot2 
was significantly correlated with thrombus and 
TNM stage of HCC patients after curative resec-
tion. HCC patients with high Flot2 expression 
had a worse overall survival and disease-free 
survival compared to patients with low Flot2 
expression. Univariate and multivariate analy-
ses showed that Flot2 expression was also an 
independent risk factor for both OS and DFS of 
HCC patients. Therefore, in predicting HCC 
prognosis, Flot2 is very valuable and may help 
clinicians to distinguish high risk recurrence, 
and HCC patients with high expression of Flot2 
should be closely monitored for early recur-
rence and metastasis. 

In conclusion, this study demonstrated that 
Flot2 promoted tumor growth and metastasis 
of HCC through induction of EMT and modula-
tion of cell cycle. The expression of Flot2 corre-
lated with poor prognosis in HCC patients after 
curative resection and was an independent risk 
factor, indicating that Flot2 may be regarded as 
a potential poor prognostic marker for HCC.
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Supplementary Figure 1. Microarray analysis of Flot2-overexpressed HCC cells: GO analysis.
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Supplementary Figure 2. Microarray analysis of Flot2-overexpressed HCC cells: KEGG analysis.


