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FOXC2 is a prognostic biomarker ety

and contributes to the growth and invasion
of human hepatocellular carcinoma
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Abstract

Background: Forkhead box C2 (FOXC2) is a crucial factor involving in various cancers. However, its functions in
hepatocellular carcinoma (HCC) is unknown. Here, we explored the role of FOXC2 in the progression of HCC and its
potential mechanisms.

Methods: FOXC2 expression in HCC tissue and cells were detected by immunohistochemistry or western blot and
real-time PCR. CCK8, wound healing and transwell assay were used to measure cell growth and invasion. Tumor
formation experiment was carried out to assess the tumorigenicity of HCC cells. Regulation of FOXC2 on Ang-2 was
validated by luciferase assay and complementary experiments.

Results: Increased FOXC2 expression was found to be associated positively with more aggressive clinicopathologic
features. HCC patients with higher FOXC2 expression had significantly shorter overall survival. FOXC2 expression was
indentified as an independent risk factor for resectable HCC. Increased FOXC2 expression accelerated the migra-
tion and invasion of HCC cells, accompanied by enhanced Ang-2 expression. Likewise, FOXC2 knockdown yielded
opposite results. Moreover, FOXC2 stimulated the activation of the Ang-2 promoter. Suppression of Ang-2 expression
hindered the FOXC2-mediated EMT processs, cell migration and invasion of HCC.

Conclusions: FOXC2 is a novel prognostic predictor for HCC and may facilitate the growth and invasion through

Ang-2.
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Background
As a fatal cancer with poor prognosis, hepatocellular
carcinoma (HCC) causes the third-highest number of
cancer-related mortality in sub-Saharan Africa, East
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large tumor size, poorly differentiated phenotype, poorly
differentiated phenotype, and portal venous invasion),
the molecular mechanisms guiding the development and
pathogenesis of HCC remain to be elucidated.

A range of processes occurring in the cell, like metabo-
lism, stress resistance, cell cycle arrest, apoptosis, and
aging are regulated by the FOX (Forkhead box) fam-
ily of proteins, which characteristically possess a DNA
binding domain, that is evolutionarily conserved [5-7].
The FOXC2 is a type of FOX transcription factor, and
its increased expression is an independent prognostic
factor in several cancers, including NSCLC (non-small-
cell lung cancer), cancer of breast, esophagus, colorec-
tal, and that of the stomach [8-12]. FOXC2 may have a
crucial role in the drug-resistant cancer phenotypes, like
that of ovarian cancer, nasopharyngeal carcinoma, breast
cancer, and osteosarcoma [13—-16]. Moreover, enhanced
expression of FOXC2 has been observed in the HCC
tissues and relates inversely with patient survival [17],
but data regarding the underlying role of FOXC2 in HCC
development and progression are limited.

Abnormal angiogenesis is one of the hallmarks of
malignancy and a research hotspot for the development
of novel targeted regimen [18]. The A ngiopoietin-TIE2
pathway is key to the malignant angiogenesis, in which
angiopoietin 1(Ang-1) and Ang-2 carried out opposite
effects for the regulation of tumor vascularity. Mainly
located in mesenchymal cells, Ang-1 facilitates ves-
sel normalization by interacts with Tie-2 expressing in
endothelial cells [19]. In contrast, Ang-2 performs as an
antagonist with binding to Tie-2 or agonist to promote
occurrence of tumor angiogenesis [20]. Increased expres-
sion of Ang-2 has been shown in both cancerous tissue
and plasma of HCC patients [21, 22]. It is connected with
more aggressive phenotype and unfavorable clinical out-
comes [23]. By using the prediction tool, we identified
Ang-2 as a possible downstream target of FOXC2, which
led us to presume that FOXC2 may accelerate the devel-
opment of HCC through regulating Ang-2.

Therefore, the expression levels and prognostic signifi-
cance of FOXC2 in HCC tissues was determined in the
present study. Additionally,we explored potential FOXC2
target genes involved in cell invasion and migration.
Luciferase assays and western blot analysis were used to
identify Ang-2 as a target gene of FOXC2. Ultimately, we
knocked down endogenous Ang-2, using its shRNA, to
elucidate the role of FOXC2 in tumor development.

Methods

Patients and samples

Paraffin-embedded HCC samples were obtained from
the Nanfang hospital biobank. 280 HCC patients treated
at Nanfang hospital between January 2009 and December
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2014 were included. The inclusion criteria were (1) his-
tologically confirmed the diagnosis and (2) no previous
treatment. The exclusion criteria were (1) serious com-
plications, (2) presence of other malignant diseases, or
(3) incomplete follow-up data. For tumor staging, the
Cancer staging system defined by the 7th Edition of the
American Joint Committee was used. Besides, 40 pairs
of HCC and respective adjacent non-tumorous sam-
ples were collected to analyze the relationship between
FOXC2 and Ang-2.

Animal, cell lines and cultures

Nude mice were purchased from Southern Medical Uni-
versity, Laboratory Animal Center. Normal hepatic cell
line LO2 and HCC cell lines including sk-hep-1, hep3B,
SMMC-7721, Huh-7 and MHCC-97H were purchased
from the Chinese Academy of Sciences, Shanghai Cell
Bank (China). 293T cells were purchased from ATCC
(American Tissue culture collection). All cells were main-
tained in RPMI1640 (HyClone, Logan, Utah, USA) con-
taining 10% fetal bovine serum at 37 °C.

Gene knockdowns through lentivirus-delivered shRNA

For the gene knockdown (KD) studies, shRNA contain-
ing lentiviral particles for either FOXC2 or Ang-2 were
purchased from Santa Cruz Biotechnology (Cat. No: sc-
43767-V and sc-39305-V). The virus was collected after
transfection for 60 h into 293T cells with all vectors and
then infected target cells along with 8 mg/mL polybrene
(Sigma-Aldrich). Western blotting was performed for
selection of stable and independent clones.

Lentivirus-mediated gene expression

Lentiviral expression clones LV-pGV208-FOXC2, len-
tiviral packaging plasmids (pHelper 1.0 and 2.0) and
control vector LV-pGV208 were purchased from Gene-
chem (Shanghai, China). The supernatant containing
lentivirus particles were harvested after transfection for
48 h in 293T cells and then were used to infect Huh-7
and MHCC-97H cells. Based on EGFP assay, lentiviral-
infected cells were sorted with flow cytometry to achieve
100% cell infection. Overexpression of FOXC2 was con-
firmed through western blot.

Western blot

The protein of each group was collected after cell
lysis with RIPA buffer and quantified using a BCA
assay kit from Abcam (Cambridge, MA, USA).
20 pg of protein was separated on 10% SDS-PAGE
gel, electrotransferred to  nitrocellulose = mem-
branes (Thermo Fisher, USA), blocked with 1% BSA
for 1 h and incubated with rabbit primary antibod-
ies in 1:1000 dilution, including anti-Ang-2(#2948S),
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anti-FOXC2(#12974S),anti-E-cadherin(#14472S),  anti-
vimentin(#5741S), anti-fibronectin(#4705S) and anti-
B-actin(#4970S) (Cell Signaling Technologies,USA).
Subsequently, the membranes were washed extensively
with PBST (Tween-20, 0.1%) followed by incubation of
secondary antibody, HRP-conjugated anti-rabbit IgG
incubation for 1 h at room temperature. The ECL method
was then used to visualize protein bands.

Real-time RT-PCR analysis

Total RNA was extracted from HCC cells according to
manufacturer’s instructions using Trizol (Invitrogen).
1 pg of RNA was used to synthesize cDNA with the
SuperScript® III First-Strand Synthesis System (Invitro-
gen). Real-time PCR was performed with a CFX96 Real-
Time System (Bio-Rad) in the presence of 2X SYBR green
master mixture (Invitrogen) in a final reaction volume of
10 pL. The primer sequences were: FOXC2 sense 5-CCT
ACCTGAGCGAGCAGAAT-3, antisense 5-ACCTTG
ACGAAGCACTCGTT-3/, GAPDH sense 5-TGTTGC
CATCAATGACCCCTT-3, and antisense 5-CTC
CACGACGTACTCAGCG-3'. The internal control was
GAPDH. All experiments were run in triplicates in three
independent experiments.

CCKS8 assay

CCK-8 (Yeasen, Shanghai, China) was used to assess the
cell proliferation as manufacturer’s instructions recom-
mend. Briefly, cells were inoculated in 96-well plates at
the density of 1.5 x 103 cell/well, and cultured in incuba-
tor for 24 h before evaluated at day 1, 2, 3, 4, 5, respec-
tively. CCK-8 solution was then dripped into each well,
and the plate was transferred to the incubator for 4 h.
Finally, OD value at 450 nm was detected by HBS-1096B
microplate reader (Detie, Nanjing, China).

Wound healing assay

The migration of cells was determined through wound
healing tests following a standardized protocol. Briefly,
2 x 10* cells were inoculated in each well of a 6-well
plate and maintained for 24 h in an incubator. Next day,
a 1 mL pipette tip was used to scratch the cells at a width
of 500 um and then washed with RPMI-1640. At 24 and
48 h after scratch, cells were observed with an inverted
microscope and photograph. Data summarize three inde-
pendent experiments.

Cell invasion assay

Cells were incubated in PBS (phosphate-buffered saline)
and the upper chambers coating with 50% Matrigel (BD
Biosciences) of 24-well transwell plates (Corning Incor-
porated, NY, USA). After incubating for 24 h, invaded
cells were examined and photographed through bright
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field microscopy (OLYMPUS cx31, TOKYO, Japan) after
staining with 0.5% crystal violet. The invasion rate was
determined by counting the invaded cells in five ran-
domly selected fields of each chamber under a fluores-
cence microscope (OLYMPUS 1X71, Tokyo, Japan). Data
summarize three independent experiments.

Immunohistochemistry(IHC)

Tissue sections were boiled in citrate-hydrochloric acid
(pH 6.0) for 30 min for epitope retrieval and incubated
at 4 °C overnight with anti-FOXC2 (Sigma, America) and
anti-Ang-2 (Zsbio, China) primary antibodies. Immu-
nostaining was performed using the Envision System
with diaminobenzidine (Dako Cytomation, Glostrup,
Denmark).

The stained sections were scored independently by two
pathologists who were blinded to the clinical parameters.
FOXC2 expression was evaluated using the extent and
intensity of staining. The staining intensity was scored
as 0-no staining, 1-weak staining(seen as light yellow),
2-moderate staining(seen as yellow—brown),or 3-strong
staining(seen as brown).The extent of staining was scored
as 0(0%), 1(1 to 25%), 3(51 to 75%) and 4(76 to 100%),
based on the percentage of positive stain relative to the
entire cancerous area or the entire section for normal
samples. The final staining score (0 to 7) was defined
through the sums of the intensity and extent scores.
Tumors with a final staining score<3 were considered
as low expression, while those with high expression had
scores>3 to 7.

Luciferase reporter assay

The binding regions of FOXC2 on Ang-2 promoter were
predicted on the high-quality transcription factor bind-
ing profile database JASPAR [24]. Three segments of the
Ang-2 promoter (Ang-2 promoter-WT:5" -TGAGCC
AACATTGCCCC —GAGTGAATATCCAA-3/, Ang-2
promoter-Mutl: 5/ -CAGTTACGTCTTGCCCCACTGC
-3/, Ang-2 promoter-Mut2: 5" -AGTCACGGCCCCAAG
TGGAG-3’) were cloned into pGL3-basic-Report (Pro-
mega, WI, USA), as was human 3f-UTR of the FOXC2
gene. The reporter vectors containing Ang-2 and pGL3-
FOXC2 promoter were transfected into MHCC-97H cells
and luciferase activity was measured after 48 h using a
dual-luciferase reporter assay system (Promega, WI,
USA).

In vivo tumor proliferation assay

FOXC2-OE Huh-7 and FOXC2-OE-Ang-2 KD Huh-7
cells were transfected to express luciferase. 6 to 7-week-
old male NOD/SCID mice (Laboratory Animal Center of
Southern Medical University, Guangzhou, China) were
injected were with 2*10° HCC cells in 100 pl 1:1 of PBS
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and matrigel on both sides of each mouse. The growth
rate of the tumor was monitored using bioluminescent
imaging. Mice were anesthetized with 0.7% pentobarbi-
tal sodium (10ul/g) and injected intraperitoneally with
150 mg/kg luciferin (Caliper Life Sciences). Tumors were
imaged through the IVIS Lumina II platform and ana-
lyzed with Live Image software (both from Caliper Life
Sciences). Each group had six mice.

Statistical analysis

All data are presented as mean+ SEM unless stated oth-
erwise. Statistical significance (P <0.05) was determined
by two-side ¢ test or ANOVA; The differences were
assessed using SPSS 19.0 software (SPSS Inc., Chicago,
IL). P <0.05 was considered as statistically significant.

Results

FOXC2 expression in hepatocellular carcinoma tissues

280 paraffin-embedded HCC samples and 40 normal
(non-cancer) samples were immunohistochemically ana-
lyzed for FOXC2 expression. According to the intensity
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of THC staining, no or weak staining of FOXC2 protein
was seen in 115 of 280 (41.1%) paraffin-embedded HCC
tissues, while moderate staining (in the membrane and
cytoplasm of cancer cells) was observed in 104 of 280
(37.1%) samples and strong staining was observed in 61
of 280 (21.8%) samples. In 40 non-cancerous control tis-
sues, no FOXC2 staining was seen in 32 cases and weak
expression was seen in two cases (Representative images
in Fig. 1a). HCC cases were then divided into two groups
according to the extent and intensity of FOXC2 staining:
the low FOXC2 expression group (FOXC2-Lo) and the
high FOXC2 expression group (FOXC2-Hi).

HCC patients in the FOXC2-Hi group showed more
aggressive clinicopathologic characteristics, including
higher serum AFP levels, larger tumor size, more recur-
rence, lower tumor differentiation, and later clinical
stage (Table 1). Survival analysis demonstrated that the
FOXC2-Hi group had significantly shorter overall sur-
vival (OS) compared to those in the FOXC2-Lo group
(p=0.04) (Fig. 1B). Multivariate survival analysis showed
FOXC2 expression was an independent prognostic
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Fig. 1 FOXC2 expression in HCC (hepatocellular carcinoma) tissues. a IHC assays to evaluate expression of FOXC2 in adjacent non-tumor tissues
and tumor tissues. b OS was determined by Kaplan-Meier analysis as the FOXC2 low group versus the FOXC2 high group in the present study.
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Table 1 Correlation between FOXC2 expression and factor for HCC patients after radical resection (hazard
clinicopathologic ratio=1.772, 95% confidence interval: 1.011~3.107,
p=0.045) (Table 2).

Variable N FOXC2 expression P value
High Low Effect of FOXC2 expression on HCC patient prognosis
Gender 0.301 This study included 75 patients with stage I, 57 with
Male 220 130 % stage II, 82 with stage III, and 66 with stage IV HCC.
Female 60 40 20 We divided patients into two subgroups: early stage
Age (years) 0211 (TNM stage I-1I) and late stage (stage III-IV). In the early
<50 173 100 73 stage group, 69 patients showed high FOXC2 expres-
>50 107 70 37 sion in tumor cells. Patients with high FOXC2 expres-
Tumor size (cm)& 0.000 sion suffered from worse OS as compared to those with
<5 150 70 30 low FOXC2 expression (P=0.03, Fig. 1c). In the late stage
>5 130 100 30 group, the OS of the FOXC2-Lo group was longer than
Serum HBsAg 0582 the FOXC2-Hi group (P <0.01, Fig. 1d).
Positive 245 147 98
Negative 35 23 12 FOXC2 expression in HCC cell lines
Serum AFP(ng/ml) 0460 The levels of FOXC2 expression in different cell lines
<25 157 9 65 were measured with western blot and RT-PCR. HepG2,
>25 123 78 45 Huh-7, MHCC-97L and MHCC-97H all displayed higher
Cir_rhosis 0806 expression levels of FOXC2 (Fig. le, f) than immortalized
Presence 120 74 46 hepatocyte LO-2. FOXC2 was knocked down or over-
Absence 160 % 64 expressed in the MHCC-97H and Huh-7 HCC cell lines
UICC stage 0,007 to further investigate its potential role in HCC. West-
Ll 132 69 63 ern blot and qPCR analysis were carried out to confirm
IV 148 101 47 the decrease and increase FOXC2 expression in the KD
Metastasis/Recurrence 0014 (knockdown) cell lines and OE (overexpression) cells, in
Yes 154 104 50 comparison to their respective controls (Fig. 2a, b).
No 126 66 60
Edmondson grade 0429 FOXC2 promoted cell proliferation of HCC
Low (/) 192 120 7 Robust proliferative activity is vital for tumor metasta-
High (I1/V) 88 50 38 sis and invasion. Here, we investigated changes in cell

growth of FOXC2 knockdown (KD) and overexpres-
sion (OE) HCC cell lines using MTT assay. As shown

/\: The largest dimension of the tumor specimen

Table 2 Cox regression analysis of patients with HCC

Variables Univariate Pvalue
HR Cl (95%)
FOXC2 expression (1 =down, 2=over) 1.772 1.011~3.107 0.045
Gender (1 =male, 2=female) 0433 0.365~1.034 0.102
Age (1<50,2>50) 0813 0.341~1.532 0352
Serum HBsAg (1 =negative, 2 = positive) 1.537 0.713~3.811 0.247
Serum AFP (1<25 ng/ml, 2> 25 ng/ml) 1.953 1.046 ~3.900 0.021
Tumor size (1<5cm, 2>5cm) 2015 1.334~3.822 0.040
Cirrhosis (1 = Absence, 2 =Presence) 1.151 0.541~2.388 0.157
Metastasis/Recurrence (1 =no, 2 =yes) 3.71 1.830~6.043 0.000
UICC stage (1 =14+, 2=Il1+1V) 2225 1.019~4.023 0.025

Edmondson grade (1 =High (lll/IV), 2= Low (//11)) 0911 0.562~1.831 0.238
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Fig. 2 Knockdown and increased expression of FOXC2 in HCC MHCC-97H and Huh-7 cell lines. The expression of FOXC2 was detected by western
blot and gPCR analysis in MHCC-97H and Huh-7 cells with FOXC2 KD (knockdown), OE (overexpression), or NC (negative control)(a, b). MTT assay
to measure the cell growth of MHCC-97H (¢, d) and Huh-7 (e, f) at various time points. Cell proliferation was affected by silencing or overexpressing
FOXC2 when contrasted with negative controls. Significance at p<0.01 is denoted by *relative to control by student’s t-test

in Fig. 2c and e, overexpression of FOXC2 promoted
the proliferation of both MHCC-97H and Huh-7 cell
(P<0.01). In addition, the in vitro growth of MHCC-97H
and Huh-7 cells was markedly inhibited after interference
with FOXC2-shRNA (P<0.01, Fig. 2d and f), thus indi-
cating a positive correlation between FOXC2 expression
and the cellular growth of HCC.

FOXC2 promoted cell migration and invasion of liver
cancer

To analyze the impact of FOXC2 on the migration of both
HCC cell lines, we performed wound-healing assays.
As illustrated in Fig. 3a, b, FOXC2 knockdown led to an
apparent reduction in wound healing at 48 h in both cell
lines, while FOXC2 overexpression caused an notice-
able improvement in migration capability (P<0.01). In

addition, transwell assays revealed that FOXC2 knock-
down significantly reduced cell invasion, while additional
FOXC2 yielded the opposite impact (P <0.01, Fig. 3¢, d).

The expression of FOXC2 and Ang-2 in HCC tissues
According to the above results, we further analyzed
FOXC2 and Ang-2 expression in 40 HCC tissues, of
which 60.2% showed high FOXC2 expression. The result
showed that tissues with high FOXC2 expression also
exhibited high Ang-2 expression. As shown in Fig. 4a,
Spearman’s correlation analysis indicated that FOXC2
expression was positively correlated with Ang-2 in HCC
tissues (R*>=0.709, p <0.0001). Thus, FOXC2 may impact
the production of Ang-2 to induce metastasis and inva-
sion in HCC.
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FOXC2 mediated Ang-2 expression in HCC cells a reduction in Ang-2 expression was seen in cells with
Since Ang-2 also plays a crucial role in metastasis and reduced FOXC2 level. Contrarily, cells with overex-
invasion of malignancy, we further investigated whether = pressed FOXC2 exhibited enhanced Ang-2 expression,
FOXC2 modulates Ang-2 expression in MHCC-97H indicating that Ang-2 may act as a transcriptional target
and Huh-7 cells via western blot. As shown in Fig. 4b, of FOXC2.

(See figure on next page.)

Fig. 4 Correlation between expression of FOXC2 and Ang-2 in HCC tissues. a The correlation between FOXC2 and Ang-2 expression levels
(R?=0.709, p<0.0001) in terms of bivariate analysis. b The Ang-2 expression was detected through western blot assay on MHCC-97H and Huh-7
cells when FOXC2 was knocked-down and overexpressed; the membrane was probed with antibody to B-actin. ¢ pGL3-FOXC2 was transfected
into MHCC-97H cells that had been previously transfected with Ang-2 promoter-WT, Ang-2 promoter-Mut1, or Ang-2 promoter-Mut2 construct.

d The activities of three Ang-2 promoters were determined through luciferase assay. The SD was obtained by conducting three experiments
independently
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FOXC2 activated the Ang-2 promoter

To determine whether Ang-2 is a direct target of FOXC2,
three Ang-2 promoter fragments (putative mutant
FOXC2 target site, or the wild type) were cloned into a
pGL3-control vector for dual luciferase reporter assay.
As observed in Fig. 4c, d, there was a decrease in lucif-
erase activity in cells cotransfecting with both Ang-2 pro-
moter-WT and pGL3-FOXC2 as compared to those with
and pGL3-FOXC2 and Ang-2 promoter-Mutl/Mut2 or
blank control. The results indicated that the Ang-2 pro-
moter is directly targeted by FOXC2 for its transcrip-
tional expression.

FOXC2 facilitated migration and invasion of HCC cells
through induction of Ang-2 expression

As expected, Ang-2 knockdown (KD) abated the growth
of HCC cells with FOXC2 overexpression (OE) (Fig. 5a,
b). As illustrated in Fig. 5¢, d, Ang-2 downregulation
rather than control significantly impaired the migra-
tory capacity of both MHCC-97H and Huh-7 cells with
FOXC2 overexpression. Further, the invasion of FOXC2
OE HCC cells was impaired with decreased Ang-2
expression (Fig. 5e, f). These findings confirmed that
Ang-2 depletion abrogated FOXC2-induced cell prolif-
eration and invasion.

FOXC2 modulated EMT process of HCC cells

The function of Ang-2 knockdown on the FOXC2-
induced EMT process in HCC was assessed by measuring
the expression of E-cadherin, vimentin, and fibronectin
in FOXC2 OE and FOXC2 OE Ang-2 KD cells through
western blot. Reduced Ang-2 expression in FOXC2 OE
cells led to the enhanced expression of epithelial marker
E-cadherin and weakened the expression of mesenchy-
mal markers fibronectin and vimentin (Fig. 5g). These
findings thus implicated that FOXC2 may promote EMT
process of HCC cells through the mediation of Ang-2.

FOXC2 facilitated tumor growth in vivo

The aforementioned in vitro findings strongly indi-
cated that FOXC2 promoted the proliferation and inva-
sion of HCC cells by modulating Ang-2 expression. We
next evaluated the effect of FOXC2 on tumor growth by
in vivo optical imaging in NOD/SCID mice.

FOXC2 OE and FOXC2 OE Ang-2 KD Huh-7 cells
with luciferase activity were injected into the flanks and
shoulders of NOD/SCID mice (Fig. 6a and e). A signifi-
cant reduction in bioluminescence was found in mice
injected with FOXC2 OE Ang-2 KD Huh-7 cells (Fig. 6b),
compared with those injected with FOXC2 OE Huh-7
cells (P<0.01). The enhanced expression of epithelial
marker E-cadherin and reduced expression of mesen-
chymal markers fibronectin and vimentin were detected
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in FOXC2 OE Ang-2 KD group compared to FOXC2
OE group (Additional file 1: Figure S1). Furthermore,
the tumor size and weight in the FOXC2 OE Ang-2 KD
group were significantly reduced (P<0.01, Fig. 6¢, d),
indicating that FOXC2 accelerates growth and metastasis
of HCC through regulation of Ang-2.

Discussion

By far, recurrence and metastasis remain the major cause
of HCC-related mortality, and the underlying molecular
mechanisms are still to be clarified.

As a focus of current research field, FOXC2 has been
reported as an oncogene in a range of cancers. It was well
accepted that FOXC2 was a metastasis-related gene and
might consequently serve as a predictor for the treatment
response or prognosis of cancer patients in clinic use
[25]. In line with above views, we observed frequent and
aberrant FOXC2 expression in HCC tissues and a signifi-
cant positive correlation between FOXC2 expression and
malignant clinicopathology of HCC patients including
tumor size, UICC stage and metastasis/recurrence status.
Moreover, FOXC2 expression was proved to be an inde-
pendent risk factor in HCC patients treated with radical
surgery. Furthermore, regardless of TNM stage, patients
with high FOXC2 expression was associated with poorer
OS than those with low FOXC2 expression, suggesting
that FOXC2 expression may help to evaluate the out-
come of HCC patients. In vitro experiments showed that
the upregulation of FOXC2 promoted growth, motil-
ity and invasion of HCC cells, while decreased FOXC2
expression exhibited the opposite effects, indicating
that FOXC2 might serve to facilitate the metastasis of
HCC.

Further analysis revealed a positive correlation between
the expression of FOXC2 and Ang-2, led to our assump-
tion that FOXC2 promotes Ang-2 expression for the inva-
sion and metastasis of HCC. Luciferase assay showed that
FOXC2 noticeably augmented the transcriptional activity
of Ang-2, together with the result that Ang-2 expression
was decreased in FOXC2-knockdown MHCC-97H and
Huh-7 cell lines, suggesting that Ang-2 was a direct tar-
get of FOXC2.

Hypervascularity is one of the remarkable features of
HCC. In the past decades, the development of neovas-
cular targeting therapy has dawned on HCC patients.
The current therapeutic target of the angiogenic pathway
includes VEGF signaling, angiopoietin 1(Ang-1), Ang-2
and tyrosine-protein kinase receptor Tie2. Agents target-
ing VEGF axis like bevacizumab, axitinib, lenvatinib, paz-
opanib, ramucirumab, sunitinib and vandetanib has been
approved for the treatment of various cancers including
colorectal cancer, non-small cell lung cancer, cervical
cancer,ovarian cancer. Angiogenesis inhibitor targeting
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both VEGEFR and Tie2 like cabozantinib, regorafenib and
sorafenib have also shown efficacy in the treatment of
renal cancer, thyroid cancer, gastrointestinal stromal
tumor and liver cancer [26]. Among them, sorafinib is the
first approved agent for the treatment of advanced HCC
and lenvatinib is the first agent that is non-inferior to
sorafenib during the ten years’ development of targeted

therapy for HCC [27]. Ang-2 not only correlates with
malignant phenotype and prognosis of HCC, but also
facilitates VEGF-mediated neovascularization in HCC
[23]. Moreover, the fact that Ang-2 expression is co-
expressed with VEGF in HCC and connected to worse
survival of HCC patients treated with sorafenib indicated
that Ang-2 may contribute to the resistance of anti-VEGF
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therapy [21, 28]. Recently, Ang-2 has also been implicated
as an important proangiogenic factor in the inflammatory
processes and was found to be upregulated in various
signaling pathways and inflammation-related tumors [20,
29]. Abnormal Ang-2 expression was shown to increase
the generation and permeability of blood vessels in both
the ischemic and hypoxic environment [30]. Intratu-
moral hypoxia induced Ang-2 expression with increasing
tumor volume to promote angiogenesis and metastasis
[31]. In addition, Ang-2 accelerated cell proliferation and
altered the EMT process, invasion, and metastasis of lung
cancers [32]. Here, we observed that decreased Ang-2
expression impaired FOXC2-induced migration and
invasion, which was accompanied by reduced E-cadherin
and enhanced vimentin and fibronectin expressions in
HCC cells with FOXC2 overexpression, indicating that
FOXC2 may facilitate the EMT process in HCC via regu-
lation of Ang-2. In vivo experiments further supported

this conclusion by showing that Ang-2 downregulation
diminished tumor growth, volume and size of HCC.

Conclusions

To sum up, this study indicated that FOXC2 promote
HCC migration and invasion, and the regulation of
Ang-2 exacerbates these effects. Thus, FOXC2 and Ang-2
might be potent and promising targets for the prevention
and treatment of metastatic HCC.
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