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Vasculogenic mimicry (VM) is the phenomenon where cancer cells mimic endothelial cells by forming
blood vessels. A stem cell-like phenotype has been proposed to be involved in this tumor plasticity.
VM seems to correlate with metastasis rate, but there have been no reports on the effects of pro-meta-
static and pro-angiogenic factors or hepatocyte growth factor (HGF) and vascular endothelial growth fac-
tor (VEGF) on VM formation of hepatocellular carcinoma (HCC) cells. Here, we determine VM capacity
and expression of stemness genes (Oct4, Sox2, Nanog and CD133) in well- and poorly-differentiated
HCC cell lines. The poorly-differentiated cell line SK-Hep-1 with mesenchymal features (high invasive-
ness and expressing Vimentin, with no E-cadherin) could form VM in vitro, while the well-differentiated
cell line HepG2 did not form VM. There was no correlation between expression of stemness genes and
intrinsic VM capacity. However, HGF but not VEGF, could induce VM formation in HepG2, concomitant
with epithelial–mesenchymal transition (EMT), de-differentiation and increased expression of stemness
genes. Our results show that the role of stemness genes in VM capacity of HCC cells is likely to depend on
differentiation status.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Maniotis et al. [1] demonstrated the existence of non-endothe-
lial microcirculation in tissue sections of human uveal melanoma,
which they termed vasculogenic mimicry (VM) for vessels formed
by melanoma cells without an endothelial cell lining. In vitro stud-
ies revealed that aggressive human uveal melanoma cell lines can
form tubular networks on Matrigel, similar to endothelial cells. VM
was recognized in several cancer types including hepatocellular
carcinoma (HCC) [2]. The presence of VM leads to problems in can-
cer therapy, because conventional angiogenesis inhibitors fail to
inhibit VM formation in melanoma cells [3]. Moreover, the inhibi-
tion of endothelial angiogenesis may unintentionally promote VM
formation in tumors [4], as recently evidenced by a report showing
ll rights reserved.

patocellular carcinoma; EMT,
tem cells; HGF, hepatocyte
ctor; MMPs, matrix metallo-
tase-polymerase chain reac-

istry, Chulabhorn Research
43.
ahoo.co.uk (J. Svasti).
increased VM channels in tumor-bearing mice receiving short-
term treatment of anti-VEGF monoclonal antibody bevacizumab
[5]. Thus understanding the mechanism of VM formation may im-
prove cancer therapy.

VM capacity was proposed to result from tumor cell plasticity
acquired by de-differentiation of cancer cells to an embryonic- or
stem cell-like phenotype, allowing expression of several endothe-
lial-specific genes in VM-forming cancer cells [6]. The cancer stem
cell (CSC) concept has been applied to VM [7], and recently
observed in glioblastoma [8]. However, the relationship between
stem cell-like phenotype and VM formation in HCC was proposed
but not yet reported.

VM in HCC was associated with invasion and metastasis rate
[2,9]. The epithelial–mesenchymal transition (EMT) is a cellular
plasticity process, whereby epithelial cells reduce epithelial char-
acteristics, such as decreased cell–cell contact and down-regula-
tion of E-cadherin, while simultaneously acquiring mesenchymal
properties including fibroblast-like shape, increased cell motility
and up-regulation of mesenchymal markers such Vimentin [10].
EMT occurs during embryonic development, but also contributes
to malignant progression of carcinoma through invasion-metastasis
and de-differentiation [10]. Normally, EMT is transient, but permanent
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EMT may exist in cancer cells, due to genetic changes or signaling
maintenance [11]. Aberrant expression of EMT regulators was
found in VM forming cancer cell lines, Twist1 in HCC cells [9],
and ZEB1 in colorectal carcinoma cells [12]. Moreover, hypoxia
can enhance VM capacity of HCC cells through increased Twist
expression [13,14].

Hepatocyte growth factor (HGF) and vascular endothelial
growth factor (VEGF), present in HCC tumor microenvironment,
play important roles in hepatocarcinogenesis and tumor progres-
sion [15]. HGF is a mesenchymal-derived cytokine inducing cell
migration and morphogenesis in epithelial cells during embryonic
development and wound repair [16]. Recent studies show associa-
tion between high levels of pre-operative serum HGF, c-Met
expression and tumor recurrence or metastasis in HCC patients
[17]. VM in HCC is associated with invasion and metastasis, but
it is unclear whether HGF participates in VM formation.

VEGF is a major angiogenesis regulator of human endothelial
cells. VEGF and its receptors appear to contribute to VM formation
in some cancer types including ovarian carcinoma, osteosarcoma
and melanoma [18–20]. However, VEGF did not show any effect
on VM formation of Ewing sarcoma cells [21] and the effect of
VEGF on VM formation of HCC cells is still unknown.

Here, we have explored the relationship between VM capacity
and stem-like and endothelial phenotypes in HCC cells, by analyz-
ing expression of genes essential for endothelial angiogenesis,
stemness and EMT markers, in well- and poorly-differentiated
human HCC cell lines. The effects of HGF and VEGF on VM forma-
tion of HCC cells were also studied.
2. Materials and methods

2.1. Chemicals

The list of chemicals and reagents are shown in Supplementary
data.
2.2. Cell culture

SK-Hep-1 and HepG2 were obtained from the American Type
Culture Collection (ATCC, Rockville, MD, USA). Human umbilical
vein endothelial cells (HUVECs) were obtained from Cambrex Bio
Science Walkersville (Walkersville, MD, USA). Details of culture
media are provided in Supplementary data.
2.3. Matrigel tube formation assay

Matrigel tube formation assay was performed as described in
Supplementary data. Briefly, cell suspension was seeded into
Matrigel-coated 96-well plate and incubated at 37 �C in 5% CO2. Ef-
fect of HGF or VEGF on tube formation was studied by adding test
growth factor into the wells immediately after the cell seeding, to a
final concentration of 50 ng/ml.
2.4. Invasion and migration assay

Invasion and cell migration were assayed in Transwell cham-
bers (Corning Costar, MA, USA) as previously described [22], as de-
tailed in Supplementary data. Briefly, cell suspension in serum-free
media was seeded into the inserts, while the lower chambers were
filled with the same media with or without test growth factor
(50 ng/ml). The invasion assay was performed in the same manner
as the migration assays, except that Matrigel-coated inserts were
used in the invasion assay. At the end of incubation, invaded or mi-
grated cells were stained with crystal violet solution.
2.5. Gelatin zymography

Matrix metalloproteinase-2 and -9 (MMP-2 and MMP-9) in con-
ditioned media of the HCC cells were detected by gelatin zymogra-
phy [23], as described in Supplementary data. Briefly, the
conditioned media obtained from culturing cells in serum-free
media for 24 h were subjected to electrophoresis in gelatin-incor-
porated SDS–polyacrylamide gel under non-reducing conditions.
After electrophoresis, the gel was incubated for 24 h at 37 �C with
incubation buffer. The gel was stained with Coomassie Brilliant
Blue. Bands of MMPs activity were visualized as clear bands on a
blue background.

2.6. qRT-PCR

First-strand cDNA synthesis, quantitative determination
of expression of selected genes by real-time PCR, and primer
sequences were described in Supplementary data. Data are expressed
as gene expression level relative to b-Actin. In HGF-treated exper-
iments, the relative change in gene expression compared with un-
treated conditions was expressed as fold change, calculated by
2�DDCp method.

2.7. Statistical analysis

Data were analyzed for statistical significance of differences
between groups using the Student’s t-test, with a p-value lower
than 0.05 being considered significant.
3. Results

3.1. VM capacity correlates with metastatic potential of human HCC
cell lines

Tube formation on Matrigel is an assay used to determine
in vitro angiogenesis of endothelial cells and to determine in vitro
VM capacity of cancer cells [1]. Two human HCC cell lines were
used, with different differentiation status, a well-differentiated
HCC cell line (HepG2) and a poorly-differentiated HCC cell line
(SK-Hep-1) [24]. SK-Hep-1 tube formation was first observed at
6 h and completed after 18 h after seeding. The SK-Hep-1 tubular
organizations resembled the in vitro angiogenesis of endothelial
cells, HUVECs (Fig. 1A), while HepG2 did not form tubes (Fig. 1A).

Invasion and cell migration were assayed using Transwell
chambers in serum-free media without chemoattractant. After
24 h incubation, SK-Hep-1 showed large numbers of invaded and
migrated cells, while HepG2 showed low numbers of such cells
(Fig. 1B).

Type IV collagenases, MMP-2 and MMP-9, are associated with
invasion and metastasis. A 92 kDa band of proMMP-9 was detected
in SK-Hep-1 in conditioned media, while a very faint 66 kDa band
of active MMP-2 was observed in HepG2 conditioned media
(Fig. 1C).

Thus, VM-positive SK-Hep-1 was a highly invasive cell line
exhibiting both high cell motility and high levels of proMMP-9,
while VM-negative HepG2 is a less invasive cell line. These results
show a correlation between in vitro VM capacity and metastatic
potential of the HCC cell lines.

3.2. Gene expression analysis of VM-positive and VM-negative cell
lines

Expression of three groups of genes, namely stemness and liver
differentiation markers, angiogenesis-related genes, and EMT
markers was explored in HCC cell lines using qRT-PCR.
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Liver differentiation markers, Albumin and G6Pase, were
expressed in HepG2, confirming its well-differentiated status, but
not expressed in SK-Hep-1 (Fig. 2A). Oct4, Sox2 and Nanog are
transcription factors involved in maintenance of pluripotency of
embryonic stem cells [25]. Both cell lines expressed Oct4 and
Sox2 at similar levels, but Nanog expression was 7-fold higher in
HepG2 compared to SK-Hep-1 (Fig. 2A). However, CD133 – a cell
surface glycoprotein used as a CSC marker in several solid tumors,
was expressed only HepG2 (Fig. 2A).

Using HUVECs as positive controls for endothelial cells, the lev-
els of selected angiogenesis-related genes were determined,
namely VEGF receptors (Flt-1 and KDR), its downstream mediator
endothelial nitric oxide synthase (eNOS), and endothelial-specific
cell adhesion molecules (CD31 and VE-cadherin), since lack of
any of these genes abrogates tube formation in endothelial cells
[26,27]. SK-Hep-1 expressed Flt-1 and VE-cadherin, whereas
HepG2 expressed eNOS, CD31 and VE-cadherin (Fig. 2B). Only
VE-cadherin was detected in both HCC cell lines, but its expression
level in HepG2 was significantly higher than in SK-Hep-1 (Fig. 2B).

The VM-positive cell line SK-Hep-1 exhibited mesenchymal fea-
tures by showing Vimentin expression with no E-cadherin expres-
sion similar to HUVECs, used as positive control of mesenchymal
cells (Fig. 2C). The VM-negative cell line HepG2 retained E-cad-
herin expression but did not express Vimentin. Expression levels
of EMT transcription factors, Twist1 and Snail1, differed signifi-
cantly between the HCC cell lines. SK-Hep-1 expressed Twist1 at
a greatly higher level than Snail1 (Fig. 2C). In contrast, HepG2
showed much higher expression level of Snail1 than Twist1
(Fig. 2C). However, both HCC cell lines showed similar expression
of c-Met, an HGF receptor (Fig. 2C).

Collectively, the results indicate correlation between VM capac-
ity, de-differentiation status and mesenchymal features, in HCC
cell lines. There was no correlation between expression of stem-
ness genes and intrinsic VM capacity, since all stemness genes
were detected in well-differentiated HepG2 at similar levels to
poorly-differentiated SK-Hep-1. Interestingly, SK-Hep-1 cells could
form tubular structures, while lacking several essential angiogene-
sis-related genes, indicating that the mechanism of SK-Hep-1 tube
formation (VM) differs from endothelial tube formation
(angiogenesis).

3.3. Enhancement of VM capacity of HCC cells by HGF

HGF and VEGF in tumor microenvironment play important roles
in metastasis of HCC [15], with HGF acting as an EMT inducer and
VEGF acting as an angiogenesis inducer. Thus we examined the ef-
fect of HGF and VEGF on in vitro VM formation of HCC cell lines.

When enhanced cell motility, a hallmark of EMT activation was
used as an EMT functional assay, the results showed that HGF
strongly increased cell migration in both HCC cell lines, while VEGF
did not affect the migration rate (Fig. 3A).

Then, when HCC cells were cultured on Matrigel in the presence
of HGF or VEGF, only HGF could enhance tube formation in both
SK-Hep-1 and HepG2, compared with controls, while VEGF did
not affect tube formation (Fig. 3B). SK-Hep-1 tube formation could
be observed at 4 h after seeding (Fig. 3B), while in HepG2, tubular
structures started on day-2 and were clearly seen on day-4 after
HGF treatment (Fig. 3B). The HepG2 tubular organizations at en-
hanced magnification (Fig. 3B) resembled SK-Hep-1 tube formation
(Fig. 1A).

HGF, but not VEGF, increased cell migration and enhanced tube
formation in both VM-positive and VM-negative HCC cell lines,
confirming the correlation between VM capacity and metastatic
potential in HCC cell lines. Additionally, EMT inducers such as
HGF can modulate VM capacity of HCC cells.

3.4. HGF induced changes in EMT and stemness gene expression levels
in HepG2 cells

The modulatory effect of HGF on VM capacity was further inves-
tigated at gene expression level in HepG2. When the cells were cul-
tured in the presence or absence of HGF for 2–4 days, untreated
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cells exhibited cuboidal shape and compacted colonies, while HGF-
treated cells showed fibroblast-like shape and loose colonies, indi-
cating acquisition of EMT shown by acquisition of mesenchymal
phenotype and decrease in cell-cell adhesion (Fig. 4A).

Since HGF-induced VM formation in HepG2 was observed on
day-2 after treatment, gene expression analysis was studied using
cells treated for 2–4 days. Induction of EMT by HGF was revealed
by decreased E-cadherin and increased Vimentin expression, and
these changes were maintained up to 4 days after treatment
(Fig. 4B). In HGF-treated cells, Twist1 expression was up-regulated
by 2.1–2.5-fold at days 2–4 after treatment, compared with
untreated cells, while up-regulation of Snail1 was observed on
day-4 after HGF treatment (Fig. 4B). VE-cadherin expression,
necessary for VM formation in melanoma cell lines [29], showed
a biphasic response to HGF treatment, showing 1.7-fold increase
on day-2 and 0.6-fold decrease on day-4 after HGF treatment
(Fig. 4B).

HGF also modulated expression of liver differentiation genes in
HepG2. In HGF-treated cells, decreases in Albumin and G6Pase
expression were maintained up to day-4 after treatment (Fig. 4C),
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in parallel with decreased epithelial marker E-cadherin (Fig. 4C),
suggesting association between EMT and de-differentiation
induced by HGF.

HGF treatment markedly increased expression of stemness
genes in a time-dependent fashion. Significantly, CD133 was up-
regulated 2 days after treatment (Fig. 4D). Sox2 and Nanog were
significantly increased on day-4 after treatment, while Oct4
increased on day-4 after treatment but not significantly (Fig. 4D).
Sox2 expression showed 0.4-fold decrease on day-2, but increased
to 4.5-fold on day-4 (Fig. 4D). Thus, significant increases in expres-
sion of pluripotency transcription factors by HGF treatment
occurred after EMT and de-differentiation.

4. Discussion

The process of VM formation should be similar to angiogenesis,
where endothelial cells migrate into parenchyma, remodel sur-
rounding extracellular matrix using MMPs, differentiate and orga-
nize themselves into tubular structures [28]. Most of these steps
are also used by cancer cells during invasion. This may explain
why VM capacity closely relates to invasiveness of cancer cells.
Among the selected angiogenesis-related genes, only VE-cadherin
was in both VM-positive and VM-negative cell lines. VE-cadherin
is an endothelial-specific cell adhesion molecule necessary for
VM formation of aggressive melanoma cell lines [29]. Our results
suggested that the VM-negative cell line lacks some critical factors
required for VM capacity, such as the ability organize into tubular
structures. Although HepG2 possesses VE-cadherin, but if cells
were less motile, tubular structures would not be formed or take
longer. This was supported by results showing that HGF enhanced
the rate of tube formation in SK-Hep-1. In HepG2, HGF induced
EMT and enhanced motility of cells, facilitating tubular organiza-
tion, so EMT might be the missing factor required for VM formation
of HepG2.

To our knowledge, this is the first report of exploring stemness
gene expression in VM-forming HCC cells, and showing an induc-
ing effect of HGF on VM formation. When well- and poorly-differ-
entiated HCC cell lines are compared, intrinsic VM capacity was
associated with mesenchymal features already present in poorly-
differentiated SK-Hep-1, rather than with expression levels of
stemness genes. But in the case of well-differentiated HepG2,
unable to form VM, stemness gene expression was increased
during HGF-induced EMT, suggesting that the role of stemness
genes in VM modulation of HCC cells is likely to depend on differ-
entiation status of the cells.

CSCs are believed to have greater metastatic potential than non-
CSCs. However, our studies showed that pluripotency transcription
factor genes Oct4, Sox2 and Nanog were expressed at similar levels
in both highly invasive VM-positive and poorly invasive VM-
negative cell lines. Surprisingly, CD133 was detected only in the
VM-negative cell line. These results indicate that intrinsic VM
capacity and invasiveness of HCC cell lines did not correlate with
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basal expression levels of the stemness genes. This agrees with the
recent report by Chen et al. [30] showing lack of expression of CSC
markers CD133 and EpCAM in poorly-differentiated HCC cell lines,
HLE and HLF, which exhibit high invasiveness and show signs of
EMT, by expressing EMT regulators without E-cadherin. This sug-
gests that EMT had already been acquired in the poorly-differenti-
ated HCC cell lines and was responsible for stem-like properties
such as spheroid formation and chemoresistance.

However, the function of Oct4, Sox2 and Nanog genes in VM for-
mation cannot be ruled out, since they are involved in maintaining
pluripotency of embryonic stem cells [25]. It is possible that EMT
provides some signals that coordinate with the pluripotency tran-
scription factors needed to maintain the de-differentiation state of
cancer cells during EMT activation.

Twist and Snail EMT regulators were shown to independently
promote metastasis of HCC [31]. Our data showed that Twist1
expression level was much higher than Snail1 in VM-positive SK-
Hep-1. Moreover, increased Twist1 expression paralleled VM for-
mation during HGF treatment of HepG2, while increased Snail1
expression occurred later than Twist1, suggesting that Twist1 is
more important than Snail1 in VM formation of HCC cells.

In conclusion, our results show that intrinsic VM capacity of
human HCC cell lines was linked to mesenchymal properties of
cancer cells, rather than stemness gene expression. Additionally,
the VM capacity of well-differentiated HCC cells could be induced
by pro-metastatic factors such HGF, through EMT concomitant
with increasing stemness gene expression. The finding that VM
capacity could be induced by pro-metastatic factors or conditions
enhancing cancer cell aggressiveness is important for HCC treat-
ment. Since anti-angiogenic therapy was recently shown to cause
tumor hypoxia and promote VM formation in an animal model
[5], anti-angiogenic therapy in HCC should be combined with
inhibitors of invasion to prevent angiogenesis, VM formation, and
metastasis.
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