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Galectin-1 (Gal1), a b-galactoside-binding protein elevated in hepatocellular carcinoma (HCC), promotes epithelial-mesenchymal
transition (EMT) and its expression correlates with HCC growth, invasiveness, and metastasis. During the early stages of HCC,
transforming growth factor b1 (TGF-b1) acts as a tumor suppressor; however in advanced stages, HCC cells lose their cytostatic response
to TGF-b1 and undergo EMT. Here, we investigated the role of Gal1 on liver endothelial cell biology, and the interplay between Gal1 and
TGF-b1 in HCC progression. By Western blot and immunofluorescence, we analyzed Gal1 expression, secretion and localization in
HepG2 and HuH-7 human HCC cells, and in SK-HEP-1 human liver sinusoidal endothelial cells (SECs). We used loss-of-function and gain-
of-function experiments to down- or up-regulate Gal1 expression, respectively, in HepG2 cells. We cultured SK-HEP-1 cells with
conditionedmedia fromHCC cells secreting different levels of Gal1, and demonstrated that Gal1 derived from tumor hepatocytes induced
its own expression in SECs. Colorimetric and scratch-wound assays revealed that secretion of Gal1 by HCC cells induced SEC
proliferation and migration. Moreover, by fluorescence microscopy we demonstrated that Gal1 promoted glycan-dependent heterotypic
adhesion of HepG2 cells to SK-HEP-1 SECs. Furthermore, TGF-b1 induced Gal1 expression and secretion by HCC cells, and promoted
HepG2 cell adhesion to SK-HEP-1 SECs through a Gal1-dependent mechanism. Finally, Gal1 modulated HepG2 cell proliferation and
sensitivity to TGF-b1-induced growth inhibition. Our results suggest that Gal1 and TGF-b1 might function coordinately within the HCC
microenvironment to regulate tumor growth, invasion, metastasis, and angiogenesis.
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Compelling evidence indicates that hepatocellular carcinoma
(HCC) develops not only as a consequence of the molecular
changes that occur in transformed hepatocytes, but also due to
the cross-talk between diverse cellular and molecular pathways
present in the liver tumor microenvironment (Hernandez-Gea
et al., 2013). A chronic insult, such as infection with Hepatitis B or
C virus or alcohol abuse, induces liver injury (El-Serag, 2012). This
damage causes the activation of hepatic stellate cells and
macrophages which produce matricellular components and
growth factors that promote migration of liver sinusoidal
endothelial cells (SECs), angiogenesis and fibrosis. These
microenvironmental sources of chronic inflammation increase
hepatocyte proliferation and can also lead to evasion of antitumor
immune responses (Hernandez-Gea et al., 2013). Thus, the HCC
microenvironment is a highly interconnected network that
supports tumor growth, migration, invasion, and angiogenesis.

During carcinogenesis, transforming growth factor b (TGF-
b), an ubiquitous cytokine, has a dual role. Although it initially
suppresses tumorigenesis by inducing growth arrest and
apoptosis, in advanced cancers it induces epithelial-
mesenchymal transition (EMT), a crucial event that favors the
metastatic spread of tumor cells (Thiery, 2002). Interestingly,
the “TGF-b paradox” has been observed during HCC
progression (Dooley and ten Dijke, 2012). TGF-b1, a ligand of
this family, strongly inhibits proliferation in rat epithelial
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hepatocytes (Carr et al., 1986; Oberhammer et al., 1992);
however HCC cells may lose their cytostatic response to TGF-
b1 andundergoEMT(Xuet al., 2003).Moreover, an imbalance in
the regulation of TGF-b1-induced apoptosis has been observed
in many HCC cells (Fabregat, 2009). Remarkably, TGF-b1 is
highly expressed in biological fluids of HCC patients and
correlates with worse prognosis and shorter survival (Bedossa
et al., 1995; Tsai et al., 1997; Dituri et al., 2014).

Galectin-1 (Gal1), a member of a conserved family of b-
galactoside-binding lectins, is often a hallmark of malignant tumor
progression as it is abundantly overexpressed in advanced stages
of the disease (Demydenko and Berest, 2009). Within the tumor
microenvironment, Gal1 plays critical roles in cell adhesion,
tumor growth, migration, metastasis, and tumor-immune escape
(Elola et al., 2007; Ito et al., 2012). A high expression ofGal1 in the
peritumoral stroma and in tumor-associated vascular endothelial
cells has been described for various neoplastic tissues (Clausse
et al., 1999; Thijssen et al., 2006; Hsieh et al., 2008). Importantly,
Gal1 plays a fundamental role in vascular biology and tumor
angiogenesis through glycosylation-dependent mechanisms
(Thijssen et al., 2006;Hsieh et al., 2008; Thijssen et al., 2010;Croci
et al., 2012;Mathieu et al., 2012; D’Haene et al., 2013; Croci et al.,
2014; Wu et al., 2014).

In human HCC tissues and cell lines, Gal1 is up-regulated
(Chung et al., 2002; Kondoh et al., 2003). This overexpression
correlates with HCC cell migration and invasion and, it is often
associated with tumor invasiveness, metastasis, tumor
recurrence, and shortened patient survival, suggesting
a potential value for Gal1 as a biomarker for predicting poor
prognosis of HCC (Spano et al., 2010; Wu et al., 2012).
Previously, we demonstrated that Gal1 acts as a glycan- and
integrin-dependent modulator of HepG2 HCC cell adhesion
and polarization. Moreover, Gal1-overexpressing HepG2 cells
inoculated into nude mice promoted tumor growth and
metastasis (Espelt et al., 2011). Recently, we provided the first
evidence of a role of Gal1 as an inducer of EMT in HepG2 cells
(Bacigalupo et al., 2015). However, the specific role of Gal1
within the HCC microenvironment remains uncertain.

In this report, we found that secretion of Gal1 by HepG2 and
HuH-7 HCC cells induced SK-HEP-1 SEC proliferation and
migration.Moreover,Gal1promoted glycan-dependentHCCcell
adhesion to human SECs. In addition, we showed that TGF-b1
induced Gal1 expression and secretion by HCC cells, an effect
whichmay allowneoplastic hepatocytes to adhere to SECs, and to
escape from TGF-b1-induced tumor growth inhibition.

Materials and Methods
Reagents

Actinomycin D, bovine serum albumin (BSA), aprotinin,
phenylmethylsulfonyl fluoride (PMSF), lactose, PD98059,
wortmannin, anti-b-actin, and horseradish peroxidase (HRP)-
conjugated anti-rabbit IgG were purchased from Sigma–Aldrich
Co. (St. Louis, MO). Fetal bovine serum was from Natocor
(C�ordoba, Argentina). Dulbecco’s modified Eagle medium
(DMEM), from GIBCO

1

, and red and green calcein AM, from
Molecular Probes

1

, were purchased from Life Technologies-
Invitrogen Corporation (Carlsbad, CA). 1,4-diazabicyclo[2.2.2]
octane (DABCO) was from Fluka, Germany. Human recombinant
Gal1 (rGal1) was prepared as previously described (Bacigalupo
et al., 2015). Human recombinant TGF-b1 was obtained from R&D
System (MN). Anti-Gal1 and anti-Gal3 antibodies and siRNAs
were from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).

Cell culture

The human HCC cell lines HepG2/C3A (ATCC CRL-10741, a
clonal derivative of HepG2 cell line ATCC HB-8065) and HuH-7
(JCRB 0403) and SK-HEP-1 liver SECs (ATCC HTB-52) were

cultured in DMEM, 10% v/v serum, 2mM L-glutamine and
antibiotics in a humidified atmosphere of 5% CO2 at 37°C. BAEC
cells were maintained in 20% v/v serum-containing medium. For
Gal1 secretion, subconfluent HCC cell monolayers were cultured
with serum-free medium for 24 h and then, conditioned media
(CM) were collected, centrifuged, and added to SK-HEP-1 cells.

Transfections

Transfections to overexpress or knockdown Gal1 were
performed as previously described (Espelt et al., 2011; Bacigalupo
et al., 2015). Briefly, cells were transfected with pcDNA3.1-Lgals1
(Rabinovich et al., 1999) or pcDNA3.1 expression vector
(Invitrogen Corporation, CA) alone as control, using
Lipofectamine 2000 (Invitrogen Corporation). Stable Gal1-
overexpressing cells were selected by G418 resistance. siRNA
experiments were performed with a pool of 3 target-specific Gal1
siRNAs or nontargeting scrambled siRNA.

Western blot analysis

Cells were homogenized in lysis buffer (100mM Tris, pH 7.4, 1% v/v
Triton X-100, 10mM EDTA, 100mM sodium pyrophosphate, 2mM
PMSF and 0.012–0.034 TIU/ml aprotinin), centrifuged and
supernatantswere collected.Toevaluateprotein secretion,CMwere
collected as described above and sodium dodecyl sulfate (SDS) was
added to 0.5% (w/v) final concentration, then heated at 100°C for
10min, and diluted with methanol 1/10, followed by a
�20°C overnight incubation. After centrifugation, pellets were
recovered.ToevaluateTGF-b1 effects,HCCcellswere synchronized
by 24 h-serum starving and then incubated with 5 ng/ml TGF-b1, in
serum-free media. Proteins were separated by SDS-PAGE,
transferred tomembranes, and immunoblotted.Bandsweredetected
by chemoluminiscence (Amersham ECL prime Western Blotting
Detection Reagents, GE Healthcare, Uppsala, Sweden).
Densitometric analysis of protein levels was performed using ImageJ
software (U.S. NIH, MD; http://rbsweb.nih.gov/ij/).

Immunofluorescence

Cells cultured on coverslips were fixed with 4%w/v formaldehyde.
Then, cells were incubated in PBS-0.1% v/v Triton X-100
containing 1% w/v BSA and incubated with anti-Gal1 and the
corresponding FITC-conjugated anti-IgG antibodies (BD,
Pharmigen Biosciences). Coverslips were mounted with DABCO
on glass slides and observed on a FluoView 1000 confocal
microscope (Olympus, Japan).

Cell proliferation and viability assay

To evaluate SK-HEP-1 cell proliferation, cells were cultured in 96-
well plates, synchronized by 24 h-serum starving, then cultured
with CM fromHCC cells or with soluble rGal1 for 72 h. To analyze
saccharide-dependent Gal1 interactions, soluble rGal1 and CM
were pre-incubated for 30min with lactose (100mM). To assess
the effect of Gal1 expression on HepG2 cell proliferation, cells
were synchronized by 24 h-serum starving and then cultured with
serum for 72 h. To determine the effect of Gal1 expression on
HepG2 cell resistance to TGF-b1-induced cell death, cells were
incubated with TGF-b1 (5 ng/ml) in the absence of serum for 48 h.
We used the CellTiter 96

1

AQueous non-radioactive cell
proliferation assay (MTS assay) (Promega Corp., Madison,WI) and
expressed the results as percentage of proliferating viable cells or
cell viability as indicated.

Cell migration analysis

SK-HEP-1 cell migration was evaluated by the scratch-wound
assay. Cells were cultured in 96-well plates in the presence of
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serum and were allowed to grow to confluence. A scratch was
performed in themonolayers, which were then incubated with CM
from HCC cells or rGal1 at varying concentrations, in the absence
of serum for 9 h. To assess saccharide-dependent modulation of
Gal1 function, CM and soluble rGal1 were pre-incubated for
30min with lactose (100mM). Monolayers were photographed at
0 and 9 h. ImageJ software was used to determine the percentage
of reduction of the wound area at 9 h versus 0 h, [% of closure:
100� (area t0h–area t9h)/area t0h].

HCC cell adhesion to SK-HEP-1 cells

Subconfluent HCC cell monolayers were harvested with PBS-
EDTA (1mM) which releases cells from the culture plates while
keeping the cell membrane proteins intact. Then, cells were
labeled with red calcein AM (5mM) for 1 h at room temperature.
After washing, 1.5� 104 viableHCC cells were added to SK-HEP-1
cell monolayers cultured on coverslips, pre-labeled with green
calcein AM (5mM). In some experiments, HCC cells were pre-
incubated with rGal1 (30min), lactose (100mM, 30min),
wortmannin (0.1mM, 15min), PD98059 (2.5mM, 15min), or
cultured with TGF-b1 (5 ng/ml, 48 h). After the indicated times,
cells were washed and observed with a Nikon TE-200
epifluorescence inverted microscope. Sixteen fields per coverslip
were photographed and three coverslips per treatment of, at least,
three independent experiments were examined. HCC cell
adhesion to SK-HEP-1 cells was determined by counting the
number of red-fluorescent HCC cells adhered to SK-HEP-1 green-
fluorescent monolayers.

Statistical analysis

Data were analyzed using GraphPad Prism Software (GraphPad
Software Inc., CA). Results are expressed as the mean� SEM
from, at least, three independent experiments. Statistical analysis
was performed using t test or one-way analysis variance, with the
pertinent post-test. P values<0.05 were considered as significant.

Results
Modulation of Gal1 in HepG2 and HuH-7 HCC cells

To unravel the function of Gal1 within HCC
microenvironment, we first assessed its expression in HepG2
and HuH-7 HCC cells. Gal1 protein expression in HuH-7 cell
lysates was significantly lower than in HepG2 cell lysates
(Fig. 1A). Gal1 is a typical cytosolic protein, although its
presence has also been described in the extracellular
compartment (Hughes, 1999). Interestingly, Gal1 secretion
was substantially higher in HuH-7 cultures with respect to that
observed in HepG2 cultures (Fig. 1B). Then, we stably
transfected HepG2 cells with Gal1 sense cDNA. HepG2-Gal1
cells showed higher expression and secretion of Gal1 to
serum-free CM compared to non-transfected and transfected
cells with empty vector (HepG2-M) (Fig. 1C and D). Gal1
immunostaining of HepG2, HepG2-M and HuH-7 cells showed
positive cytoplasmic localization and a faint nuclear staining
(Fig. 1E). Interestingly, in HepG2-Gal1 cells, Gal1 appeared
mainly localized at the proximity of the cell surface (Fig. 1E).

Galectin-3 (Gal3), another member of the galectin family, is
also overexpressed in HCC tumors (Hsu et al., 1999; Matsuda
et al., 2008; Bacigalupo et al., 2013; Jiang et al., 2014). We
observed higher levels of intracellular Gal3 expression in HuH-
7 cells (124� 11%) than in HepG2 cells (100%) and
interestingly, HepG2 cells overexpressing Gal1 showed a
significant decrease in Gal3 expression (53� 8%) (Fig. 1F).
However, Gal3 could not be detected in the CM from HepG2,
HepG2-Gal1 (Fig. 1G), or HepG2-M cells (data not shown),
suggesting that this galectin may not be secreted or might be
secreted at undetectable levels by these cells. On the contrary,

HuH-7 cells secreted considerable amounts of Gal3 to the
extracellular milieu (Fig. 1G). Thus, we used CM from HuH-7
cells to evaluate the effects of both Gal1 and Gal3 in the HCC
microenvironment. Conversely, as HepG2-Gal1 cells release
high quantities of Gal1 and negligible amounts of Gal3, they
represent a reliable model to study the effects of Gal1 in the
HCC microenvironment.

Gal1 expression, secretion, and localization in SK-HEP-1
SECs

The immortal human cell line SK-HEP-1 derives from the ascitic
fluid of a patient with liver adenocarcinoma. These cells show
fenestrations, rudimentary sieve plates, micropinocytotic
vesicles, and high endocytic activity, which are typical structural
and functional features of liver SECs (Heffelfinger et al., 1992;
Cogger et al., 2008). Besides, they express endothelial antigens
including von Willebrand factor, vascular cell adhesion
molecule, intercellular adhesion molecule-1 and vascular
endothelial growth factor receptor-2 (Heffelfinger et al., 1992;
Cogger et al., 2008). The lack of expression of the typical
vascular endothelial marker CD31 is another characteristic of
liver SECs (Lalor et al., 2006). Thus, to evaluate the influence of
HCC-derived Gal1 on SEC biology within the HCC
microenvironment, we used SK-HEP-1 cells.

SK-HEP-1 cells expressed high amounts of intracellular Gal1
which was secreted at greater levels as compared with normal
bovine aortic endothelial cells (BAEC) (Fig. 2A and B). Gal1
immunostaining showed both cytoplasmic and nuclear
localization (Fig. 2C). Additionally, culturing SK-HEP-1 cells
under serum-free conditions promoted a significant increase in
Gal1 expression (133� 5%) respect to cultures with 10%
(100%) and 20% serum-containing media (91� 7%) (Fig. 2D),
suggesting that deprivation of nutrients might induce Gal1
expression in SECs. Besides, whileCM fromHepG2 cells did not
alter Gal1 expression in SK-HEP-1 cells (94� 11%)with respect
to serum-free control medium (100%), we observed that CM
from HepG2-Gal1 cells showed a tendency to increase Gal1
levels in SK-HEP-1 cells (123� 14%), and this effect reached
statistical significance usingHuH-7 cell CM (143� 16%) (Fig. 2E).
Next, to evaluate whether increased Gal1 expression levels
observed in SK-HEP-1 cells cultured with CM from HuH-7 cells
were due to transcriptional regulation, we used actinomycin D.
We observed that treatment of SK-HEP-1 cells with the
transcription inhibitor actinomycin D (0.01mg/ml) for 24 h
significantly inhibited the effect of CM from HuH-7 cells
(110� 6%), reaching similar levels of Gal1 expression to those
observedwith controlmedium (100%). Therefore, we conclude
that Gal1 secreted fromHCCcells is capable of inducing its own
expression in SK-HEP-1 cells acting at the transcriptional level.

HCC-derived Gal1 induces proliferation and migration of
SK-HEP-1 SECs

Gal1 plays critical roles in the control of vascular endothelial cell
biology (Thijssen et al., 2006; Thijssen et al., 2010; Croci et al.,
2014); nevertheless its function within the liver
microenvironment remains uncertain. To determine whether
HCC-derived Gal1 modulates SEC physiology, we further
evaluated its effect on SK-HEP-1 cell proliferation andmigration.
SK-HEP-1 cells were synchronized by 24 h-serum starving, then
culturedwithCM fromHCCcells for 72 h and the percentage of
proliferating viable cells was assessed by MTS assay. To evaluate
cell migration, scratch-wound assays were carried out on
SK-HEP-1 monolayers incubated with CM from HCC cells for
9 h. We observed that CM from HepG2 cells promoted an
increase in proliferating viable (126�4%) and migrating
(141� 15%) SK-HEP-1 cells, respect to cells cultured with
serum-free DMEM (100%) (Fig. 3A and C). Similar effects were
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Fig. 1. Gal1 expression, secretion, and localization in HCC cells. (A, C) Western blot and densitometric analysis showing Gal1 expression in
HCC cell lysates (n¼ 5). (B, D) Secretion of Gal1 evaluated by Western blot in serum-free conditioned media (CM) from HCC cell cultures
(n¼ 5). HepG2 cells were transfected with pcDNA3.1-Lgals1 (HepG2-Gal1) or empty vector (HepG2-M). b-actin and Coomassie blue-stained
membranes were used as loading controls. (E) Gal1 subcellular distribution was visualized by confocal microscopy in HCC cells cultured with
10% serum (400�). Photographs are representative of three independent experiments. Western blot showing (F) Gal3 expression in HCC cell
lysates (n¼ 5) and (G) secretion to CM (n¼ 3). #P< 0.05;

�� ,##P< 0.01.
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Fig. 2. Expression, secretion, and localization of Gal1 in SK-HEP-1 cells. Western blot showing (A) Gal1 expression in SK-HEP-1 and BAEC
lysates (n¼ 3) and (B) secretion to CM (n¼ 3). b-actin and Coomassie blue-stained membranes were used as loading controls. (C) Gal1
localization in SK-HEP-1 cells cultured with 10% serum-containing media, visualized by confocal microscopy (400�, left; 680� right).
Photographs are representative of three independent experiments. Western blot and densitometric analysis showing Gal1 expression relative
to b-actin in SK-HEP-1 cells cultured for 24 h, (D) with varying serum concentration-containing media (n¼ 6) or (E) with serum-free control
media or CM from HCC cells, in the presence or the absence of 0.01mg/ml actinomycin D (AD) (n¼ 6).

� ,#P< 0.05, ���P< 0.001.
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obtained with CM from HepG2-M cells respect to HepG2 CM
(Fig. 3A and C). Interestingly, SK-HEP-1 cells exposed to
HepG2-Gal1 or HuH-7 cell CM (which secrete higher levels of
Gal1 than HepG2 cells, Fig. 1B and D), led to increased
endothelial cell proliferation (142� 4% and 153� 6%,
respectively) and migration (175� 28% and 215�22%,
respectively) (Fig. 3A, C, and E). These effects involved
carbohydrate-dependent interactions as they were completely
prevented by pre-treatment with lactose, a galectin-specific
inhibitor (Fig. 3A andC).On the other hand, culturing SK-HEP-1
cells in the presence of CM from Gal1 siRNA-treated HepG2
cells (50� 6% diminishedGal1 expression, Fig. 3A inset) led to a
significant decrease in endothelial cell proliferation (118� 2%)
and migration (93� 19%) respect to scrambled siRNA-
transfected HepG2 cells (132� 6% and 133� 18%,
respectively) (Fig. 3A and C). Moreover, exogenous
recombinant Gal1 (rGal1) also augmented the percentage of
proliferating viable SK-HEP-1 cells and stimulated cell migration
in a carbohydrate-dependent manner (Fig. 3B and D). These
results suggest that Gal1 derived from tumoral hepatocytes can
modulate SEC proliferation and migration.

Gal1 promotes HepG2 cell adhesion to SK-HEP-1 SECs

Recently, we demonstrated that HepG2 cells overexpressing
Gal1 can trigger EMT, a key event for tumor cell
dissemination (Bacigalupo et al., 2015). Since heterotypic cell
adhesion of cancer cells to the endothelium represents
another important step for metastasis, we evaluated the role
of Gal1 on HCC adhesion to SECs. Whereas no differences
were observed between HepG2 and HepG2-M cell adhesion
to confluent monolayers of SK-HEP-1 cells, reinforced
expression of Gal1 in HepG2 cells significantly increased
adhesion after 15min culture in serum-free conditions
(146� 5% respect to HepG2-M cell adhesion; 100%) (Fig.
4A–C). This effect was preserved even after 60min of culture
(127� 7%) and was also evident in the presence of serum
(123� 5%, 15min) (Fig. 4B). Moreover, the percentage of
HuH-7 cells adhered to SK-HEP-1 cells was significantly
greater than HepG2 cells (167� 7%) (Fig. 4C). Remarkably,
these pro-adhesive effects were completely abrogated by
lactose (Fig. 4C), suggesting that specific protein-glycan
interactions control heterotypic cell adhesion of HCC to
liver endothelial cells. Moreover, knocking down Gal1
expression significantly decreased HepG2 cell adhesion to
SECs (59� 10%) respect to control cells (scrambled siRNA,
95� 11%) (Fig. 4C). Furthermore, HepG2 cell adhesion to
SK-HEP-1 cells substantially increased in the presence of
rGal1 (3.5� 10�4–3.5� 10�3mM). However, higher
concentrations of rGal1 showed the opposite effect (Fig. 4D).

To investigate the signaling pathways mediating HCC cell
adhesion to SECs, assays were performed in the presence of
pharmacological inhibitors. Notably, pre-treatment with the
PI3K inhibitor, wortmannin, or with the ERK1/2-specific
mitogen-activated protein kinase (MAPK) kinase inhibitor,
PD98059, significantly decreased HepG2-M cell adhesion to
SK-HEP-1 cells (63� 5 and 52� 8%), respectively; versus
vehicle control (87� 6%) (Fig. 4E), indicating that PI3K and
MAPK are involved in the process of HepG2 cell adhesion to
SECs. When we analyzed the effect of Gal1 overexpression in
HepG2-Gal1 cell adhesion to SK-HEP-1 cells we observed that
wortmannin partially inhibited the increased cell adhesion of
HepG2-Gal1 cells (85� 6% vs. HepG2-M cellsþWort:
63� 5%). On the contrary, the pro-adhesive effect of Gal1 was
completely abolished by PD98059 pre-treatment (46� 7% vs.
HepG2-M cellsþ PD98059: 52� 8%) (Fig. 4E). In conclusion,
Gal1 modulates HepG2 cell adhesion to SK-HEP-1 SECs, one
of the first processes during HCC dissemination, through

mechanisms involving specific protein-carbohydrate
interactions and signaling through the MAPK pathway.

TGF-b1 increases Gal1 expression and secretion by
HCC cells

As TGF-b1 is elevated in the HCCmicroenvironment (Bedossa
et al., 1995; Tsai et al., 1997; Dituri et al., 2014), we investigated
whether it could modulate Gal1 expression in HCC cells.
When HepG2 cells were cultured with TGF-b1 (5 ng/ml) for
24 h, the expression of Gal1 significantly increased
(151� 17%), being this effect more pronounced after 48 h-
treatment (230� 21%) (Fig. 5A). The continuous presence of
TGF-b1 was essential for supporting increasedGal1 expression
increased, as tumor cells cultured with TGF-b1 for 24 h and
then deprived of this cytokine showed considerably diminished
levels of Gal1 (134� 18%) with respect to 48 h-treatment
(Fig. 5A). Worth mentioning is that TGF-b1 had no effect on
Gal1 levels in HepG2-Gal1 siRNA cells, which maintained low
levels of Gal1 even when they were cultured in the presence of
this cytokine for 48 h (Fig. 5A). TGF-b1 also augmented Gal1
expression in HuH-7 cells (180� 14%) and interestingly, Gal1
secretion to CM of HepG2 and HuH-7 cultures was
significantly higher (141� 4% and 262� 39%, respectively) in
TGF-b1-treated versus untreated cells (Fig. 5A). Of note,
TGF-b1 had no effect on the expression of Gal3, at least under
our experimental conditions (data not shown). Whereas no
apparent changes were observed in the localization of Gal1 in
TGF-b1-treated HuH-7 cells under serum-free conditions,
Gal1 localized underneath the cell membrane in some HepG2
cells treated with this cytokine (Fig. 5B). This distribution
pattern in cell membranes resembled that observed for
HepG2-Gal1 cells (Fig. 1E), which was more pronounced
following serum deprivation (Fig. 5B). These results suggest
that TGF-b1 induces Gal1 expression and secretion by HCC
cells.

TGF-b1 induces HepG2 cell adhesion to SK-HEP-1 SECs
through a Gal1-dependent mechanism

We hypothesized that TGF-b1 effects on HCC progression
could take place via indirect mechanisms involving, at least in
part, Gal1 expression and secretion by tumoral hepatocytes.
Therefore, we investigated whether TGF-b1 might induce
HCC dissemination by promoting tumor hepatocyte adhesion
to SECs in a Gal1-dependent fashion. Our results show that
TGF-b1 significantly increased HepG2 cell adhesion to SK-
HEP-1 monolayers (118� 4%) respect to untreated HepG2
cells. On the contrary, TGF-b1 was unable to increase
adhesion of HepG2-Gal1 siRNA cells to SK-HEP-1 cells and
even reduced heterotypic adhesion of these cells (59� 5%)
when compared to HepG2-Gal1 siRNA cells (73� 3%)
(Fig. 5C). Thus, since HepG2-Gal1 siRNA cells maintained low
levels of Gal-1 after TGF-b1 treatment (Fig. 5A), our results
show that HepG2 cell adhesion to SK-HEP-1 SECs induced by
TGF-b1 involves, at least in part, expression of Gal1. Hence,
Gal1 up-regulation and secretion by HCC cells and
consequently, promotion of tumor hepatocyte adhesion to
SECsmay represent a novel mechanism triggered by TGF-b1 to
induce HCC dissemination.

Gal1 modulates HepG2 cell proliferation and sensitivity
to TGF-b1-induced growth inhibition

TGF-b1 induces apoptosis in some human liver tumor cells;
howeverHepG2 cells are refractory to the suppressive and pro-
apoptotic effects of this cytokine (Zhang et al., 2004; Caja et al.,
2011; Dzieran et al., 2013). As TGF-b1 increases Gal1
expression and secretion by HCC cells, we next investigated

JOURNAL OF CELLULAR PHYSIOLOGY

G a l 1 I N H C C M I C R O E N V I R O N M E N T 1527



Fig. 3. HCC cell-derived Gal1 induces SK-HEP-1 cell proliferation and migration. Proliferating viable SK-HEP-1 cells by the MTS assay,
evaluated after incubation for 72h with (A) CM from HCC cultures or (B) recombinant Gal1 (rGal1), with or without pre-treatment with
lactose (Lact). Results are expressed as percentage of proliferating viable cells respect to DMEM or absence of rGal1 (100%) (n¼ 4). Inset
panel shows Gal1 expression in Gal1 knocked down HepG2 cells (HepG2-Gal1 siRNA). Cells transfected with nontargeting scrambled siRNA
(HepG2-scr siRNA) were used as control. Monolayers of SK-HEP-1 cells were incubated for 9 h with (C) CM from HCC cell cultures or (D)
rGal1, with or without lactose. Cell migration was evaluated by scratch-wound assay. Results are expressed as the percentage of cell migration
(n¼ 5), calculated as % of wound area closure respect to DMEM or absence of rGal1 (100%). (E) Representative photographs of five
independent experiments showing the wound area of SK-HEP-1 cells cultured with CM from HepG2-M and HepG2-Gal1 cell cultures (40�).

� ,

a, #,$P< 0.05;
�� ,aa, ##,&&P< 0.01,

��� ,aaaP< 0.001.
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Fig. 4. Gal1 promotes HCC cell adhesion to SK-HEP-1 SECs. HCC cells adhered to SK-HEP-1 cell monolayers were (A) visualized by
fluorescence microscopy (400�) after 15min co-culture, in the absence of serum, and (B) quantified, after 15 or 60min co-culture, with or
without serum, and expressed as percentage (n¼ 3) respect to HepG2-M cell adhesion to SECs (100%). (C) HCC cell adhesion to SK-HEP-1
cells after 15min of serum-free co-culture, with or without 30min-pre-treatment with lactose. D: HepG2 cells were pre-incubated with rGal-1
for 30min, with or without lactose, and cell adhesion to SK-HEP-1 cells, in the absence of serum, was determined after 15min. BSA was used
as negative control. (E) HepG2-M or HepG2-Gal1 cells were pre-treated with wortmannin (Wort) or PD98059 for 15min. Cell adhesion to SK-
HEP-1 cells was determined after 15min of serum-free co-culture, and expressed as percentage (n¼ 3) respect to HepG2-M cell adhesion
without treatment (100%). DMSO was used as vehicle control. �P< 0.05, ��P< 0.01 respect to HepG2-M (B and E) and BSA (D); a,#,$P< 0.05; aa,
bb,##P< 0.01; aaaP< 0.001.
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whether this galectin could mediate tumor cell resistance to
TGF-b1-induced growth inhibition. First, we analyzed if
endogenous Gal1 levels could modulate the number of
proliferating viable HepG2 cells. While overexpression of Gal1
in HepG2 cells significantly increased their proliferation rate at

72 h (6.02� 0.10-fold increase respect to t0), compared to non-
transfected and HepG2-M cells (3.86� 0.55 and 3.96� 0.53,
respectively) (Fig. 5D), Gal1 knockdown cells showed slower
proliferation rate (2.66� 0.06) compared to HepG2-scrambled
siRNA cells (3.19� 0.15) (Fig. 5D). Next, we studied the

Fig. 5. HepG2 cell adhesion to SK-HEP-1 cells and resistance to growth inhibition induced by TGF-b1 depend on Gal1 expression and
secretion by HCC cells. (A) Western blot and densitometric analysis showing Gal1 expression relative to b-actin in HepG2 cells cultured
without serum for 24 or 48h in the presence of TGF-b1, or cultured for 48h, with TGF-b1 only during the first 24 h (n¼ 4) (left panel); Gal1
expression in HepG2-siRNA (middle left panel) and HuH-7 cells (middle right panel) treated or not with TGF-b1 for 48h (n¼ 3), and Gal1
secretion to CM from HCC cells treated or not with TGF-b1 for 48h (n¼ 4) (right panel). Coomassie blue-stained membranes were used as
loading controls for CM. (B) Gal1 localization in HCC cells cultured with or without TGF-b1 in serum-free media for 48h visualized by
confocal microscopy (400�). Photographs are representative of four independent experiments. C: HepG2, HepG2-scr siRNA cells or HepG2-
Gal1 siRNA cells, with or without pre-treatment with TGF-b1 for 48h, were co-cultured with SK-HEP-1 cells in serum-free media for 15min.
Cell adhesion determined by fluorescence microscopy is expressed as percentage (n¼ 3) respect to HepG2 cell adhesion to SECs (100%). D:
Non-transfected and transfected HepG2 cells were cultured in the presence of serum for 72h and cell proliferation was evaluated by the MTS
assay. Results are expressed as proliferation rate (n¼ 3), determined as fold increase proliferation at t72h respect to t0 (onefold) for each cell
type. (E) Gal1-silenced, Gal1-overexpressing and control HepG2 cells were cultured with TGF-b1 for 48h in serum-free media and cell viability
was evaluated (MTS assay). Results are expressed as percentage of cell viability (n¼ 4) respect to HepG2 cells (100%).

� ,#,&,a,P< 0.05;
�� ,##,

&&P< 0.01; ���P< 0.001.
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relevance of Gal1 expression in HepG2 cell viability under non-
proliferative (serum-free) conditions. We found that knocking
down or overexpressing Gal1 did not significantly alter tumor
cell viability under serum-free conditions (Fig. 5E). However,
addition of TGF-b1 to Gal1-silenced HepG2 cells significantly
reduced cell viability (70� 8%), whereas this cytokine showed
no effect on Gal1-overexpressing HepG2 cells (Fig. 5E). These
results show that Gal1 silencing in HepG2 cells turns these cells
sensitive to the growth inhibitory effects of TGF-b1, indicating
that the pro-tumorigenic effects of this cytokine during HCC
progression may be modulated, at least in part, by Gal1
expression in tumor hepatocytes.

Discussion

In this studywe reported the effects of Gal-1 in liver endothelial
cell biology and the interplay between this lectin and TGF-b1 in
the regulation of tumor-endothelial cell interactions in the
HCC microenvironment. Seeking to study the influence of
HCC-derived Gal1 on liver SEC biology within the HCC
microenvironment, we used SK-HEP-1 cells. These cells were
derived from a patient with hepatic adenocarcinoma and were
demonstrated to be of endothelial origin. Although SK-HEP-1
cells do not contain mRNA for hepatocyte-specific proteins
such as albumin, a- or g-fibrinogen, and show features
consistent with an endothelial origin, like pinocytotic vesicles
and Weibel-Palade bodies (Heffelfinger et al., 1992), some
reports considered them as hepatic cells. Nevertheless, a
proteomic analysis revealed that SK-HEP-1 cells are markedly
different from normal liver tissue and other hepatoma cells
(Seow et al., 2001). Moreover, based on a cDNA microarray
analysis, it was concluded that these cells are a-fetoprotein-
negative and that their gene expression profile is different from
that observed for hepatoma cell lines (Kawai et al., 2001).
Furthermore, these cells were stained for several endothelial
antigens including vonWillebrand factor, vimentin, cytokeratin,
ELAM-1, vascular cell adhesionmolecule, intercellular adhesion
molecule-1 and vascular endothelial growth factor receptor-2
(Heffelfinger et al., 1992; Watchorn et al., 2002; Cogger et al.,
2008). Moreover, it was also demonstrated that SK-HEP-1 cells
show fenestrations, rudimentary sieve plates, micropinocytotic
vesicles, and high endocytic activity, which are typical structural
and functional features of liver SECs (Cogger et al., 2008). Thus,
taking into account that tumor-derived endothelial cells are
morphologically and functionally unique; and based on the fact
that SK-HEP-1 cell line, derived from a patient with hepatic
adenocarcinoma, has many typical structural and functional
features of liver SECs, these cells represent a suitable model to
study tumor-endothelial cell interactions.

We showed that these endothelial cells derived from the
ascitic fluid of a patient with a liver tumor, expressed high
intracellular levels of Gal1 with respect to non-tumoral
endothelial cells (BAEC). Accordingly, Thijssen et al. (2006)
described that Gal1 was abundantly expressed in vascular
endothelial cells in response to growth factor activation.
However, we observed that Gal1 levels increased when
SK-HEP-1 cells were cultured under serum-free conditions.
These results suggest that growth factors can differentially
modulate Gal1 expression in normal or tumor-associated,
vascular or sinusoidal endothelial cells. It might be speculated
that inside the liver tumor, a nutrient-poor microenvironment
may contribute to increase Gal1 levels in SECs. Besides, we
showed that exposure of SK-HEP-1 cells to CM from HepG2-
Gal1 and HuH-7 HCC cells augmented Gal1 expression by
regulating its own transcription. Clausse et al. (1999) observed
a similar effect when human umbilical vascular endothelial cells
(HUVEC) were incubated with CM from prostate carcinoma
cells. Thus, Gal1 secreted by tumor hepatocytes may induce its
own expression in SECs.

Consistent with our findings in SK-HEP-1 cells, several
studies demonstrated that exogenously added rGal1 induces
HUVEC proliferation and migration (Hsieh et al., 2008;
Thijssen et al., 2010; Croci et al., 2012; D’Haene et al., 2013).
Although this galectin promoted comparable effects on
HUVEC and SK-HEP-1 cell proliferation, it had a higher impact
on SK-HEP-1 cell migration, since lower concentrations
promoted substantial changes in the migratory phenotype.
Moreover, we found that HCC-derived Gal1 induced SK-HEP-
1 cell proliferation and migration. These effects were
dependent on the levels of Gal1 expression by HCC cells and
mediated by galectin-saccharide interactions. In this regard, a
previous study, using lung carcinoma and melanoma models
demonstrated that tumor cells secrete Gal1, and that this lectin
can be taken up by endothelial cells, stimulating proliferation
and migration (Thijssen et al., 2010). Thus, elevated levels of
Gal1 within HCC microenvironment may have critical
implications in tumor SEC angiogenesis.

Since cancer cell adhesion to the endothelium is an
important step for metastasis, we analyzed the role of Gal1 on
HepG2 cell adhesion to SK-HEP-1 cells. We found that Gal1
expression modulates HepG2 cell adhesion to SK-HEP-1
monolayers through mechanisms involving the MAPK signaling
pathway. Moreover, rGal1 showed a biphasic effect on HepG2
cell adhesion to SECs. Lower concentrations than those
required to promote SEC proliferation and migration, favored
HCC cell adhesion to SK-HEP-1 monolayers. Conversely,
concentrations required for SK-HEP-1 cell proliferation and
migration, inhibited HepG2 cell adhesion to SECs. Consistent
with these findings, rGal1 has previously been demonstrated to
have biphasic effects on proliferation, migration and adhesion
of different cell types, including HUVEC (Biron et al., 2006;
Thijssen et al., 2006; Elola et al., 2007). Thus, Gal1 may
differentially control SEC biology within HCC
microenvironment.

Interestingly, SK-HEP-1 cell proliferation and migration
were increased when these cells were cultured with CM from
HuH-7 cells, compared to HepG2 cell CM. Also, HuH-7 cell
adhesion to SK-HEP-1 monolayers significantly increased with
respect to HepG2 cells. Since HuH-7 cells export Gal1 and
Gal3, both galectins may have combined effects on SK-HEP-1
cell proliferation, migration and adhesion. Moreover, since
Gal3 was undetectable in the CM from HepG2 cells, it is likely
that the effects on SK-HEP-1 cell proliferation, migration and
adhesion are due to increased Gal1 secretion from HepG2-
Gal1 cells. Thus, our findings suggest that Gal1 expression and
secretion by tumoral hepatocytes may represent key steps
associated with HCC dissemination. These data are in line with
the results obtained by Spano et al. (2010), who observed that
Gal1 was accumulated within the stroma of neoplastic
hepatocytes of HCC tumors and its expression correlatedwith
the presence of metastasis in HCC patients.

TGF-b1 orchestrates a favorable microenvironment for
HCC cell growth and EMT. We recently demonstrated that
Gal1 up-regulation in HepG2 cells triggers EMT (Bacigalupo
et al., 2015). Here, we found that TGF-b1 substantially
increased Gal1 expression and secretion by HCC cells. Similar
effects were observed in mammary adenocarcinoma (Daroqui
et al., 2007) and pancreatic cells (Tang et al., 2014), and also, in
embryonic fibroblasts (Lim et al., 2014). In the latter, Lim et al.
(2014) found that TGF-b1 treatment also triggered nuclear
translocation of Gal1. Moreover, this lectin was strongly
increased and translocated to nucleus in renal epithelial cells
treated with high glucose and TGF-b1 (Okano et al., 2010). In
contrast, TGF-b1-treated HepG2 cells evidenced a major
localization of Gal1 close to the cell membrane, whereas no
apparent changes in localization were observed in HuH-7 cells.
These results indicate that, although the effects of TGF-b1 on
Gal1 localization are cell-, tissue-, and context-specific, this
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cytokine governs expression of this endogenous lectin in
several different tissues.

Interestingly, we demonstrated that TGF-b1 inducedHepG2
cell adhesion to SK-HEP-1 SECs through a Gal1-dependent
mechanism. Similarly, by inducing collagen III and fibronectin
expression, TGF-b1 enhanced gastric cancer cell adhesion to
mesothelial cells (Lv et al., 2011). In addition, TGF-b1 was found
to increase non-small-cell lung cancer cell adhesion to
lymphatic endothelial cell monolayers through a b3 integrin-
dependent mechanism (Salvo et al., 2014). Thus, in addition to
the well-established role of TGF-b1 in HCC dissemination
through induction of EMT in tumoral hepatocytes, this cytokine
may also contribute to HCC metastasis by up-regulating Gal1
expression and favoring HCC cell adhesion to liver
endothelium.

Escape from the anti-proliferative and pro-apoptotic actions
of TGF-b1 is a prerequisite for HCC progression (Xu et al.,
2003; Dooley and ten Dijke, 2012). Here, we demonstrated
that Gal1 levels modulate HepG2 cell proliferation when
cultured in serum-rich media. These data confirm our previous
findings showing that Gal1-overexpressing HepG2 cells
injected in nude mice promote tumor growth in vivo (Espelt
et al., 2011). On the other hand, neither Gal1 silencing nor
TGF-b1 treatment influenced the viability of HepG2 cells in
non-proliferative conditions (absence of serum). Our results
are consistent with previous findings demonstrating that
HepG2 cells are refractory to 48 h-culture with TGF-b1
probably because of the activation of the Ras/ERK1/2 pathway
(Zhang et al., 2004; Caja et al., 2011; Dzieran et al., 2013).
Interestingly when Gal1 expression declined, HepG2 cells
became sensitive to TGF-b1-induced growth inhibition.

In conclusion, up-regulation of Gal1 within HCC
microenvironment controls proliferation and migration of
SECs, and favors HCC cell proliferation and adhesion to
sinusoidal endothelium. Therefore, Gal1 and TGF-b1 may
work in concert within the HCC microenvironment to
promote tumor growth, metastasis and angiogenesis.
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