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Epithelial–mesenchymal transition (EMT) and hypoxia are con-
sidered as crucial events favouring invasion and metastasis of
many cancer cells. In this study, different human neoplastic cell
lines of epithelial origin were exposed to hypoxic conditions in
order to investigate whether hypoxia per se may trigger EMT
programme as well as to mechanistically elucidate signal trans-
duction mechanisms involved. The following human cancer cell
lines were used: HepG2 (from human hepatoblastoma), PANC-1
(from pancreatic carcinoma), HT-29 (from colon carcinoma) and
MCF-7 (from breast carcinoma). Cancer cells were exposed to
carefully controlled hypoxic conditions and investigated for
EMT changes and signal transduction by using morphological,
cell and molecular biology techniques. All cancer cells responded
to hypoxia within 72 h by classic EMT changes (fibroblastoid
phenotype, SNAIL and b-catenin nuclear translocation and
changes in E-cadherin) and by increased migration and invasive-
ness. This was involving very early inhibition of glycogen synthase
kinase-3b (GSK-3b), early SNAIL translocation as well as later
and long-lasting activation of Wnt/b-catenin-signalling machin-
ery. Experimental manipulation, including silencing of hypoxia-
inducible factor (HIF)-1a and the specific inhibition of mitochon-
drial generation of reactive oxygen species (ROS), revealed that
early EMT-related events induced by hypoxia (GSK-3b inhibition
and SNAIL translocation) were dependent on transient intracel-
lular increased generation of ROS whereas late migration and
invasiveness were sustained by HIF-1a- and vascular endothelial
growth factor (VEGF)-dependent mechanisms. These findings in-
dicate that in cancer cells, early redox mechanisms can switch on
hypoxia-dependent EMT programme whereas increased invasive-
ness is sustained by late and HIF-1a-dependent release of VEGF.

Introduction

Hypoxic conditions have been detected in several human malignan-
cies, including cancers of the breast, prostate, lung, pancreas, rectum,
uterine cervix, vulva, head and neck, brain tumours, melanomas, soft
tissue sarcomas, non-Hodgkin lymphomas, metastatic liver tumours
and renal cell cancer (1,2). Hypoxic or anoxic areas, usually found as
heterogeneously distributed areas within solid tumours, may depend
either on poor/altered vascularization (perfusion-limited O2 delivery),
deterioration of diffusion geometry (diffusion-limited O2 delivery) or,

to a less extent, to conditions of tumour- or therapy-associated anae-
mia (1). Although low oxygen tension may even contribute to kill
some tumour cells (1,3), hypoxia is more probably to provide a strong
selective pressure able to regulate tumour growth and eventually favour
survival of the most aggressive malignant cells (4–6). Along these lines,
hypoxia within a neoplastic mass is considered as an independent
prognostic indicator of poor outcome with a significant risk to develop
metastasis that may escape therapy (1,3,7–9). Indeed, neoplastic cells
surviving to hypoxia exhibit enhanced invasive propensity, suggesting
that hypoxia may favour cancer progression (5,6,10,11). However, the
precise mechanisms by which hypoxic conditions may affect progres-
sion still remain incompletely understood.
Under hypoxic conditions, cells respond by stabilizing hypoxia-

inducible factor (HIF)-1a that, in turn, dimerizes with HIF-1b,
translocates into the nuclei and binds to a specific sequence defined
hypoxia-responsive element, present in the promoter on several hyp-
oxia-dependent target genes. This activates a complex genetic pro-
gramme designed to sustain several changes necessary to efficiently
counteract the decrease in oxygen tension (12–14). Accordingly,
HIF-1a, that is overexpressed in many human cancers (15,16), has
been proposed to activate transcription of genes involved in crucial
features of cancer biology like angiogenesis, cell survival, glucose
metabolism and invasiveness (17,18) and then representing a ‘puta-
tive’ target for a selective cancer therapy.
Recently, several reports provided by different laboratories have

suggested that the process of epithelial–mesenchymal transition
(EMT) may be crucial for cancer progression (19–26). EMT, originally
identified as a crucial differentiation and/or morphogenetic process
during embryogenesis, is now recognized as a process able to contrib-
ute to the development of tissue fibrosis and metastatic malignancies
(19–25). In particular, during progression to metastatic competence,
carcinoma cells have been described to enter into an EMT programme
allowing them to acquire features of mesenchymal-like cells that may
significantly favour invasiveness, including changes in adhesive prop-
erties, activation of motility and the ability to degrade/remodel extra-
cellular matrix. EMT and its related consequences such as increased
motility and invasiveness have been also characterized in cultured can-
cer cells, offering a chance to investigate molecular mechanisms in-
volved. Although EMT may represents only part of the process leading
to cancer cell invasiveness and metastasis, it is remarkable that signal-
ling pathways described to regulate EMT during embryogenesis are
also activated during tumour progression (19–25), including those eli-
cited by (i) growth factors acting through receptor–tyrosine kinases like
hepatocyte growth factor, fibroblast growth factor and platelet-derived
growth factor; (ii) transforming growth factor b; (iii) Jagged and Delta-
like ligands that signal through Notch receptors and CSL transcription
factor and (iv) Wnt ligands that signals through the pathway involving
b-catenin and LEF-1/TCF transcription factor (19–25), with a major
role for glycogen synthase kinase-3b (GSK-3b) as a key regulator of
SNAIL (26,27). Even more remarkable, it has been recently proposed
that cancer stem cells may represent the critical contributors of EMT
process in the context of a growing tumour mass (28).
In the present study, evidence is provided suggesting that moderate

hypoxic conditions per se can trigger, as an independent factor, an EMT
programme leading different human cancer cells to significantly in-
crease invasiveness. Hypoxia-dependent changes occurs through a bi-
phasic mechanism involving (i) a very early and reactive oxygen species
(ROS)-dependent inhibition of GSK-3b, followed by early SNAIL nu-
clear translocation and E-cadherin down-regulation that can switch on
EMT programme and (ii) a later sequence of events also involving
nuclear translocation of b-catenin, with increased invasiveness being
effectively sustained by late and HIF-1a-dependent autocrine–paracrine
release of vascular endothelial growth factor (VEGF)-A.

Abbreviations: DPI, diphenyl-phenylene iodonium; EMT, epithelial–
mesenchymal transition; Erk, extracellular signal-regulated kinase; GSK-
3b, glycogen synthase kinase-3b; HIF, hypoxia-inducible factor; PI3-K,
phosphatidylinositol 3-kinase; ROS, reactive oxygen species; Rot, Rotenone;
siRNA, short interfering RNA; uPAR, urokinase-type plasminogen activator;
VEGF, vascular endothelial growth factor.
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Materials and methods

Materials

Enhanced chemiluminescence reagents, nitrocellulose membranes (Hybond-
C extra) and secondary Cy3-conjugated antibodies were from Amersham Phar-
macia Biotech (Cologno Monzese, Milan, Italy). Human recombinant VEGF
was from PeproTech (Rocky Hill, NJ). Monoclonal antibodies raised against
E-cadherin, N-cadherin, fibronectin, b-catenin as well as antibodies against
phosphorylated or total extracellular signal-regulated kinase (Erk)1/2 and
c-Akt were from Santa Cruz Biotechnology (Santa Cruz, CA). Antibody
against phosphorylated or total GSK-3b were from Cell Signaling Technology
(Beverly, MA). Monoclonal antibodies for a-smooth muscle actin and b-actin
were from Sigma Aldrich Spa (Milan, Italy). The polyclonal antibody against
SNAIL was from AbCAM (Cambridge, UK). The monoclonal neutralizing
antibody against VEGF receptor type 2 (Flk-1) was obtained from ImClone
(New York, NY). Matrigel was provided by BD Biosciences Italia (Buccinas-
co, Italy). All other reagents, including pegylated superoxide dismutase and
pegylated catalase, were of analytical grade and obtained from Sigma
Chemical Co (Sigma Aldrich Spa).

Cell lines and culture conditions

All human cancer cell lines (HepG2, originally derived from a human hepato-
blastoma; PANC-1 from human pancreatic carcinoma; HT-29 from human
colon adenocarcinoma and MCF-7 from human breast carcinoma) were ob-
tained from American Type Culture Collection (Manassas, VA). HepG2, Panc-
1 and MCF-7 cells were maintained in Dulbecco’s modified Eagle’s medium,
whereas HT-29 cells were maintained in McCoy’s medium. All culture media
were supplemented with 10% fetal bovin serum, 100 U/ml penicillin, 100 lg/
ml streptomycin and 25 lg/ml amphotericin B. Cells were amplified at 37�C in
a humidified incubator with 5% CO2 and 95% air. In experiments designed to
evaluate the role of hypoxia, cells were first seeded in normoxic conditions to
obtain the desired subconfluence level (65–70%) and then were incubated in
strictly controlled hypoxic conditions (3% O2), as previously detailed else-
where (29,30) for up to 72 h. Human recombinant Wnt3A employed in this
study was purified from culture medium of engineered L-Wnt-3A cells (Amer-
ican Type Culture Collection) as described by others (31).

Western blot analysis

Total cell lysates, nuclear and cytosolic extracts were obtained as previously
detailed (29,30,32,33). Lysates or extracts were then subjected to sodium
dodecyl sulphate–polyacrylamide gel electrophoresis on 12, 10 or 7.5% acryl-
amide gels. The blots were incubated with desired primary antibodies and then
incubated with peroxidase-conjugated anti-mouse or anti-rabbit immunoglobu-
lins in Tris-buffered saline–Tween containing 2% (wt/vol) non-fat dry milk, as
described previously (30,32–35) and developed with the enhanced chemilumi-
nescence reagents according to the manufacturer’s instructions. When neces-
sary, immunoprecipitation was performed on cell lysates or culture medium by
using Protein A-Sepharose beads, as described in detail elsewhere (32,33).

Cell migration and invasion assays

Cell migration and invasion assays were performed and evaluated as recently
described in details (36) by employing Boyden chambers equipped with 8 lm
porosity polyvinylpyrrolidone-free polycarbonate filters that were coated either
with 20 lg/mg human collagen type I (Collaborative Biomedical Products,
Bedford, MA) for cell migration assay or with 50 lg/ml of Matrigel solution
for invasion assay. Cell migration and invasiveness were quantified by count-
ing, with a Zeiss microscope (Oberkochen, Germany) equipped with bright-
field optics (�40), crystal violet-stained cells that either migrated to the lower
surface of collagen-coated polycarbonate filters or invaded Matrigel, respec-
tively. For each filter/Matrigel, the number of cells in 10 randomly chosen
fields was counted, and the counts were averaged (means ± SD). Results are
expressed as the number of migrated cells per high-power field.

Indirect immunofluorescence

Indirect immunofluorescence was performed on cells seeded on six-well culture
plates as described previously (29,34). Briefly, cells were fixed with methano-
l:acetone 1:1 (vol/vol) for 20 min at �20�C and then permeabilized with phos-
phate-buffered saline containing 0.5% Triton X-100 and 0.05% NaN3 (sodium
azide) for 10 min at room temperature. Cells were then incubated with primary
antibodies overnight at 4�C. Immunopositivity was revealed by means of ap-
propriate Cy3-conjugated antibodies (1:1000 dilution). Nuclear staining (blue
fluorescence) was obtained by treating cells with 4,6-diamidino-2-phenylindole
(1 mg/ml in methanol) for 30 min at room temperature (29,30,34).

Detection of intracellular generation of ROS

HepG2 cells were seeded in 12-well culture plates (105 cells per well). Cells
were then either exposed to hypoxia for 15 min or, for comparative purposes,

treated or not with 50 lM H2O2 under normoxic conditions. Intracellular gen-
eration of ROS has been detected by using the conversion of 2#,7#-dichlorodi-
hydrofluorescein diacetate (used at 5 lM concentration), once taken up by cells
and deacetylated by esterase, into the corresponding fluorescent derivative (37).
Cells were observed and photographed under a Zeiss fluorescence microscope.

Analysis of cell death

In preliminary experiments, designed to evaluate induction of cell death in
neoplastic cells exposed to hypoxic conditions up to 72 h, necrotic as well
as apoptotic cell death were evaluated by analysing lactate dehydrogenase
release in culture medium, 4,6-diamidino-2-phenylindole fluorescence staining
and fluorometric caspase-3-like activity, as described previously (35,38,39).

HIF-1a silencing by small RNA interference

RNA interference experiments to knockdown HIF-1a expression in HepG2 and
HT-29 cells were performed using short interfering RNA duplex (Qiagen Italia,
Milano, Italy). The following target sequence was used: 5#-AGGAAGAAC-
TATGAACATAAA-3#. The siRNA and related non-silencing control (negative
control) were transfected in HepG2 and HT-29 cells with lipofectamine trans-
fection reagent (Invitrogen srl, Milano, Italy) according to the manufacturer’s
instructions up to 72 h. Transfected cells in fresh medium were then exposed
for further 48 h to the desired experimental conditions and then harvested for
sample preparation.

Statistical analysis

Data in bar graphs represent means ± SEM and were obtained from average
data of at least three independent experiments. Luminograms and morpholog-
ical images are representative of at least three experiments with similar results.
Statistical analysis was performed by Student’s t-test or analysis of variance
when appropriate (P , 0.05 was considered significant).

Results

Hypoxic conditions induce EMTand increased invasiveness in human
cancer cells

In preliminary experiments, 65–70% subconfluent cancer cells from
all cell lines were exposed to hypoxic conditions (3% O2) up to 72 h.
As expected, this resulted in a significant recruitment and nuclear
translocation of HIF-1a but no significant change in cell number or
viability, in term of LDH release or of apoptotic indexes like positive
4,6-diamidino-2-phenylindole staining or caspase-3-like activity, was
detected (data not shown). All human cancer cells exposed to hypoxia
up to 72 h underwent typical EMT morphological and cellular
changes (19–26): cancer cells started to loose cell contacts, scattered
from cell clusters and acquired a spindle-shaped and fibroblast-like
phenotype (Figure 2A). Cancer cells with the time exhibited down-
regulation of E-cadherin expression, as detected either by immuno-
fluorescence (Figure 1A and B) or, for HepG2 cells (chosen as a
reference cell line here and in most of the experiments designed to
investigate molecular mechanisms in detail) also by monitoring
E-cadherin protein levels by western blotting (Figure 1B). Transition
into mesenchymal-like phenotype of hypoxic HepG2 cells was also
accompanied by up-regulation of N-cadherin, a-smooth muscle actin
and fibronectin (Figure 1B). Although the degree of up-regulation of
mesenchymal markers was found to vary within the different neo-
plastic cell lines (see comparative data resumed in supplementary
Figure 1A, available at Carcinogenesis Online), the simple exposure
to hypoxia led all cancer cells to show a progressive change into
a fibroblastoid-like morphology, to decrease their E-cadherin expres-
sion and, of relevance, to significantly increase their ability to migrate
and invade Matrigel (see data in Figure 1A and B, Figure 2A–C).
In order to establish whether increased invasiveness was dependent

on autocrine–paracrine factors released by cancer cells under hyp-
oxia, conditioned culture media (HYP medium) were collected at
48 h and then used in invasion assay performed in normoxic condi-
tions. HYP medium induced a significant increase in invasiveness in
all cancer cells (Figure 2B) that was significantly inhibited when cells,
designed to be incubated either under hypoxic conditions or exposed
to HYP medium under normoxia, were pre-treated with anti-Flk1
neutralizing antibody (Figure 2B), suggesting a role for VEGF in
mediating invasion. Conceptually, identical results were obtained
when HepG2 cells were used in homologous experimental conditions
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to evaluate chemotaxis (Figure 2C). Of interest, exposure to hypoxic
conditions also resulted in an increased release of selected matrix

metalloproteinases in the culture medium. Increased release of matrix

metalloproteinase-2 was detected in Hep-G2, PANC-1 and MCF-7

cells whereas a significant increased release of matrix metalloprotei-

nase-9 was found only for HepG2 and MCF-7 cells (supplementary

Figure 1B is available at Carcinogenesis Online).

Mechanisms leading to EMT in cancer cell lines exposed to hypoxia

E-cadherin down-regulation, observed in all cells exposed to hypoxia,
is known to play a major role in EMT process; moreover, SNAIL and
b-catenin are known to act as major repressors of E-cadherin gene.
Along these lines, hypoxia induced nuclear translocation of SNAIL
and b-catenin in all human neoplastic cell lines (Figure 3A and B), as
observed in both indirect immunofluorescence and western blotting of

Fig. 1. Hypoxia induces changes in typical markers of EMT. Panel (A) expression of E-cadherin in human neoplastic cell lines PANC-1, HT-29 and MCF-7
maintained for 48 h under normoxic conditions (C 48 h) or under hypoxia (HYP 48 h) as shown by indirect immunofluorescence staining. Panel (B) expression of
E-cadherin, N-cadherin, a-smooth muscle actin (a-SMA) and fibronectin after 48 h incubation under normoxic (C 48 h) or hypoxic conditions (HYP 48 h) in
HepG2 cells, chosen as representative model cell line, as shown by indirect immunofluorescence staining and western blot analysis. For immunoblots of a-SMA
and fibronectin, sample loading was evaluated by reblotting the same membranes with antibodies raised against b-actin. For immunoblots of E-cadherin and
N-cadherin, samples from membrane extracts were evaluated for equal loading by staining in Ponceau S solution (data not shown). For western blot analysis,
a-SMA and fibronectin bands were submitted to scanning laser densitometry and then normalized to b-actin; data were then numerically expressed as fold increase
versus the respective control bands. In both Panels (A and B) for immunofluorescence analysis, any group of four images is composed by inserts obtained
collecting immunopositivity for the selected antigens (top inserts) paralled by the result of their electronic merging with the corresponding images collected for
nuclear 4,6-diamidino-2-phenylindole fluorescence (bottom images).

Hypoxia-induced EMT in tumour cells
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nuclear extracts. However, it should be noted that SNAIL translocation
was already detectable as soon as 6 h after exposure to hypoxia,
whereas nuclear translocation of b-catenin was detected only after 24
(MCF-7 and HT-29 cells) or 48 h of hypoxia (HepG2 and Panc-1 cells).
Nuclear translocation of these two repressors of E-cadherin gene is

known to be regulated by the activity of GSK-3b. Exposure of all cell

lines to hypoxia induced an early (3 h) phosphorylation and inactiva-
tion of GSK-3b (Figure 3C), a result that was inhibited by pre-treating
HepG2 cells, chosen as model cell line, with the pharmacological
inhibitors of MEK and phosphatidylinositol 3-kinase (PI3-K)
PD98095 and LY294002, respectively. These results, potentially sug-
gesting the involvement of multiple signalling pathways in early

Fig. 2. Hypoxia induces EMT-like fibroblastoid phenotype and increased migration/invasiveness of cancer cells lines. Panel (A) phase contrast analysis (original
magnification �100) of morphological changes detected in human neoplastic cell lines in normoxic (C 48 h) or hypoxic (HYP 48 h) conditions. Representative
images for all cell lines were collected after 48 h incubation. Panel (B) Matrigel invasion assay using Boyden’s chambers was performed for all human neoplastic
cell lines in hypoxic or normoxic conditions. Hypoxic conditions (left): cells were either not exposed (C 48 h) or exposed to hypoxia (HYP 48 h) for 48 h. When
required, cells to be exposed to hypoxic conditions were also pre-treated for 30 min with monoclonal neutralizing antibody raised against Flk-1 (HYP 48 hþ Ab).
Normoxic conditions (right): cells were either left untreated (C 48 h) or exposed to 100 ng/ml VEGF, used as positive control, or exposed to hypoxic medium
collected by cells maintained in hypoxia for 48 h (HYP M 48 h) or, finally, pre-treated for 30 min with monoclonal neutralizing antibody against Flk-1 and then
treated with HYP M 48 h (HYP M 48 h þ Ab). Panel (C) chemotaxis assay using Boyden’s chambers was performed only for HepG2 cells, chosen as
representative model cell line, in hypoxic or normoxic conditions. Hypoxic conditions (left): cells were either not exposed (C) or exposed to hypoxia (HYP) for the
indicated times (24, 48 and 72 h). Normoxic conditions (right): cells were either left untreated (C) or exposed to 100 ng/ml VEGF, used as positive control, or
exposed to hypoxic medium collected by cells maintained in hypoxia for 24, 48 or 72 h (HYP M). Data in bar graphs represent mean ± SEM (n 5 4, in triplicate)
of migrated cells. Statistical significance: ��P, 0.001, �P, 0.01 versus control values. #P, 0.001 versus values in cells exposed to hypoxia or hypoxic medium,
where appropriate.
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GSK-3b phosphorylation and inactivation, were fully confirmed by
additional experiments in which the exposure to hypoxic conditions of
HepG2 cells resulted in a significant increase of phosphorylation of
both Erk1/2 and c-Akt (Figure 3D). Identical results, involving MEK
and PI3-K in GSK-3b phosphorylation and inactivation, were also
observed for all the other cells used in the study (see supplementary
Figure 2A available at Carcinogenesis Online).
Since VEGF-A was found to stimulate and sustain invasiveness in

all cancer cells (Figure 2B and C), in either normoxic or hypoxic
conditions, experiments were designed to investigate the action of
the pro-angiogenic cytokine on GSK-3b activity. However, when ex-
posing HepG2 cells under normoxic conditions to human recombi-
nant VEGF-A, no change in GSK-3b phosphorylation status was
detected up to 6 h from treatment, suggesting that VEGF was unlikely
to trigger early EMT induction (see supplementary Figure 2B avail-
able at Carcinogenesis Online).

Redox mechanisms contribute to early and hypoxia-dependent
GSK-3b phosphorylation and inactivation

In an attempt to identify mechanisms leading to early phosphorylation
and inactivation of GSK-3b, a preliminary time course analysis in-
dicated (data not shown) that this event was already detectable as soon
as after 15 min of exposure to hypoxic conditions. Accordingly, this
early experimental time point was chosen for the following experi-
ments. Inactivation of GSK-3b after 15 min of hypoxia (Figure 4A)
was mostly dependent on hypoxia-induced intracellular generation of
ROS. Indeed, this early hypoxia-dependent phosphorylation of GSK-
3b was prevented by using compounds that are known to inhibit
generation of superoxide anion by mitochondria like Rotenone
(Rot) or diphenyl-phenylene iodonium (DPI), as shown for HepG2
cells (Figure 4B) as well as for all the other cancer cell lines used
(supplementary Figure 2A is available at Carcinogenesis Online).
Inhibition of GSK-3b phosphorylation was also obtained by pre-treating
HepG2 cells with pegylated superoxide dismutase or pegylated cata-
lase before exposure to hypoxia (Figure 4D). Redox sensitivity of
GSK-3b was further supported by the fact that low and non-cytotoxic
concentrations of hydrogen peroxide (50 lM) were able to reproduce,
in normoxic HepG2 cells (Figure 4A and C) as well as in all the other
cancer cells (supplementary Figure 2A is available at Carcinogenesis
Online), early and significant phosphorylation of GSK-3b, reproduc-
ing results detected under hypoxic conditions. Along these lines,
hydrogen peroxide-dependent phosphorylation of GSK-3b was in-
hibited by pre-treating HepG2 cells with the pharmacological MEK
and PI3-K inhibitors, PD98095 and LY294002, respectively (Figure 4C),
once again mimicking data obtained under hypoxic conditions.
Moreover, we found that in both hypoxic and normoxic conditions,
pre-treatment with okadaic acid, a well-known inhibitor of protein phos-
phatase 2A, was followed by a very significant increase in GSK-3b
phosphorylation (Figure 4A), confirming that GSK-3b phosphorylation
was probably to depend on activation of upstream kinases.
In order to have a direct confirmation of intracellular generation of

ROS under hypoxic conditions, we used the standard morphological
semi-quantitative technique based on the use of 2#,7#-dichlorodihy-
drofluorescein diacetate. The levels of intracellular fluorescence, due
to the interaction of intracellularly generated ROS with the deacety-
lated dye, were indeed significantly increased in HepG2 cells, chosen
as a model cell line, when exposed to hypoxic conditions for 15 min
and 3 h or, under normoxic conditions, to 50 lMH2O2, the latter used
as positive control (Figure 4E). Hypoxia-dependent generation
of ROS was abolished by pre-treatment of cancer cells with Rot
or DPI. All these data were fully reproduced also in HT-29 cells
(Figure 4F), chosen as a model of p53-mutated cell line.

GSK-3b as a key molecule for hypoxia-dependent EMT induction

In order to confirm the major role of GSK-3b in hypoxia-dependent
EMT induction, HepG2 cells, cultured under normoxic conditions
and chosen as a representative model cell line, were treated either
with recombinant human Wnt3A or with lithium chloride (LiCl), a

molecule that by inhibiting GSK-3b is known to mimic activation of
Wnt/b-catenin-signalling pathway. Both treatments were sufficient to
induce EMT-compatible changes, including acquisition of fibroblastoid
phenotype (Figure 5A), phosphorylation/inactivation of GSK-3b (Fig-
ure 5B), E-cadherin loss of function as well as nuclear translocation of
SNAIL and b-catenin (Figure 5C) and a significant increase in che-
motaxis and invasiveness (Figure 5D).

Early induction of GSK-3b-dependent EMT-signalling machinery and

late increase in invasiveness are distinct events

We next designed experiments in order to unequivocally and mecha-
nistically dissect the role of early generation of ROS from events more
likely related to HIF-1a involvement. HepG2 and HT-29 cells (chosen
as models of p53 wild-type and p53-mutated cell lines, respectively)
were transfected with specifically designed siRNAs against HIF-1a as
well as with related non-silencing RNAs. After 72 h, transfected cells,
as well as control and non-silencing RNA-treated cells were then
exposed to hypoxia for additional 48 h and analysed for HIF-1a levels
and invasiveness. Cells transfected with siRNAs against HIF-1a
showed a significant down-regulation of HIF-1a levels accounting
approximately for a 50–60% decrease versus levels detected in either
hypoxic HepG2 or HT-29 cells or in hypoxic cells transfected with
non-silencing RNA (Figure 6A and D). Of relevance, both HIF-1a
silenced HepG2 and HT-29 cells lost the hypoxia-induced ability to
invade Matrigel (Figure 6B and E) that previous experiments disclosed
to be mostly dependent on VEGF-A (i.e. a well-known HIF-1a target
gene). Indeed, as checked for HepG2 cells, silencing for HIF-1a was
effective in significantly decrease VEGF levels released in the culture
medium of cells exposed to hypoxia (Figure 6C). Of relevance, early
(6 h) hypoxia-induced nuclear translocation of SNAIL was unaffected
by silencing of HIF-1a (data not shown) but almost completely abol-
ished by pre-treatment of cells with Rot and DPI (Figure 6F and G),
suggesting a dissection between early and ROS-dependent EMT-related
changes and late HIF-1a-dependent and VEGF-mediated invasiveness.

Discussion

Hypoxia is a common hallmark of several human malignancies and is
currently seen as an independent and unfavourable prognostic factor
being associated with a high risk to develop therapy-resistant metas-
tasis (1,3,7–9). Hypoxic conditions within tumour mass have been
suggested to favour selection of the most aggressive/invasive neoplas-
tic cells and then, more generally, cancer progression (5,6,10,11).
The present study, performed on different neoplastic cell lines

of epithelial origin, suggests the following three major concepts:
(i) hypoxia, as an independent factor, is able to switch on an EMT
programme leading cancer cells to acquire a fibroblastoid-like phe-
notype and to display a significantly increased invasive propensity;
(ii) hypoxia-induced EMT programme is probably to depend on very
early phosphorylation/inactivation of GSK-3b whereas increased
invasiveness is significantly sustained by late release of VEGF and
(iii) early phosphorylation/inactivation of GSK-3b is significantly reg-
ulated by intracellular generation of ROS but unaffected by HIF-1a-
dependent mechanisms that are then likely to sustain primarily, through
VEGF paracrine–autocrine release, late invasiveness. Although the rel-
evance of EMT in cancer progression has been questioned by some
researchers (40), EMT is currently envisaged as one of the steps re-
quired by carcinomas to productively expand via invasiveness and
intravasation to the surrounding blood vessels (22–25). In our experi-
ments, the simple exposure to hypoxic conditions led cancer cells of
epithelial origin to acquire widely accepted features of EMT (22–25),
including fibroblastoid phenotype, nuclear translocation of SNAIL,
E-cadherin down-regulation, mesenchymal markers (either a-smooth
muscle actin or vimentin) and increased migratory/invasive propen-
sity. These data, obtained on cancer cell lines originated from gastro-
intestinal tumours (HepG2, Panc-1 and HT-29) and breast cancer
(MCF-7), confirm and extend previous findings obtained by few other
laboratories. A first evidence for a possible relationship between hypoxia,
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Fig. 3. Hypoxia leads to SNAIL and b-catenin nuclear translocation and involves phosphorylation/inactivation of GSK-3b. Panels (A and B) cellular localization
of SNAIL (A) and b-catenin (B) in the different neoplastic cell lines under normoxic (C) or hypoxic conditions (HYP) as detected by indirect immunofluorescence
staining (blue fluorescence, 4,6-diamidino-2-phenylindole staining for nuclei; red fluorescence, SNAIL or b-catenin staining; original magnification �200) or
western blot analysis of nuclear extracts. Experimental time points are indicated. For immunofluorescence analysis, any group of four images is composed by
inserts obtained collecting immunopositivity for the selected antigens (left inserts) flanked by the result of their electronic merging with the corresponding images
collected for nuclear 4,6-diamidino-2-phenylindole fluorescence (right images). For immunoblots, sample loading was evaluated by reblotting the same
membranes with antibodies raised against the nuclear protein Lamin A. Panel (C) western blot analysis to detect the state of phosphorylation of GSK-3b in all
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SNAIL-related down-regulation of E-cadherin and increased invasiveness
was proposed for two ovarian cancer cell lines (41). However, in that
study, where EMT was not even mentioned, hypoxia experiments were
just designed to complete and support in vivo morphological analysis on
human ovarian cancers. In a more recent study, Lester et al. (42) offered,
in our knowledge, the first direct demonstration that hypoxia alone can
induce EMTand increased invasiveness using MDA-MB-468 breast can-
cer cells. In their study, authors obtained results homologous to those
provided in the present study (including also GSK-3b phosphorylation
and SNAIL translocation). However, they proposed a major mechanistic
role for hypoxia-dependent increased expression of the receptor for uro-
kinase-type plasminogen activator (uPAR) and activation of related down-
stream signalling pathways. This was based on experiments in which
silencing or overexpression of uPAR gene was resulting in opposite mod-
ulation of EMT. However, in that study, hypoxia-dependent up-regulation
of uPAR levels was a relatively late event (i.e. detected at 24 h from the
beginning of hypoxia) and EMTwas also blocked by antagonizing Rac1
or PI3-K, two putative signalling pathways downstream to uPAR, but not
by transfecting cells with a dominant-negativeMEK1 construct. This may
be of potential relevance taking in mind that the effects of signalling
pathways on cell responses are likely to be cell type specific, as shown
by the same group using MCF-7 cells in which hypoxia-dependent mi-
gration, although at that time seen independently from EMT, was requir-
ing involvement of Ras/Erk pathway (43). Data obtained in the present
study suggest an alternative mechanistic interpretation for hypoxia-in-
duced EMT and increased invasiveness. As recalled in the introduction,
literature indicates that several signalling pathways can trigger and/or
mediate EMT (21–25), including Wnt/b-catenin-signalling machinery.
Along these lines, GSK-3b has a widely accepted role in EMT triggering
because it is able to control nuclear translocation of both b-catenin and
SNAIL (26). These two well-known repressors of E-cadherin gene
(22–26) have been also described to act together as a molecular switch
for many signalling pathways that lead to EMT (26). In the present study,
we show that GSK-3b inactivation is a very early event common to all cell
lines employed, being detected within 15 min of hypoxia; moreover,
exposure of cancer cells to either recombinant Wnt3A or to LiCl is
sufficient to fully reproduce EMT even in normoxic conditions, suggest-
ing a central for GSK-3b inactivation/phosphorylation. These findings
prompted us to further investigate mechanisms supporting EMT trigger-
ing by hypoxia.
Although hypoxia-dependent HIF-1a overexpression and up-

regulation of HIF-1a target genes are common findings in malignant
tumours (11–18), our data reasonably exclude HIF-1a-related events
in inducing early GSK-3b inactivation/phosphorylation. Along these
lines, few studies have analysed the involvement of HIF-1a in EMT
(42,44). In a recent study, Yang et al. (44) suggested that treatment of
L3.6pl pancreatic cancer cells with VEGF-A and VEGF-B resulted in
induction of EMT through interaction of these cytokines with VEGF
type I receptor (Flt-1). Indeed, in our first set of experiments, we
found evidence suggesting that a paracrine–autocrine release of
VEGF was relevant for either migration or invasiveness detected un-
der hypoxia. However, when performing more time-dependent and
mechanistic experiments, we found that VEGF-A was not able to
induce inactivation of GSK-3b up to 6 h and that the use of siRNAs
against HIF-1a was unable to prevent early nuclear translocation of
SNAIL in HepG2. Conversely, HIF-1a silencing was very effective in

abolishing hypoxia-dependent Matrigel invasion of transfected HepG2
and HT-29 cells (chosen as models of p53 wild-type and p53-mutated
cancer cell lines, respectively) and then suggesting a possible mech-
anistic dissociation between early and late events elicited by hypoxia.
The very early inactivation (i.e. detected after 15 min) of GSK-3b
under hypoxic conditions led us to consider a possible mechanistic
role for intracellular generation of ROS, an event that has been ex-
tensively described to occur early in cells exposed to low oxygen
levels [(45,46) and references therein]. Moreover, massive literature
data [(47,48) and references therein] indicate that in either physiolog-
ical or pathological conditions, intracellular generation of ROS can
rapidly trigger and/or modulate several signalling pathways and func-
tional responses in different cells, including signalling pathways
related to tumour progression in cancer cells [(48) and references
therein]. When analysing this hypothesis, unequivocal evidence for
intracellular generation of ROS was detected as early as 15 min after
exposure of HepG2 and HT-29 cells to hypoxic conditions, with ROS
generation being still significantly increased under hypoxia up to 3 h.
Accordingly, early GSK-3b inactivation/phosphorylation was repro-
duced in all cancer cell lines by simply adding hydrogen peroxide to
cells in normoxic conditions or clearly prevented by pre-incubating
hypoxic cells with either Rot or DPI which are likely to act in these
experimental conditions by inhibiting mitochondrial ROS generation
(mitochondria electron transport being the major cellular source re-
sponsible for early generation of ROS under hypoxia) (45–48). It
should be noted that although DPI is usually also considered as an
inhibitor of plasma membrane reduced NADPH-oxidase, here is more
likely to act by preventing mitochondrial ROS generation as sug-
gested by the following data: (i) in parallel experiments, we could
not prevent early and hypoxia-dependent phosphorylation of GSK-3b
by using a more selective reduced NADPH-oxidase inhibitor like
apocynin (data not shown); (ii) the effects of Rot and DPI on hyp-
oxia-dependent GSK-3b phosphorylation were, from a quantitative
point of view, comparable and (iii) moreover, combined Rot plus
DPI pre-treatment failed to afford any additive inhibitory effect on
hypoxia-induced GSK-3b phosphorylation.
According to literature, ROS may affect GSK-3b by at least two

different signalling mechanisms. Funato et al. (49) have recently pro-
posed that ROS may elicit an early, redox-dependent activation of
Wnt/b-catenin signalling (but independent on Wnts protein ligands)
by affecting the pro-inhibitory, direct interaction between nucleore-
doxin (a redox protein belonging to thioredoxin family) and dishev-
elled resulting in the stabilization of b-catenin and subsequent
activation of transcription factor TCF (49). However, in that study,
the crucial role for ROS in Wnt/b-catenin signalling was revealed by
employing levels of hydrogen peroxide that are definitively higher of
those employed in the present study and, more generally, of those
believed to be reached within cells (45–48). Accordingly, we could
not find any significant involvement of dishevelled in our
experimental hypoxic conditions (data not shown). Moreover, as
properly discussed by Korswagen [(50) and references therein], one
should remind that prolonged exposure to ROS has been reported to
even impair Wnt/b-catenin signalling. Interestingly, no study has as-
certained whether in cancer cells that have often higher levels of basal
intracellular ROS intermediates than normal cells (48), this scenario
may apply. In our hypoxic experiments, nuclear translocation of

neoplastic cell lines using specific antibody raised against the phosphorylated form of GSK-3b. Cancer cells of all lines were either not exposed (C) or exposed to
hypoxia (HYP) for 3 h. To analyse involvement of Ras/Erk and PI-3K pathways, HepG2 cells were pre-treated with pharmacological inhibitors PD98095 (Hþ PD)
or LY294002 (H þ LY), respectively, and then exposed to hypoxia for 3 h. Sample loading was evaluated by reblotting the same membranes with antibody raised
against total GSK-3b. Panel (D) western blot analysis to detect the state of phosphorylation of Erk 1/2 (p42–p44) or c-Akt in HepG2 cells, chosen as representative
model cell line, using specific antibodies raised against the phosphorylated form of Erk1/2 or c-Akt. Sample loading was evaluated by reblotting the same
membranes with antibodies raised against the unphosphorylated forms of Erk1/2 or c-Akt. Cells were either not exposed (C) or exposed to hypoxia (HYP) for 3 h.
Once again, to analyse involvement of Ras/Erk and PI-3K pathways, HepG2 cells were pre-treated with pharmacological inhibitors PD98095 (H þ PD) or
LY294002 (H þ LY), respectively, and then exposed to hypoxia for 3 h. In all panels, immunodetected bands were submitted to scanning laser densitometry and
then normalized to either Lamin A (panels A and B) or total GSK-3b (panel C), Erk or Akt (panel D); data were then numerically expressed as fold increase versus
the respective control bands.
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Fig. 4. Intracellular generation of ROS is involved in hypoxia-dependent early phosphorylation/inactivation of GSK-3b. Panels (A–D) western blot analyses were
performed to detect the state of phosphorylation of GSK-3b in HepG2 cells, chosen as representative model cell line, using specific antibody raised against the
phosphorylated form of GSK-3b. In order to evaluate the role or ROS, cells were either incubated under normoxic conditions and left untreated (C 15#), treated
with 50 lM hydrogen peroxide (H2O2), treated with okadaic acid (OA) or exposed to hypoxic conditions (HYP) for 15 min (panel A). In some experiments, before
exposure to hypoxic conditions for 15 min, cells were pre-treated for 30 min with a number of molecules including: okadaic acid (HYP 15 minþOA, panel A); the
inhibitors of mitochondrial electron transport, Rot (HYP 15 min þ R) or DPI as well as Rot in combination with DPI (HYP 15 min þ R þ DPI) (panel B);
pegylated superoxide dismutase or pegylated catalase (HYP15# SOD and HYP15# CAT, panel D). Sample loading was evaluated by reblotting the same
membranes with antibody raised against total GSK-3b. In order to confirm the putative role of ROS in modulating GSK-3b activity, cells were incubated under
normoxic conditions and left untreated (C) or treated with 50 lM hydrogen peroxide (H2O2) for 15 min (panel C). In some experiments, before exposure to
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hydrogen peroxide for 15 min, cells were pre-treated for 30 min with either the pharmacological inhibitor of Ras/Erk pathway PD98095 (H2O2 þ PD) or the
inhibitor of PI3-K LY294002 (H2O2 þ LY), respectively (panel C). Sample loading was again evaluated by reblotting the same membranes with antibody raised
against total GSK-3b. Representative blots are shown of three independent experiments. In all panels, immunodetected bands were submitted to scanning laser
densitometry and then normalized to total GSK-3b; data were then numerically expressed as fold increase versus the respective control bands. Panels (E and F)
detection of intracellular generation of ROSwas performed by using the 2#,7#-dichlorodihydrofluorescein diacetate (DCFH-DA) probe in HepG2 cells (panel E) or
in HT-29 (panel F), chosen as models of p53 wild-type and p53-mutated cell lines, respectively. Experimental conditions were including the analysis of normoxic
cells (Control), normoxic cells treatedwithH2O2 50 lM (H2O2) for 15min (used as positive control) or of cancer cells exposed to hypoxia (HYP) for 15 min and 3 h. In
some experiments, before exposure to hypoxic conditions, cells were pre-treated for 30 min with Rot or DPI (HYP 15# or 3 h þ Rot; HYP 15# or 3 h þ DPI). Cells
were observed and photographed under a Zeiss fluorescence microscope also equipped with phase contrast objectives. Immunofluorescence and phase contrast
images of the same fields were collected and electronically merged (see images in the right column) for all conditions.

Fig. 5. Phosphorylation/inactivation of GSK-3b is crucial for EMT in cancer cells. Panel (A) phase contrast analysis (original magnification �100) of HepG2
cells, chosen as representative model cell line. HepG2 cells were incubated under normoxic conditions and either left untreated (C) or treated with 10 mM LiCl or
with human recombinant Wnt3A for 72 h. Images show evident fibroblastoid-like changes in morphology of cells exposed to LiCl or Wnt3A. Panel (B) western
blot analysis of GSK-3b phosphorylation in HepG2 cells, chosen as representative model cell line, using specific antibody raised against the phosphorylated form
of GSK-3b. Cells were incubated in normoxic conditions and either left untreated (C) or treated with 10 mM LiCl or with Wnt3A for 72 h. Sample loading was
evaluated by reblotting the same membranes with antibody raised against total GSK-3b. Immunodetected bands were submitted to scanning laser densitometry and
then normalized to total GSK-3b; data were then numerically expressed as fold increase versus the respective control bands. Panel (C) expression and cellular
localization of E-cadherin, b-catenin and SNAIL in HepG2 cells, shown by indirect immunofluorescence staining (blue fluorescence: 4,6-diamidino-2-
phenylindole staining; red fluorescence: E-cadherin or SNAIL staining; green fluorescence: b-catenin staining). Original magnification �200. HepG2 cells were
incubated under normoxic conditions and either left untreated (C) or treated with 10 mM LiCl or with human recombinant Wnt3A for 72 h. For this
immunofluorescence analysis, any group of images is composed by inserts obtained collecting immunopositivity for the selected antigens (left insert) flanked by
the result of electronic merging with the corresponding images collected for nuclear 4,6-diamidino-2-phenylindole fluorescence (right inserts). Panel (D)
chemotaxis assay (left graph) and Matrigel invasion (right graph) assays were performed using Boyden’s chambers and HepG2 cells. For both assay, cells were
incubated in normoxic conditions and either left untreated (C) or treated with 10 mM LiCl or with Wnt3A for 72 h. Data in bar graphs represent mean ± SEM
(n 5 4, in triplicate) of either migrated or invading cells, respectively. Statistical significance: ��P , 0.01, �P , 0.05 versus control values.
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Fig. 6. Dissection of early and late events by experimental manipulations using HIF-1a silencing or inhibition of intracellular generation of ROS. Panels (A and
D) western blot analysis of HIF-1a protein levels was performed either on HepG2 (panel A) and HT-29 cells (panel D) on total extracts obtained from the following
experimental conditions: (i) control cells in normoxic conditions for 72 h and then not exposed (C) or exposed for further 48 h to hypoxia (HYP); (ii) cells
transfected with non-silencing siRNA up to 72 h and then further exposed for 48 h to normoxic (C–NsC) or hypoxic conditions (HYP–NsC) and (iii) cells
transfected with HIF-1a siRNA up to 72 h and then further exposed for 48 h to normoxic (C–siRNA) or hypoxic conditions (HYP–siRNA). Equal loading of
samples was monitored on the same blot by detecting b-actin levels. Immunodetected bands were submitted to scanning laser densitometry and then normalized to
b-actin; data were then numerically expressed as fold increase versus the respective control bands. Panels (B and E) the bar graphs show results of the invasion
assay that was performed either on HepG2 (panel B) and HT-29 cells (panel E) at the end of 48 h, under normoxic (C) or hypoxic (HYP) conditions, in control cells
as well as in cells transfected with either a non-silencing control siRNA (NsC) or a HIF-1a siRNA (siRNA). Panel (C) western blot analysis of VEGF protein levels
was performed on HepG2 cells, chosen as representative model cell line, by immunoprecipitation technique on culture medium obtained from the following
experimental conditions: (i) control cells in normoxic conditions for 72 h and then not exposed (C) or exposed for further 48 h to hypoxia (HYP); (ii) cells
transfected with non-silencing siRNA up to 72 h and then further exposed for 48 h to hypoxic conditions (HYP–NsC) and (iii) cells transfected with HIF-1a siRNA
up to 72 h and then further exposed for 48 h to hypoxic conditions (HYP–siRNA). Panels (F and G) expression and cellular localization of SNAIL in normoxic
HepG2 cells (C) or in hypoxic HepG2 (HYP 6 h) pre-treated with the inhibitors of mitochondrial electron transfer (complex I), Rot (HYP 6 hþ R) or DPI (HYP 6 hþ
DPI); Rot in combination with DPI (HYP 6 h þ R þ D). Panel (F) data in the bar graph represent mean ± SEM of densitometric analysis of SNAIL bands
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b-catenin was always found as a relatively late event (i.e. significantly
detected after at least 24–48 h of hypoxia), a scenario that reasonably
excludes ROS as mediators of early and direct activation of Wnt/
b-catenin signalling. Hypoxia-dependent early GSK-3b inactivation/
phosphorylation seems more compatible with a ROS-dependent early
activation of Ras/Erk and PI3-K-signalling pathways, a scenario that
has been extensively described in several cell types and under numer-
ous physiological and pathophysiological conditions [(45–48) and
references therein]. This interpretation is sustained by the following
findings obtained particularly under hypoxic conditions: (i) early
induction by hypoxia of increased phosphorylation of Erk1/2 and
c-Akt, a feature reproduced also by hydrogen peroxide only in nor-
moxia; (ii) hypoxia-related GSK-3b inactivation/phosphorylation is
prevented by pre-incubating cells with either pharmacological inhib-
itors of MEK1 or PI3-K as well as by employing DPI or Rot and
(iii) hypoxia-related GSK-3b inactivation/phosphorylation was
strongly increased in either normoxic or hypoxic conditions when
cancers cells were pre-treated with okadaic acid, a well-known in-
hibitor of protein phosphatase 2A. Moreover, the concept of hypoxia-
related early generation of intracellular ROS (within the range 15 min
to 3 h) as a mechanism leading to persistent GSK-3b inactivation/
phosphorylation mediated by ROS-activated Erk1/2 and PI3-K is
consistent with the scenario proposed by Zhou et al. (26) and fully
compatible with early (i.e. 6 h) nuclear translocation of SNAIL that
was detected in all cancer cell lines used in this study and was un-
affected by HIF-1a silencing.
In conclusion, data reported in the present study [see the schematic

diagram in supplementary Figure 3 (available at Carcinogenesis

Online) that is summarizing the sequence of events] indicate that
hypoxia may be seen as an independent factor sufficient to trigger
EMTand favour increased invasiveness in a number of cancer cells of
epithelial origin. Moreover, although it is likely that other mechanisms
(21–26), including those depending on recruitment/stabilization of
HIF-1a [perhaps again another feature that has been reported to be
favoured by ROS (45)], may consistently contribute to the develop-
ment of EMT, including invasiveness, we propose that early genera-
tion of ROS during hypoxia may represent a ‘signal’ able to switch on
the EMT programme in cancer cells exposed to low levels of oxygen
tension.

Supplementary material

Supplementary Figures 1–3 can be found at http://carcin.
oxfordjournals.org/
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