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Abstract Hypoxia can induce HIF-1α expression and pro-
mote the epithelial-mesenchymal transition (EMT) and inva-
sion of cancer cells. However, their mechanisms remain un-
clear. The objective of this study was to evaluate the role of
Gli-1, an effector of the Hedgehog pathway, in the hypoxia-
induced EMT and invasion of breast cancer cells. Human
breast cancer MDA-MB-231 cells were transfected with
HIF-1α or Gli-1-specific small interfering RNA (siRNA)
and cultured under a normoxic or hypoxic condition. The
relative levels of HIF-1α, Gli-1, E-cadherin, and vimentin in
the cells were characterized by quantitative RT-PCR and
Western blot assays, and the invasion of MDA-MB-231 cells
was determined. Data was analyzed by Student T test, one-
way ANOVA, and post hoc LSD test or Mann-Whitney U
when applicable. We observed that hypoxia significantly up-
regulated the relative levels of vimentin expression, but down-
regulated E-cadherin expression and promoted the invasion of
MDA-MB-231 cells, associated with upregulated HIF-1α
translation and Gil-1 expression. Knockdown of HIF-1α mit-
igated hypoxia-modulated Gil-1, vimentin and E-cadherin
expression, and invasion of MDA-MB-231 cells. Knockdown
of Gil-1 did not significantly change hypoxia-upregulated
HIF-1α translation but completely eliminated hypoxia-
modulated vimentin and E-cadherin expression and invasion
of MDA-MB-231 cells. These data indicate that Gil-1 is

crucial for hypoxia-induced EMT and invasion of breast can-
cer cells and may be a therapeutic target for intervention of
breast cancer metastasis.
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Introduction

Breast cancer is the leading cause of cancer-related mortality
in women in the USA. About 1.3 million women are diag-
nosed with breast cancer each year in the world [1]. Currently,
therapeutic strategies, including surgical removal of tumor,
chemotherapy, radiotherapy, and endocrine therapy, have im-
proved the survival rate of patients with breast cancer. How-
ever, the recurrence, metastasis, and refractory to therapy of
breast cancer affect many patients, particularly for the local
and distant metastasis, which remains serious threats to pa-
tients [2]. Therefore, understanding the molecular mecha-
nisms underlying the metastasis of breast cancer will be of
great significance.

Previous studies have indicated that the tumor microenvi-
ronment and inflammatory mediators can promote the
epithelial-mesenchymal transition (EMT) of cancer and can-
cer stem cells, which is crucial for the metastasis of cancer
[3–5]. During the EMT process, epithelial cells lose their cell
polarity and cell-cell junctions and gain mesenchymal prop-
erties of migration and invasion as well as morphology. Fur-
thermore, cancer cells undergoing the EMT usually decrease
their E-cadherin expression, but increase their vimentin and
fibronectin expression, invading through the basement mem-
brane and distant organs, which the invaded cancer cells
undergo the MET and colonize into the solid metastatic tu-
mors [3, 6]. Hence, the EMT process is necessary for the
invasion-metastasis cascade of cancer.
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Solid tumors usually experience a hypoxic environment,
which mainly resulted from imbalance of abnormal vascular-
ization and aggressive growth of tumors. Previous studies
have shown that hypoxia play an important role in tumor
invasiveness, metabolism, and stemness induction [7–9].
Hypoxia can induce the expression of hypoxia inducible
factors (HIFs) which are overexpressed in many carcinomas,
including breast cancer [10]. HIF-1α can, through its signal-
ing, directly regulate the proliferation, invasion, and EMT of
cancer cells by triggering the expression of vascular endothe-
lial growth factor (VEGF) and endothelin-1 [11–13]. Further-
more, HIF-1α can also indirectly crosstalk with other signal
pathways, such as the NF-κB, Hedgehog (Hh), and Wet/β-
catenin pathways to promote the invasion and EMT of cancer
cells [14–16]. Aberrant activation of the Hedgehog (Hh) path-
way is implicated in the development of several tumors,
including brain, pancreas, and breast cancer. Previous studies
have shown that activation of the Hedgehog pathway can
promote myofibroblast differentiation, stromal hyperplasia,
and extracellular matrix (ECM) production, which facilitate
the EMT process, invasion, and metastasis of breast cancer
[17, 18]. Gli-1 is a transcriptional factor of the Hedgehog
pathway. High levels of Gli-1 expression have been detected
in some breast cancers and are associated with the invasive-
ness of breast cancer [19]. High levels of Gli-1 expression are
also associated with the poor prognosis and represent progres-
sive stages of disease [20]. We have recently showed that
hypoxia can induce EMT and enhance the invasiveness of
pancreatic cancer cells by upregulating Gli-1 expression [21].
However, the roles of Gli-1 in the hypoxia-induced EMT and
invasion of breast cancer cells as well as its relationship with
HIF-1α have not been clarified.

In this study, we investigated the effects of HIF-1α or Gli-1
silencing on the hypoxia-induced EMTand invasion as well as
the expression of HIF-1α and Gil-1 in breast cancer cells.

Materials and methods

Cell culture

Human breast cancer MDA-MB-231 cells were purchased
from the Cell Bank of the Chinese Academy of Sciences
(Shanghai, China) and were cultured in L-15 medium (Sigma,
Saint Louis, MO, USA) supplemented with 10 % heat-
inactivated fetal bovine serum (FBS) (HyClone), 100 units/
ml ampicillin, and 100 μg/ml streptomycin at 37 °C in a
humidified atmosphere of 5 % CO2 as a normoxic condition.
To evaluate the effects of hypoxia, MDA-MB-231 cells were
cultured under the normoxic condition up to 65–70 % conflu-
ence and subsequently cultured in a consistent 3 % O2 hyp-
oxic condition for 48 h, as described previously [22, 23].

RNA interference

The specific small interfering RNA (siRNA) for HIF-1α
(5′-CCACCACUGAUGAAUUAAATT-3′, 5′-UUUAAUUC
AUCAGUGGUGGTT-3′), for Gli-1 (5′-GGCUCAGCUU
GUGUGUAAUTT-3′, 5′-AUUACACACAAGCUGAGC
CTT-3′), and a negative control siRNA (5′-UUCUCCGA
ACGUGUCACGUTT-3′, 5′-ACGUGACACGUUCGGA
GAATT-3′) were obtained fromGenePharm (Shanghai, China).
MDA-MB-231 cells (2×105 per well) were cultured in a six-
well plate and transfected with 100 nM siRNA using Lipofec-
tamine 2000 (Invitrogen, CA, USA), according to the manufac-
turers’ instruction. Forty-eight hour after transfection, the cells
were harvested for further experiments.

Cell invasion assay

The impact of hypoxia on the invasion of cancer cells was
determined by invasion assays using a Millicell invasion
chamber (Millipore, Billerica, MA, USA). Briefly, the mem-
brane in the upper chamber was coated with Matrigel (Becton
Dickinson Labware, Bedford, MA, USA). MDA-MB-231
cells (5×104) were cultured in the upper chamber in serum-
free media for 24 h. After the non-invading, cells were re-
moved from the upper surface of membrane using a cotton
swab and the invaded cells on the bottom surface of the
membrane were stained with crystal violet. The invaded cells
at eight random fields of each membrane were photographed
at magnification ×100 and counted.

Quantitative real-time PCR assay

MDA-MB-231 cells were cultured in the experimental condi-
tions. Their total RNAwas extracted using the TRIzol Reagent
(Invitrogen, CA, USA) and reversely transcribed into cDNA
using a PrimeScript RT reagent Kit (TaKaRa, Dalian, China),
according to the manufacturer’s instruction. The relative
levels of target gene messenger RNA (mRNA) transcript were
determined by quantitative real-time PCR assay (qRT-PCR)
using the SYBRGreenMaster Mix and specific primers in the
iQ5 Multicolor Real-Time PCR Detection System (Bio-Rad,
Hercules, CA, USA). The cycling conditions were as follows:
denaturation at 95 °C for 30 s and followed by 40 cycles of
denaturation at 95 °C for 5 s, annealing at 60 °C for 30 s, and
extension at 72 °C for 30 s. A melting curve analysis was used
to evaluate the specificity of the amplified PCR products. The
sequences of primers were forward 5′-CGCAAGTCCTCA
AAGCACAGTTAC-3′ and reverse 5′-GCAGTGGTAGTG
GTGGCATTAGC-3′ for HIF-1α (81 bp); forward 5′-GGGA
TGATCCCACATCCTCAGTC-3′ and reverse 5′-CTGGAG
CAGCCCCCCCAGT-3′ for Gli-1 (344 bp); forward 5′-
ATTCTGATTCTGCTGCTCTTG-3′ and reverse 5′-AGTC
CTGGTCCTCTTCTCC-3′ for E-cadherin (136 bp); forward
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5′-AATGACCGCTTCGCCAAC-3′ and reverse 5′-CCGCAT
CTCCTCCTCGTAG-3′ for vimentin (135 bp); and forward
5′-GAAGGTGAAGGTCGGAGT-3′ and reverse 5′-CATG
GGTGGAATCATATTGGAA-3′ for GAPDH (155 bp). The
relative levels of target gene mRNA transcripts to GAPDH
were determined by 2−ΔΔCt [24].

Western blot analysis

MDA-MB-231 cells were cultured in the experimental condi-
tions and lysed on ice for 20 min by using a lysis buffer
(40 mM Tris pH 7.4, 10 mM NaF, 5 mM ethyleneglycol-
bis- tetraacetic acid, 2 mM ethylenediaminetetraacetic acid,
0.3 % Triton X-100, 0.35 mM vanadate, 10 % glycerol, β-
glycerophosphate, and protease inhibitors; Roche, Penzberg,
Germany). After centrifugation, the cell lysate (100 μg)
was separated in a 10 % sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE) gels and transferred
onto polyvinylidene fluoride (PVDF) membranes (Roche).
The membranes were blocked using 5 % non-fat dry milk
in TBST (150 mM NaCl, 0.05 % Tween 20, 10 mM Tris–
HCl, pH 8.0) and were subsequently incubated with prima-
ry anti-E-cadherin (Santa Cruz Biotechnology), anti-HIF-1α
(Bioworld, St. Louis Park, MN, USA), anti-vimentin, anti-
Gli-1, or anti-β-actin (Cell Signaling Technology, Beverly,
MA, USA) overnight at 4 °C. After being washed, the bound
antibodies were detected with horseradish peroxidase (HRP)-
conjugated secondary antibodies at room temperature for 2 h

and visualized using an enhanced chemiluminescence detec-
tion system. The relative levels of target protein to the control
β-actin were analyzed by densitometric scanning using
Image-Pro Plus 5.0 software (Media Cybernetics, Inc. Rock-
ville, MD, USA).

Statistical analysis

Data are present as means±standard deviation (SD). The
difference was analyzed by student T test, one-way ANOVA,
and post hoc LSD test or Mann-Whitney U test when
applicable using the SPSS13.0 software (version 13.0;
SPSS, Chicago, IL, USA). A p value of <0.05 was con-
sidered statistically significant.

Results

Hypoxia facilitates the EMT process and invasion of breast
cancer cells

Hypoxia can promote the invasion of cancer cells, which is
associated with enhancing the EMT process [11]. To investi-
gate the role of hypoxia in the EMT and invasion of breast
cancer cells, MDA-MB-231 cells were cultured under a
normoxic (21 % O2) or hypoxic condition (3 % O2) for
48 h. The relative levels of E-cadherin and vimentin

Fig. 1 Hypoxia induces the EMT
and invasion of breast cancer
cells. MDA-MB-231 cells were
cultured in a normoxic or hypoxic
condition for 48 h. aWestern blot
analysis of the E-cadherin and
vimentin expression in MDA-
MB-231 cells. b qRT-PCR
analysis of the relative levels of
gene mRNA transcripts. c The
invasion of breast cancer cells
(×100 magnification). Data are
representative images and
expressed as the means±SD of
individual groups of cells from
three separate experiments.
*p<0.05. vs. the normoxic
controls
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expression in the cells and their invasion were characterized
by qRT-PCR, Western blot, and invasion assays. As shown in
Fig. 1a, b, the relative levels of E-cadherin expression in the
cells under a hypoxic condition were significantly lower than
that in the normoxic condition (p<0.05, tested by student T
test). In contrast, the relative levels of vimentin expression in
the cells under a hypoxic condition were significantly higher
than that in the normoxic condition (p<0.05, tested by student
T test). Furthermore, the numbers of invaded cells from cul-
tured in the hypoxic condition were significantly greater than
that in the normoxic condition (p<0.05, Fig. 1c). Hence,
hypoxia promoted the EMT process and invasion of breast
cancer cells in vitro.

Hypoxia enhances HIF-1α translation and upregulates Gli-1
expression in breast cancer cells

Hypoxia induces HIF-1α, which can activate the NF-κB
pathway and crosstalk with other signaling events to regulate
the proliferation, apoptosis, and metastasis of cancer cells
[10]. Our previous study has shown that hypoxia can upreg-
ulate the expression of HIF-1α and Gli-1 in pancreatic cancer
cells [21]. To understand the role of hypoxia in regulating the
metastasis of breast cancer cells, MDA-MB-231 cells were
cultured in the normoxic or hypoxic condition for 48 h and the
relative levels of HIF-1α and Gli-1 expression and their
invasion were determined. The relative levels of HIF-1α and
Gli-1 protein expression in the cells cultured in a hypoxic
condition were obviously higher than that in the normoxic
condition (Fig. 2a). However, the relative levels of Gil-1, but
not HIF-1α, mRNA transcripts in the cells cultured in the
hypoxic condition were significantly higher than that in the
normoxic condition (p<0.05, tested by student T test, Fig. 2b).
Thus, hypoxia enhanced HIF-1α translation and Gil-1 expres-
sion in breast cancer cells in vitro.

Knockdown of HIF-1α expression abolishes hypoxia-induced
Gli-1 expression and EMT process in breast cancer cells

To evaluate the role of HIF-1α further, MDA-MB-231 cells
were transfected with the HIF-1α-specific or control siRNA
and cultured in the normoxic or hypoxic condition for 48 h,
followed by analysis of their Gil-1, E-cadherin and vimentin
expression, and invasion. Transfection with the HIF-1α-
specific siRNA, but not with control siRNA, dramatically
downregulated HIF-1α expression in MDA-MB-231 cells,
demonstrating effective HIF-1α knockdown (p<0.05, tested
by Mann-Whitney U test, Fig. 3a, b). Western blot analyses
indicated while significant difference in the levels of Gli-1, E-
cadherin, and vimentin expression among different groups of
cells (p<0.05, tested by one-way ANOVA and post hoc LSD
test), the relative levels of Gil-1, E-cadherin, and vimentin
expression in the HIF-1α-silencing cells cultured in the

hypoxic condition were similar to that in the normoxic con-
dition, demonstrating that knockdown of HIF-1α eliminated
hypoxia-induced Gil-1 expression and EMT process inMDA-
MB-231 cells (Fig. 3c). More interestingly, while there was a
significant difference in the numbers of invaded cells cultured
in normoxic condition, related to that in a hypoxic condition
(p<0.05, determined by Mann-Whitney U test) knock-
down of HIF-1α also mitigated hypoxia-induced invasion
of MDA-MB-231 cells (Fig. 3d), suggesting that higher
levels of Gil-1 expression may be crucial for the invasion
of MDA-MB-231 cells.

Knockdown of Gli-1 expression mitigates hypoxia-enhanced
EMT process and invasion of breast cancer cells

To test the importance of Gil-1 in regulating hypoxia-induced
EMT process and invasion, MDA-MB-231 cells were
transfected with the Gil-1-specific siRNA or control RNA
and cultured under a hypoxic or normoxic condition, followed
by analysis of their Gil-1, HIF-1α, E-cadherin, and vimentin
expression and invasion. First, the relative levels of Gil-1 in

Fig. 2 Effects of hypoxia on the relative levels of HIF-1α and Gli-1
expression in breast cancer cells. MDA-MB-231 cells were cultured in a
normoxic or hypoxic condition for 48 h. The relative levels of HIF-1α
and Gli-1 expression were determined by Western blot (a) and qRT-PCR
assay (b). Data are representative images and expressed as themeans±SD
of individual groups of cells from three separate experiments. *p<0.05
vs. the normoxic controls
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the cells transfected with the Gil-1-specific siRNA were dra-
matically reduced, as compared with that in the control
siRNA-transfected cells, demonstrating effective knockdown
of Gil-1 expression (p<0.05, determined by student T test,
Fig. 4a, b). Second, while significantly greater numbers of
invaded cells were detected in the control siRNA-transfected
cells cultured in the normoxic condition (p<0.05, determined
by student T test), the numbers of invaded cells in the Gil-1-
specific siRNA-transfected cells cultured in the hypoxic con-
dition were similar to that in the normoxic condition, indicat-
ing that knockdown of Gil-1 mitigated hypoxia-induced inva-
sion of breast cancer cells in our experimental conditions
(Fig. 4c, d). Western blot analyses revealed that the relative
levels of HIF-1α expression in the cells cultured in the hyp-
oxic condition were significantly higher than that in the
normoxic condition (p<0.05, determined by student T test),
regardless of Gil-1 silencing, demonstrating that knockdown
of Gil-1 did not significantly modulate hypoxia-enhanced

HIF-1α expression in MDA-MB-231 cells (Fig. 4e). Further-
more, there was a significant difference in the relative levels of
Gil-1, E-cadherin, and vimentin expression in the control
siRNA-transfected cancer cells between cultured in the
normoxic and hypoxic conditions (p<0.05, determined by
student T test), but the difference was not detected in the
Gil-1-silencing MDA-MB-231 cells. Therefore, knockdown
of Gil-1 expression mitigated hypoxia-induced EMT and
invasion of MDA-MB-231 cells.

Discussion

The EMT plays pivotal roles in the invasion and metastasis of
cancers [25]. Previous studies have shown that hypoxia can
enhance the EMT process by upregulating the expression of
HIF-1α and other EMT-related transcription factors, such as

Fig. 3 Knockdown of HIF-1α
reverses the hypoxia-induced Gli-
1 upregulation, EMT process, and
invasion of breast cancer cells.
MDA-MB-231 cells were
transfected with the HIF-1α-
specific or control siRNA and
cultured in a normoxic or hypoxic
condition for 48 h. aWestern blot
analysis of HIF-1α expression.
b qRT-PCR analysis of HIF-1α
mRNA transcripts. cWestern blot
analysis of the relative levels of
Gli-1, E-cadherin, and vimentin
expression. d The numbers of
invaded cells. Data are
representative images and
expressed as the means±SD of
individual groups of cells from
three separate
experiments.*p<0.05 vs. the
normoxic controls
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Snail [12, 26]. Our previous study has shown that hypoxia
induces HIF-1α, which crosstalks with the Hedgehog path-
way to upregulate Gil-1 expression and promote the invasion
of pancreatic cancer cells [21]. In this study, we investigated
the roles of Gil-1 in the hypoxia-induced EMTand invasion of
breast cancer cells and the relationship between the HIF-1α
and Gil-1 expression in breast cancer cells cultured in a
hypoxic condition. We found that hypoxia enhanced HIF-1α
and Gil-1 expression and promoted the EMT and invasion of
breast cancer cells. Knockdown of HIF-1α eliminated the
hypoxia-enhanced Gli-1 expression, EMT, and invasion of
breast cancer cells, while knockdown of Gil-1 did not affect
the hypoxia-enhanced HIF-1α expression, but dramatically
mitigated the hypoxia-enhanced EMT and invasion of breast
cancer. These novel data suggest that Gil-1 may be crucial for
the hypoxia-enhanced EMTand invasion of breast cancer and

HIF-1αmay crosstalk with the Hedgehog pathway to enhance
hypoxia-induced Gil-1 expression and promote the EMT and
invasion of breast cancer. Our findings suggest that Gil-1 may
be a new target for intervention of breast cancer metastasis.

HIF-1 consists of HIF-1α and HIF-1β subunits [27, 28].
HIF-1α has two O2-dependent posttranslational modifica-
tions, and its expression is sensitive to hypoxia. Interestingly,
we found that hypoxia failed to upregulate the relative levels
of HIF-1αmRNA transcripts, but increased the relative levels
of HIF-1α protein in breast cancer cells. This suggests that
hypoxia may enhance the stability of HIF-1α mRNA and
prevent its degradation, leading to enhanced HIF-1α transla-
tion in breast cancer cells [29–31]. Krishnamachary et al. [32]
have demonstrated that HIF-1α is an important upstream
regulator of the EMT process. It is possible that hypoxia
induces HIF-1α expression, which induces Snail expression,

Fig. 4 Knockdown of Gli-1
mitigates the hypoxia-enhanced
EMT and invasion, but not HIF-
1α expression in MDA-MB-231
cells. MDA-MB-231 cells were
transfected with the Gli-1-specific
or control siRNA and cultured in
a normoxic or hypoxic condition
for 48 h. a Western blot analysis
of Gli-1 expression. b qRT-PCR
analysis of Gli-1 mRNA
transcripts. c Western blot
analysis of Gli-1, E-cadherin, and
vimentin expression. d The
numbers of invaded cells. Data
are representative images and
expressed as the means±SD of
individual groups of cells from
three separate
experiments.*p<0.05 vs. the
normoxic controls
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leading to the suppression of E-cadherin and induction of
vimentin in breast cancer cells. As a result, hypoxia enhances
the EMT and invasion of breast cancer cells. Therefore, HIF-
1α is a target for design of therapies for the prevention and
intervention of breast cancer metastasis.

Previous studies have shown that HIF-1α can crosstalk
with the Notch and NF-κB signaling to enhance the EMT
process of cancer cells [11, 33]. Furthermore, hypoxia can
stimulate the canonical Hodgehog signaling via upregulating
HIF-1α expression in vitro and in vivo [34, 35]. Our previous
study has shown that HIF-1α can crosstalk with the non-
canonical Hedgehog pathway to promote hypoxia-enhanced
EMT and invasion of pancreatic cancer [21]. We showed that
hypoxia enhanced HIF-1α translation and upregulated Gli-1
expression to promote the EMT and invasion of breast cancer
cells. A previous study has shown that the Hedgehog signal-
ing events, such as SHH, SMO, PTCH, and Gli-1, are highly
expressed in some breast cancers, associated with poor prog-
nosis of breast cancer [36]. The Gli-1 is an effector of the
Hedgehog pathway [37–39]. Particularly, induction of Gil-1
expression can occur independent of SMO regulation in some
carcinomas, including medulloblastoma, glioma, breast and
prostate cancers, and basal cell carcinoma [40]. We found that
knockdown of Gli-1 dramatically mitigated the hypoxia-
enhanced EMT and invasion of breast cancer cells in vitro.
These data suggest that Gli-1 positively regulates the hypoxia-
induced EMTand invasion of breast cancer cells, independent
of enhancing vascularization. Given that many transcription
factors and chemokines regulate the expression of E-cadherin
and vimentin expression, it is possible that Gli-1 may regulate
their expression indirectly promoting the EMTand invasion in
breast cancer cells. We are interested in further investigating
how HIF-1α signaling crosstalks with the Hedgehog pathway
to promote Gli-1 expression and howGli-1 regulates the EMT
and invasion of breast cancer cells.

In summary, our data indicated that hypoxia induced HIF-
1α translation and Gli-1 expression in breast cancer cells
in vitro. Knockdown of HIF-1α eliminated the hypoxia-
enhanced Gli-1 expression, EMT, and invasion of breast can-
cer cells. Knockdown of Gli-1 did not affect the relative levels
of HIF-1α expression but significantly mitigated the hypoxia-
enhanced EMTand invasion of breast cancer cells. Hence, our
findings indicate that GLi-1 positively regulates the hypoxia-
induced EMT and invasion of breast cancer and may be a
target for intervention of breast cancer metastasis.
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