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Tumor hypoxia is a known adverse prognostic factor,
and the hypoxic dermal microenvironment partici-
pates in melanomagenesis. High levels of hypoxia
inducible factor (HIF) expression in melanoma cells,
particularly HIF-2�, is associated with poor progno-
sis. The mechanism underlying the effect of hypoxia
on melanoma progression, however, is not fully un-
derstood. We report evidence that the effects of hyp-
oxia on melanoma cells are mediated through acti-
vation of Snail1. Hypoxia increased melanoma cell
migration and drug resistance, and these changes
were accompanied by increased Snail1 and de-
creased E-cadherin expression. Snail1 expression
was regulated by HIF-2� in melanoma. Snail1 over-
expression led to more aggressive tumor pheno-
types and features associated with stem-like mela-
noma cells in vitro and increased metastatic
capacity in vivo. In addition, we found that knock-
down of endogenous Snail1 reduced melanoma pro-
liferation and migratory capacity. Snail1 knock-
down also prevented melanoma metastasis in vivo.
In summary, hypoxia up-regulates Snail1 expres-
sion and leads to increased metastatic capacity and
drug resistance in melanoma cells. Our findings
support that the effects of hypoxia on melanoma
are mediated through Snail1 gene activation and
suggest that Snail1 is a potential therapeutic target
for the treatment of melanoma. (Am J Pathol 2011,

179:3020–3031; DOI: 10.1016/j.ajpath.2011.08.038)

The incidence of melanoma is increasing significantly
faster than that of any other cancer in the United
States.1–3 Malignant melanoma is known for its aggres-
sive clinical behavior, propensity for lethal metastasis,

and therapeutic resistance. Hypoxia promotes tumor
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progression and resistance to chemotherapy and radi-
ation.4 –7 A number of studies have shown a link be-
tween tumor metastasis and lactate concentration in
cancers,4 – 6,8,9 including melanoma.10,11 High levels of
lactate are indicative of extensive anaerobic metabolism
and poor oxygenation in tumor tissues.12 Tumor hypoxia
typically occurs very early in tumor development, the
result of poor vascular formation in tumors.8 Patients with
hypoxic tumors have a poorer prognosis than patients
with well-oxygenated counterparts.13

The hypoxic dermal microenvironment is a host factor
that promotes melanomagenesis.10 The effects of hyp-
oxia are mediated through hypoxia inducible factors
(HIFs). HIF-1� and HIF-2� are transcription factors that
have common transcriptional targets, including genes
involved in angiogenesis, invasion, and metastasis. How-
ever, they also regulate distinct subsets of genes during
hypoxia. For example, HIF-1� activates genes involved in
glycolysis and apoptosis,14–17 whereas HIF-2� induces a
different subset of genes, including the stem cell factor
OCT418 and ABCG2.19 In melanoma patients, high levels
of HIF expression, particularly HIF-2�, are associated
with poorer prognosis.20 Nevertheless, the underlying
mechanism by which HIF-2� promotes melanoma metas-
tasis and drug resistance is not fully understood.

The initial steps in tumor metastasis involve a decrease
in E-cadherin levels and a corresponding increase in
N-cadherin levels.21–26 The switch from E-cadherin to
N-cadherin expression converts cells with a nonmotile
phenotype to migratory cells that are more prone to in-
vade other tissues.27 Several reports have shown an in-
verse correlation between E-cadherin and Snail1 expres-
sion in a number of cancers, including melanoma.28–34

Snail1 expression is regulated by a number of molecules
involved in tumor progression, such as ERK, Akt, and
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NF-�B,35 and the Snail1 promoter contains two potential
hypoxia response elements (HREs). However, HIF inter-
action with Snail1 appears to be species specific36 and
may depend on other co-factors, such as Notch.37 In this
report we demonstrate that hypoxia promotes melanoma
metastasis and drug resistance through Snail1 activation
via HIF-2�. In addition, Snail1 activation in melanoma also
leads to melanoma cells acquiring cancer stem cell-like
features.

Materials and Methods

Cell Lines, Reagents, and Plasmids

Cisplatin was purchased from Ben Venue Laboratories
(Bedford, OH); temozolomide from TOCRIS Biosciences
(Bristol, UK); monoclonal and polyclonal antibodies were
obtained from Santa Cruz Biotechnology (Santa Cruz,
CA) or BD Biosciences (San Jose, CA). pWZL-Blast-
Snail-ER plasmids (plasmid 18798) were obtained from
Addgene Inc (Cambridge, MA); pGIPZ-Snail1 was pur-
chased from Thermo Scientific; tamoxifen was purchased
from Sigma (Selma, CA). Human melanoma cell lines
(WM35, WM793, WM115A, WM3523A, and 1205Lu) were
kind gifts from Meenhard Herlyn (The Wistar Institute,
Philadelphia, PA), pCDNA3-HIF-1� was kindly provided
by Frank Lee (University of Pennsylvania, Philadelphia,
PA), and pGFP-HIF2� plasmid was a kind gift from Volker
Haase (Vanderbilt University Medical Center, Nashville,
TN). Si-snail1 was purchased from Qiagen (Valencia,
CA). Si-HIF1� and Si-HIF2� were purchased from BD
Biosciences.

Cell Culture

Human melanoma cell lines were maintained in 2%
MCDB medium.11 Mouse embryonic fibroblast cells were
cultured in DMEM with high glucose and L-Glutamine
(Invitrogen, Carlsbad, CA), 10% mouse embryonic fibro-
blast (MEF)-specific fetal bovine serum (FBS) (Invitro-
gen), 1% nonessential amino acids, and L-glutamine
(200 mmol/L/L) (Invitrogen). 293T cells were maintained
in high glucose Dulbecco’s modified Eagle’s medium
with 10% FBS, penicillin/streptomycin (100 units/mL and
100 mg/mL) (Invitrogen). Phoenix-Ampho cells were cul-
tured in high glucose Dulbecco’s modified Eagle’s me-
dium with 10% FBS, 4 mmol/L L-glutamine, and penicillin/
streptomycin.

Virus Production and Infection

Lentiviral vectors containing short hairpin RNA (shRNA)
of Snail1 in pGIPZ vector or non-silencing control shRNA
in pGIPZ (Thermo Scientific, Huntsville, AL) was co-trans-
fected into 293T cells with packing vector (pCMV-dR8.2-
dupr and pCMV-VSV). Viral supernatants were collected
48 and 72 hours post-transfection, and were used to
infect melanoma cells as previously described.38 After a
48-hour period, cells were cultured in puromycin (1 �g/

mL) selection medium. The pWZL-Blast-Snail-ER plas-
mids were co-transfected into Phoenix Ampho packaging
cells, and viral supernatants were collected 48 and 72
hours post-transfection to infect melanoma cells. After a
48-hour period, cells were cultured in blasticidin (Invitro-
gen, San Diego, CA) (5 �g/mL) selection medium for 5
days. Infected melanoma cells were then cultured in
MCDB media with 2% FBS and 20 nmol/L tamoxifen.

Transfection

Si-Snail1, Si-HIF1�, and Si-HIF2� and the irrelevant Si-
control (negative control) were used as instructed by the
manufacturer. Briefly, on the day of transfection, 5 � 104

melanoma cells were plated per well in 2 mL 2% FBS
MCDB tumor media. Cells were then incubated with
siPORT NeoFX Transfectin Agent (Ambion Inc., Austin,
TX) (10 �L in 200 �L OPTI-MEM I medium (Invitrogen,
San Diego, CA) without serum) for 5 minutes. Then 10
�mol/L Si-Snail1, Si-HIF1�, or Si-HIF2� were added and
cells were incubated for 10 minutes at room temperature
to allow the formation transfection complexes. The next
day, the medium was replaced with 2% MCDB tumor
medium, and after 48 hours, cells were harvested and
analyzed.

Hypoxia Treatment

The 1 � 104 melanoma cells with pWZL-Blast-Snail-ER
(inducible Snail1), pGIPZ-Snail1 (Sh-Snail1), or control
vectors were seeded in triplicate in 24 well plates and
incubated at 37°C in a regular CO2 incubator for 24
hours. The next day, the media was replaced with 2%
MCDB media and the cells were incubated in with 1% O2

conditions at 37°C for 8, 16, and 24 hours. At the end of
this period, we counted the viable cells in each well by
trypan blue exclusion assays. For cell migration assay,
pWZL-Blast-Snail-ER, pGIPZ-Snail1, or control vector in-
fected melanoma cells were grown to confluence and
wounded by dragging a 1-mL pipette tip through the
monolayer. Cells were washed to remove cellular debris
and were allowed to migrate for 20 hours. Images were
taken after wounding at various time points under a
DMI6000 inverted microscope (Leica, Wetzlar, Ger-
many).

Drug Resistance Studies

Melanoma cells with pWZL-Blast-Snail-ER, pGIPZ-Snail1
or control vectors, as well as hypoxia-treated melanoma
cells were washed with PBS and 1 � 105 cells were
plated in 6 well plates. The plates were incubated at 37°C
for 24 hours and cultured with serum free MCDB medium
for another 24 hours in a humidified CO2 incubator. The
culture medium was aspirated and 2% tumor media con-
taining different concentrations of cisplatin or temozolo-
mide (1–100 �mol/L) was added to each well. Drug
treated and control cells were incubated another 24
hours at 37°C in a humidified CO2 incubator. After 24
hours, the cells were washed with 2% tumor media and
allowed to grow another 24 hours before counting viable

cells. Experiments were performed in triplicate.
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Isolation of RNA and Quantitative Real-Time
PCR

Total RNA was isolated using RNeasy Kit (Qiagen) fol-
lowed by cDNA synthesis using SuperScript First-Strand
Synthesis System (Invitrogen). Quantitative PCR was per-
formed using iQ SYBR green supermix (Bio-Rad Labora-
tories, Hercules, CA) with specific primers listed as fol-
lows. cDNA corresponding to 1 �g RNA was added to
the iQsyber green supermix and analyzed with icycler
(Bio-rad Laboratories), according to the manufacturer’s
instructions. The thermal profiles were 95°C for 30s and
56°C for 30s. Melting curve analysis was done for each
PCR reaction to confirm the specificity of amplification. At
the end of each phase, florescence was measured and
used for quantitative purpose. Primer sequences are
shown in Table 1.

Immunocytochemistry

Normoxia- or hypoxia-treated melanoma cells, or mela-
noma cells with pWZL-Blast-Snail-ER or pGIPZ-Snail1
vectors were seeded on fibronectin pretreated chamber
slides. Cells were fixed with glutaraldehyde for 20 min-
utes at room temperature and then washed three times
with 1% bovine serum albumin (BSA) for 5 minutes. Cells
were then permeabilized and blocked by 0.3% Triton
X-100, 1% BSA, and 10% normal donkey serum in PBS at
room temperature for 45 minutes. The cells were then
stained with Snail1, E-cadherin, and N-cadherin primary
antibodies overnight at 4°C. Stained cells were then
washed three times with PBS containing 1% BSA and
incubated with the appropriate secondary antibodies
conjugated to Alexa Fluor. Nuclei were counterstained
with DAPI (Vector Laboratories, Dana Point, CA). Cells
were imaged with a Leica Inverted fluorescence micro-
scope with a Leica camera. The images were processed
and analyzed using Adobe Photoshop software. We per-
formed Western blot as previously described.39

Cell Proliferation Assay

Melanoma cells were seeded in 24-well plates at densi-
ties of 5 � 104 cells per well, grown for 24 hours, treated

Table 1. Primers Used for Real-Time PCR

Gene Forward primer

E-Cadherin (CDH1) 5=-TTCCCTGCGTATACCCTGG
N-Cadherin (CDH2) 5=-CACTGCTCAGGACCCAGAT
Sox10 5=-CTTCGGCAACGTGGACATT
�-SMA (ACTA2) 5=-ACTGGGACGACATGGAAAA
Snail1 5=-GACTAGAGTCTGAGATGCC
HIF1� 5=-CATAAAGTCTGCAACATGG
HIF2� 5=-CACTGCTTCAGTGCCATGA
Twist 5=-TGTCCGCGTCCCACTAGC-
JARID1B 5=-CGATAAACTTCATTTCACC
p75NGFR 5=-TTCAAGGGCTTACACGTGG
�-Actin (ACTB) 5=-TGACTGACTACCTCATGAA

HIF, hypoxia inducible factor; SMA, smooth muscle actin.
with 1% O2 for 16 hours, normoxia cells were used as the
control, and then WST-1 cell proliferation assay (Roche
Diagnostics GmbH, Mannheim, Germany) was used to
quantify proliferative cells. The absorbance at 450 nm
was measured using an lQuant Universal Microplate
Spectrophotometer (Bio-tek Instruments, Winooski, VT).

Cell Cycle Analysis

1 � 106 melanoma cells with Snail1 knockdown or control
cells were harvested, rinsed twice with PBS, and fixed
with 70% ethanol overnight at 4°C. Fixed cells were then
washed 2 times with PBS and stained with 20 �g/mL
propidium iodide (PI). Analysis was performed on a FACS
Calibur using CellQuest Pro software. Cell cycle analysis
was performed using ModFit software (Verity Software
House, Topsham, ME).

Chromatin Immunoprecipitation Assay

The chromatin immunoprecipitation (ChIP) assay was
conducted by using a Chip assay kit, according to the
manufacturer’s instruction (Active Motif, Carlsbad, CA),
and rabbit antibody against human HIF-1� and HIF-2�
protein (Abcam, Cambridge, MA). The immunoprecipi-
tated chromatin was analyzed in triplicate by PCR using
the primers (5=-ATCCCTGGAAGCTGCTCTCT-3= forward
and 5=-TCTGGTCCAGTGAGGGAG-3=) for human Snail1
promoter.37

Limiting Dilution Assay

Melanoma cells over-expressing Snail1 or control cells
were trypsinized, washed, and re-suspended at a con-
centration of 100 cells/mL in HECM4 media.40 10 �L of
the cell suspension was dispensed into wells of 96-well
plates, containing 90 �L of 2% MCDB media. All plates
were examined to ensure that that one cell was delivered
to each well. The cells were incubated for another 7 days,
with media changes every other day. Colonies were
counted in single cell seeded wells.

Soft Agar Colony Formation Assay

The 1 � 104 control or tamoxifen-induced Snail1 infected

Reverse primer

5=-GCGAAGATACCGGGGGACACTCATGAG-3=
5=-TAAGCCGAGTGATGGTCC-3=
5=-TCAGCCACATCAAAGGTCTCC-3=
5=-TAGATGGGGACATTGTGGGT-3=
5=-CAGACATTGTTAAATTGGCCG-3=

-3= 5=-ATTTGATGGGTGAGGAATGGGTT-3=
5=-TGTCCAGGAGGAAGGGACTGT-3=
5=-TGTCCATTTTCTCCTTCTCTGGA-3=

= 5=-ACCCACCTTCTTCTGCGACTAAC-3=
-3= 5=-TGTGTGTAAGTTTCAGGAGGGCCA-3=
-3= 5=-GCCATCTCTTGCTCGAAGTCC-3=
T-3=
-3=
-3=
G-3=
C-3=
AAGGT
CA-3=
3=
CCG-3
AGGAA
GATCC
WM115A cells were re-suspended in 3 mL of 1.8% (w/v)
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Bacto-Agar solution containing MCDB with 20% FBS. The
mixtures were overlaid onto a 3.3% (w/v) BactoAgar
solution in 6-well plates. On the following day, 0.5 mL of
MCDB supplemented with 2.0% FBS was added. Colo-
nies were counted under a microscope after 15 days.
Colony forming efficiency was calculated by the number
of colonies times 100, divided by the number of cells
plated.

Sphere Formation Assay

Melanoma cells with over-expressing Snail1 or control
vectors were washed with PBS, trypsinized, and then
re-washed with PBS, and re-suspended in HECM4 me-
dia. The 5 � 104 cells were aliquoted into an ultra-low
attachment 6-well plate containing 2 mL of HECM4 me-
dia. The cells were incubated for another 7 days, and 0.5
mL of new media was added every other day. The num-
ber of colonies formed was counted using an inverted
microscope.

Xenograft Tumor Model

Four- to five-week-old male athymic nu/nu mice were
used in this study. The control, pWZL-Blast-Snail1-ER, or
pGIPZ-Snail1-infected WM115A cells (2 � 106 cells/ani-
mal) were injected subcutaneously into nude mice (10
mice per group). The mice that received pWZL-Blast-
Snail1-ER cells continued to receive tamoxifen to main-
tain Snail1 expression. After 35 days, we sacrificed the
mice and performed necropsy for further analysis.
Statistical Analysis

The data represent mean � SEM values. The effect of
treatments and differences among experimental
groups were assessed using analysis of variance
and the appropriate post hoc test. The differences
between the two experimental groups were determined
using the Student’s t-test. A two-tailed value of P �
0.05 was considered statistically significant. All of the
analyses were performed using the GraphPad Prism
software (GraphPad Software, Inc., San Diego, CA).

Results

Hypoxia Induces Phenotypic Changes in Vitro

We first studied the effects of hypoxia on melanoma cells
in vitro. WM115A, 1205Lu and 451Lu cells were incu-
bated under hypoxic (1% O2) or normoxic conditions for
8, 16, or 24 hours. Hypoxia significantly inhibited tumor
cell proliferation, and only 50% of the WM115A cells
survived after 16 or 24 hours of treatment (Figure 1A). We
chose 16-hour hypoxic treatment for further studies be-
cause there was no significant difference between the
cells treated for 16 or 24 hours. To examine drug resis-
tance in hypoxia-treated melanoma cells, we treated the
cells that survived hypoxia treatment with various doses
of cisplatin and temozolomide. In the absence of hypoxia
treatment, cisplatin and temozolomide-induced cell
death in a dose-dependent manner, killing most of the
melanoma cells at 25 �mol/L cisplatin (Figure 1B). How-

Figure 1. Hypoxia enhances melanoma drug
resistance and migration. A: Effect of hypoxia on
melanoma cells. WM115A cells were incubated
under 1.0% or 21% O2 for 8, 16, 24 hours (n �
3 replicate experiments, *P � 0.05 compared
with control). B: Effect of cisplatin and temozo-
lomide on melanoma cells. Normoxia and hy-
poxia-treated WM115A cells were incubated
with 1, 10, or 25 �mol/L of cisplatin and temo-
zolomide (n � 3 replicate experiments; *P �
0.05 compared with control). C: Cell migration
assay. Wound healing of normoxia- or hypoxia-
treated WM115A cells at 0 and 20 hours after
scratch formation. Shown are representative im-
ages from three experiments. D: Soft agar assay.
Normoxia- or hypoxia-treated WM115A were in-
cubated in soft agar. The clones were counted
using a microscope at 100� power. The values
(colony number) are expressed as mean � SD
(SD) from three separate measurements (*P �
0.05 compared with normoxia-treated cells).
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ever, tumor cells survived hypoxia treatment showed dra-
matically increased resistance to cisplatin and temozolo-
mide, with 29.8 � 3% or 44 � 5.0% of the cells still alive
after exposure to 25 �mol/L cisplatin or temozolomide
(Figure 1B). Cell motility (measured by the wound healing
assay) was significantly increased after hypoxic treat-
ment (Figure 1C). When hypoxia-treated cells were used
in soft agar assays, the resultant colonies were signifi-
cantly larger and more abundant when compared to con-
trol cells (Figure 1D), which suggests that the tumor cells
that survived hypoxia treatment had high migratory and
proliferation capacity. The results from 1205Lu and
451Lu cells were similar to WM115A cells (data not
shown).

Figure 2. Hypoxia induces Snail1 up-regulation and E-cadherin down-reg
actin (SMA), and SOX10 expression after hypoxia treatment. WM115A cells w
*P � 0.05 compared with control). B: Expression of E-cadherin or N-cadheri
in WM115A after hypoxia treatment. C: Snail1 gene expression after hypoxi
was assessed by quantitative RT-PCR (n � 3 replicate experiments; *P � 0.0
replicate experiments). E: Snail1 gene expression in WM115A cells (post-h

replicate experiments; *P � 0.01 compared with control). F: Expression of Snail1 by
72 hours) were used for Western blot analyses with anti-Snail1 antibody. �-actin w
Hypoxia Induces the Decreased Expression of
E-Cadherin

We cultured WM115A cells under hypoxic or normoxic
conditions for 8, 16, or 24 hours and measured gene
expression in these cells. E-cadherin levels were signifi-
cantly decreased under hypoxia, which was accompa-
nied by increased expression of N-cadherin and smooth
muscle actin levels. In contrast, Sox10 levels did not
significantly change. Similarly, E-cadherin protein levels
were reduced after hypoxia treatment, whereas the N-
cadherin expression levels were significantly increased
(Figure 2B). Snail1 gene expression levels were signifi-
cantly elevated in all five melanoma cell lines (WM35,

A: Quantitative RT-PCR analysis of E-cadherin, N-cadherin, smooth muscle
ured under 1.0% or 21% O2 for 8, 16, 24 hours (n � 3 replicate experiments;
ypoxia treatment. Immunocytochemical stain of E-cadherin and N-cadherin
ent. Snail1 expression in WM35, WM793, WM115A, 1205LU, and WM3523A
red with control). D: Expression of Snail1 by immunocytochemistry (n � 3
, 4, 8, 16, 48, and 72 hours) was assessed by quantitative RT-PCR (n � 3
ulation.
ere cult
n after h
a treatm
1 compa
ypoxia 0
Western blot. Cell lysates from WM115A (post-hypoxia 0, 4, 8, 16, 48, and
as used as loading controls.
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WM793, WM115A, 1205Lu, and WM3523A) examined
after hypoxic treatment (Figure 2C), and similar change
was seen in Snail1 protein expression level (Figure 2D).
To examine whether exposure to hypoxia has lasting
effect on Snail1 expression, we exposed WM115A cells
to 8 hours of hypoxia and then incubated the cells under
normoxia. We found that Snail1 gene and protein expres-
sion were still elevated 72 hours post-hypoxic treatment
(Figure 2, E and F).

HIF-2� Regulates Snail1 Expression

To examine how HIFs regulate Snail1 expression, we
transfected WM115A cells with vectors containing HIF1�
or HIF2�. Overexpression of HIF-1� (Figure 3A, left panel)
or HIF2� (Figure 3A, right panel) in these cells was con-
firmed by quantitative RT-PCR. Up-regulation of Snail1
gene expression was seen in melanoma cells transfected
with HIF2�, but not HIF1� (Figure 3B). These findings
were confirmed by Western blot analysis (Figure 3C). To
further study the interaction, we transfected the mela-
noma cells with siRNAs to HIF1� or HIF2�. Down-regula-
tion of HIF1� (Figure 3D, left panel) or HIF2� (Figure 3D,
right panel) in these cells was confirmed by quantitative
RT-PCR. Down-regulation of Snail1 gene expression was
seen in melanoma cells transfected with HIF2�, but not

Figure 3. HIF-2� up-regulates Snail1. A: Quantitative RT-PCR assay for HI
HIF-1� or HIF-2� (n � 3 replicate experiments; *P � 0.01 compared with con
with plasmids containing HIF-1� or HIF-2� (n � 3 replicate experiments; *
WM115A cells transfected with plasmids containing HIF-1� or HIF-2� (n
expression in WM115A cells transfected with plasmids containing Si-HIF-1�
Quantitative RT-PCR assay for Snail1 expression in WM115A cells transfecte

� 0.01 compared with control). F: Western blot analysis for Snail1 expression in W
� 3 replicate experiments).
HIF1� (Figure 3E). These findings were also confirmed by
Western blot analysis (Figure 3F). Next, we tested
whether the HIF proteins were bound directly to the Snail1
promoter using a ChIP assay. However, we did not ob-
serve evidence of direct binding of HIF-1� or HIF-2� to
the Snail1 promoter in melanoma cells (data not shown).

Effects of Snail1 Activation

To study the function of Snail1 in melanoma cells, we
infected WM115A, WM35, WM3523A, and 1205Lu cells
with an inducible Snail1 retroviral vector, pWZL-Blast-ER-
Snail1.41 In this system, Snail1 overexpression can be
controlled by adding or removing tamoxifen to the culture
medium. We found that when tamoxifen was added to the
culture medium, there was a significant increase of Snail1
protein expression (Figure 4A; see also Supplemental
Figure S1A at http://ajp.amjpathol.org), and the effect can
last up to 6 days (see Supplemental Figure S2B at http://
ajp.amjpathol.org). Activation of Snail was accompanied
by increased N-cadherin expression (Figure 4B) and a
corresponding decrease in E-cadherin expression gene
and protein expression (Figure 4, A and B; see also
Supplemental Figure S1A at http://ajp.amjpathol.org). Be-
cause Epithelial-mesenchymal transition (EMT)-associ-
ated E-box factors can act in a coordinated manner42

HIF-2� expression in WM115A cells transfected with plasmids containing
Quantitative RT-PCR assay for Snail1 expression in WM115A cells transfected
1 compared with control). C: Western blot analysis for Snail1 expression in
licate experiments). D: Quantitative RT-PCR assay for HIF-1� and HIF-2�
IF-2� (n � 3 replicate experiments; *P � 0.01 compared with control). E:
lasmids containing Si-HIF-1� or Si-HIF-2� (n � 3 replicate experiments; *P
F-1� and
trol). B:
P � 0.0
� 3 rep

or Si-H
d with p
M115A cells transfected with plasmids containing Si-HIF-1� or Si-HIF-2� (n

http://ajp.amjpathol.org
http://ajp.amjpathol.org
http://ajp.amjpathol.org
http://ajp.amjpathol.org
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and Twist1 expression is associated with a poor progno-
sis in melanoma,43 we test whether Snail1 may regulate
Twist. Indeed, Twist expression was correlated with
Snail1 expression (Figure 4, A and B). When we removed
tamoxifen from the medium, there was a decrease in
Snail1 expression (Figure 4A), which was accompanied

Figure 4. Effects of Snail1 activation. A: Snail1, E-cadherin, and Twist expres
pWZL-Blast-ER-Snail1 and incubated in the medium with absence, presenc
Quantitative RT-PCR for E-cadherin, N-cadherin, and Twist expression in W
compared with control). C: Immunocytochemical stain for E-cadherin and N-c
and cisplatin. The same number of WM115 cells control and WM115 cells w
1, 10, 25, or 100 �mol/L temozolamide or cisplatin for 24 hours (n � 3 replic
healing assay using WM115A with pWZL-Blast-ER-Snail1 at 0 and 20 hours
by elevated levels of E-cadherin (Figure 4, A and B),
decreased levels of N-cadherin (Figure 4B), and Twist
(Figure 4, A and B). The effect of Snail1 expression on
E-cadherin and N-cadherin was further confirmed by im-
munocytochemistry (Figure 4C). To study Snail1 expres-
sion and drug resistance, we infected melanoma cells
with pWZL-Blast-ER-Snail1 or pGIPZ-shRNA-Snail1, and

WM115A cells (n � 3 replicate experiments). Tumor cells were infected with
ter withdraw of tamoxifen (shutdown of exogenous Snail1 expression). B:

cells with pWZL-Blast-ER-Snail1 (n � 3 replicate experiments; *P � 0.01
in WM115A cells with pWZL-Blast-ER-Snail1. D: Resistance to temozolamide
L-Blast-ER-Snail1 or pGIPZ-Snail1 were incubated in medium containing 0,

eriments; *P � 0.01 compared with control). E: Cell migration assay. Wound
atch forming (n � 3 replicate experiments).
sion in
e, or af
M115A

adherin
ith pWZ
these cells were incubated with various concentrations of
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temozolamide and cisplatin (0, 1, 10, 25, or 100 �mol/L)
for 24 hours in the absence or presence of tamoxifen.
Snail1 activation resulted in a significant increase of cell
proliferation (Figure 4D; see also Supplemental Figure
S1B at http://ajp.amjpathol.org) and these cells main-
tained higher proliferation rate than control cells in the
presence of various doses of temozolamide and cisplatin
(Figure 4D). On the contrary, Snail1 knockdown resulted
in significantly reduced cell proliferation (Figure 4D; see
also Supplemental Figure S1B at http://ajp.amjpathol.org).
Snail activation also resulted in increased cell motility
(Figure 4E; see also Supplemental Figure S2A at http://
ajp.amjpathol.org). These data suggest that Snail1 activa-
tion induces phenotypic changes similar to those seen in
melanoma cells that have survived hypoxia treatment.

Effects of Knockdown-Mediated Reduced
Snail1 Expression

To further study the effect of Snail1 in melanoma, we
knocked down endogenous Snail1 expression using
SiRNA and lentiviral vectors containing shRNA to Snail1 in
WM115A, WM35, WM3525A, and 1205Lu cells. Snail1
knockdown was confirmed by quantitative PCR (Figure
5A) and Western blot (Figure 5C; see also Supplemental
Figure S1A at http://ajp.amjpathol.org) and these cells
showed increased E-cadherin levels and decreased N-
cadherin expression levels by immunocytochemistry and
Western blot analysis (Figure 5, B and C; see also Sup-
plemental Figure S1A at http://ajp.amjpathol.org). The tu-

Figure 5. Effects of Snail1 knockdown. A: Expression of Snail1. Quantitativ
siRNA (Si-snail1). Experiments were performed under normoxia. (*P � 0.05
N-cadherin after Snail1 knockdown. Immunocytochemical stain for E-cad
performed under normoxia. C: Western blot analysis for Snail1, E-cadherin,
(n � 3 replicate experiments). Experiments were performed under normoxia
(n � 3 replicate experiments). Experiments were performed under normoxia

control cells were cultured under 1% O2 or room O2 for 16 hours (n � 3 replicate ex
normoxia and hypoxia. Wound healing assay using WM115A with Snail1 knockdow
mor cells in the G2/S phase were decreased after Snail1
knockdown cells (Figure 5D). Snail1 knockdown cells
showed a significant decrease of cell survival following
hypoxia treatment (Figure 5E; see also Supplemental Fig-
ure S1C at http://ajp.amjpathol.org). The migratory activity
of melanoma cells as measured by wound healing time in
both normoxic and hypoxic condition was also signifi-
cantly decreased after Snail1 knockdown (Figure 5F; see
also Supplemental Figure S2A at http://ajp.amjpathol.org).

Snail1 and Cancer Stem-Like Cell Phenotypes

Because Snail1 is a neural crest stem cell transcription
factor,44 we studied whether Snail1 overexpression can
induce stem-like melanoma cell phenotypes. To examine
this, we performed limiting dilution assays and showed
that the cell proliferation capacity of melanoma cells was
correlated to Snail1 expression. When we turned on
Snail1 expression in WM115A, WM35, WM3523A, and
1205Lu cells, the colony formation capacity from single
melanoma cells was significantly increased (Figure 6A;
see also Supplemental Figure 1B at http://ajp.amjpathol.
org); when we decreased Snail1 expression by eliminat-
ing tamoxifen from the culture medium (Figure 6A, left
panel; see also Supplemental Figure S1B at http://ajp.
amjpathol.org) or knocking down endogenous Snail1 ex-
pression (Figure 6A, right panel; see also Supplemental
Figure S1B at http://ajp.amjpathol.org), the colony forma-
tion capacity decreased significantly. Stem cells are
known to be more resistant to hypoxic insult,45 and we

R for Snail1 expression after Snail1 knockdown using shRNA (sh-snail1) or
d to control; n � 3 replicate experiments). B: Expression of E-cadherin and
d N-cadherin in Snail1 knockdown and control cells. Experiments were
adherin expression in WM115A cells transfected with Si-Snail1 or Sh-snail1
l cycle analysis. Cells in G2-M and S phases were analyzed by FACS analysis
survival under normoxia and hypoxia. Snail1 knockdown WM115A cells and
e RT-PC
compare
herin an
and N-c
. D: Cel
. E: Cell
periments; *P � 0.01 compared with control). F: Cell migration assay under
n (n � 3 replicate experiments).
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tested whether snail1 expression is associated with re-
sistance to hypoxia. Snail1 over-expressing cells were
significantly more resistant to hypoxic insult than control
cells (Figure 6B; see also Supplemental Figure S1C at
http://ajp.amjpathol.org), whereas knockdown of Snail1
resulted in decreased tolerance to hypoxic insult (see
Supplemental Figure S1C at http://ajp.amjpathol.org). We
have previously shown that melanoma stem-like cells
may form spheroids when cultured in human embryonic
stem cell culture medium.46 When Snail1 over-expressing
melanoma cells were cultured in human embryonic stem
cell medium, they acquired the ability to form spheroids,

Figure 6. Snail1 activation induces cancer stem-like cell phenotypes. A: Cell
proliferation capacity. Limiting dilution assay was performed and single cells
were followed for 14 days using control and WM115A cells with pWZL-Blast-
ER-Snail1 (left panel) or control and tumor cells with pGIPZ-Snail1 (right
panel). The number of colonies formed was counted and averaged in 3
replicate experiments. (*P � 0.01 comparing to control). B: Hypoxia toler-
ance assay. Same number of control and WM115A cells with pWZL-Blast-ER-
Snail1 were seeded and cultured under 1% O2 for 16 hours (n � 3 replicate
experiments). (*P � 0.05 comparing to control). Survival cells were counted.
C: Spheroid formation. WM115A cells with pWZL-Blast-ER-Snail1 were cul-
tured in the hESMC4 medium in ultra-low attachment plates. After 2 weeks,
photographs were taken of the spheroids at 100� magnification. D: Expres-
sion of p75NGFR and JARID1B. Quantitative RT-PCR for p75NGFR and
JARID1B expression in sphere-forming cells with pWZL-Blast-ER-Snail1.
(*P � 0.05 compared to control; n � 3 replicate experiments).
whereas control or Snail1 knockdown cells could not
grow as spheroids under the same culture conditions
(Figure 6C). p75NGFR and JARID1B have been used as
markers for stem-like subpopulation of melanoma
cells,47,48 and we examined their expression in the
sphere-forming cells and found that both p75NGFR and
JARID1B expression levels were significantly increased
compared to the controls (Figure 6D).

Effects of Snail1 Expression in Vivo

We then tested the effects of Snail1 on melanoma tumor
growth and metastasis in vivo. Tumor cells with pWZL-
Blast-ER-Snail1, pGIPZ-shRNA-Snail1, and respective
controls were injected into flanks of nude mice, and these
mice were sacrificed after 5 weeks. Necropsies were
performed and metastasis was defined by tumor cells in
any organs, which was documented by histology. Acti-
vation of inducible Snail1 in melanoma cells resulted in
significantly larger xenografts with more metastasis com-
pared to control cells (Figure 7, A and B). Melanoma cells
in which Snail1 was knocked down formed significantly
smaller xenografts and none of the mice that received
these xenografts developed metastasis (Figure 7, A and
B). In addition, we harvested tumor tissue from the xeno-
grafts and confirmed Snail1 expression in the tissues.
E-cadherin, N-cadherin, and Twist expression levels cor-
related well with Snail1 expression levels in these xeno-
grafts (Figure 7, C and D).

Discussion

Hypoxia is known to contribute to tumor metastasis and
poor patient outcome in many different types of cancer.4–

6,10 In this study, we demonstrated that Snail1 promotes
melanoma drug resistance and progression. Increased
Snail1 expression results in acquisition of cancer stem
cell-like features and increased metastatic capacity. On
the other hand, knockdown of Snail1 expression de-
creases cell proliferation and metastasis. Snail1 expres-
sion is regulated by hypoxia through HIF-2� in melanoma
cells. These data suggest that Snail1 is a crucial tran-
scription factor mediating the effects of hypoxia on mel-
anoma cells.

Snail1 is a major transcription factor governing E-cad-
herin expression, which is known to be involved in mela-
noma progression. Decreased E-cadherin levels in mel-
anoma tissues are associated with tumor metastasis and
recurrence.31 Our results show that the effect of hypoxia
on E-cadherin expression is mediated through Snail1 in
melanoma. Elevated Snail1 expression enhances mela-
noma migratory capacity and resistance to chemothera-
peutic agents, whereas knockdown of Snail1 expression
significantly reduces melanoma resistance to chemother-
apeutic reagents and their metastatic capability. Recent
findings suggest that Snail1 may accelerate melanoma
metastasis through induction of immunosuppression by
(thrombospondin-1 (TSP1)-mediated dendritic cell inhibi-
tion.49 These data suggest that Snail1 may have multiple

roles during melanoma progression.

http://ajp.amjpathol.org
http://ajp.amjpathol.org


in expre

Snail1 and Melanoma Metastasis 3029
AJP December 2011, Vol. 179, No. 6
Snail1 is a transcription factor involved in neural crest
stem cell self-renewal.44 It has been shown that Aldehyde
dehydrogenase-1 (ALDH1)�-lineage cells in head and
neck squamous cell carcinomas (HNSCC) that possess
features of cancer stem-like cells also expressed
Snail1.50 This work also showed that a knockdown of
Snail1 expression significantly inhibited cancer stem-like
properties and sensitivity to chemoradiotherapy for
ALDH1� cells was improved with Snail1 knockdown.50

We have previously shown that melanoma cancer stem-
like cells can form spheroids when cultured in human
embryonic stem cell culture medium and these cells are
highly tumorigenic.46 In this study, we expand on these
findings to show that Snail1 overexpression also induces
cancer stem-like cell phenotypes in melanoma cells and
these cells became more resistant to chemotherapeutic
agents. To our knowledge, our study is the first to show
that Snail1 overexpression may result in acquisition of
cancer stem cell-like features. Thus, Snail1 may contrib-
ute to melanoma progression through induction of cancer
stem-like cells in melanoma.

Hypoxia is well known to induce tumor progression
and treatment resistance.51 We showed that tumor cells
that survived hypoxic treatment are more resistant to
cytotoxic drugs, such as cisplatin and temozolomide,
and these cells have higher proliferative and migratory

Figure 7. Snail1 increases melanoma growth and metastasis in vivo. A: S
WM115A with pGIPZ-Snail1 were injected subcutaneously in the flanks of nu
xenografts are shown on the left panel and average tumor weights are show
rate (*P � 0.01 compared with control). C: Snail1, E-cadherin, N-cadherin
measure gene expression. D: N-cadherin, Snail1, E-cadherin, and Twist prote
from three experiments).
capacity. The phenotype changes are correlated well
with Snail1 expression levels in melanoma cells. Two
potential HREs have been identified within the Snail1 pro-
moter. Both HIF-1� and HIF-2� can potentially bind to the
HREs and activate Snail1 transcription in mouse endothe-
lial cells.36 However, HIF interaction with Snail1 appears
to be more complicated in human Snail1 expression in
epithelial cancer cells is clearly increased after hypoxic
treatment.52,53 Our results support the finding and sug-
gest that Snail1 expression is regulated by HIF-2� but not
HIF-1� in melanoma cells. However, our ChIP assay
failed to detect direct binding of HIF-1� or HIF-2� to the
promoter region, suggesting that HIF-2� may interact
with HREs in other regions or the interaction may be
mediated through other pathways. Indeed, a 3= enhancer
controlling Snail expression has been discovered in mel-
anoma cells and this enhance is specific in melanoma
because it is not present in melanocytes and keratino-
cytes.54 In addition, it has been shown that Notch intracel-
lular domain can recruit HIF-1� and bind to the CSL-binding
motif (�847 to �839 bp upstream of the transcription start
site) in snail1 promoter in SKOV-3 cells.37 We are currently
investigating on how HIF-2� regulates Snail1 in mela-
noma cells, in detail.

Taken together, our data indicates that Snail1 is a
crucial transcription factor governing the effects of hyp-
oxia on melanoma cells. Our findings support a critical

eous xenografts; 2 � 106 of control, WM115A with pWZL-Blast-ER-Snail1,
(n � 10), and these mice were followed for 5 weeks. Representative primary
right panel (*P � 0.05 compared with control). B: Internal organ metastasis

wist gene expression in xenografts. Quantitative RT-PCR was performed to
ssion in the xenografts was assayed using Western blots (representative blot
ubcutan
de mice
n on the
, and T
role for Snail1 in melanoma progression through the reg-
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ulation of metastasis and resistance to chemotherapeutic
agents. Our results suggest that Snail1 is a relevant ther-
apeutic target for melanoma.
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