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Abstract: Peroxisome proliferator-activated receptor (PPAR) δ is implicated in the carcinogenesis of several types of 
cancer. However, the therapeutic efficacy of PPARδ ligands against cancer progression is unclear. Here, we showed 
that PPARδ modulates the migration and invasion of melanoma cells by up-regulating Snail expression. Activation 
of PPARδ by GW501516, a specific ligand for PPARδ, significantly increased the migration and invasion of highly 
metastatic A375SM cells, but not that of low metastatic A375P cells. The migration- and invasion-promoting effects 
of PPARδ on A375SM cells was associated with increased Snail expression, which was accompanied by a decrease 
in E-cadherin expression. Furthermore, a significant concentration- and time-dependent increase in the levels of 
Snail mRNA and protein was observed in A375SM cells (but not A375P cells) treated with GW501516. The effects 
of GW501516 were almost completely abrogated by a small interfering RNA against PPARδ, suggesting that PPARδ 
mediates the effects of GW501516. Activation of PPARδ in SK-MEL-2 and SK-MEL-5 (but not SK-MEL-3) melanoma 
cell lines also led to significant increases in the expression of Snail mRNA and protein, which mirrored the invasive 
and migratory potential of these cell lines. These results suggest that PPARδ promotes the aggressive phenotype 
observed in highly metastatic melanoma cells by up-regulating Snail. 
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Introduction 

Melanoma, a highly aggressive and frequently 
chemoresistant type of skin cancer caused by 
the malignant transformation of melanocytes, 
is characterized by a high capacity for metasta-
sis and invasion [1]. Invasive melanomas are 
clinically aggressive and prone to metastasis; 
malignant cancer cells spread from the primary 
site to distant tissues, resulting in disseminat-
ed disease [2, 3]. Epithelial-mesenchymal tran-
sition (EMT), which plays a role in the metasta-
sis and invasion of cancer cells, is a common 
phenotypic transformation that causes loss of 
cell-cell adhesion and the acquisition of cell 
motility, thereby increasing metastatic poten-
tial [4-7]. Snail, along with other transcription 
factors such as Slug and TWIST, regulates EMT 

[6, 7]. These transcription factors are upregu-
lated in a variety of cancers by various EMT 
inducers, leading to increased motility and inva-
siveness [8, 9]. Indeed, Snail, Slug, and TWIST 
are overexpressed in human cancer specimens 
and are useful prognostic factors [10-12]. 

Peroxisome proliferator-activated receptor (PP-
AR)δ, a member of the ligand-dependent tr- 
anscription factor PPAR family, modulates 
multiple biological processes including skin 
homeostasis and tumorigenesis [13]. PPARδ is 
ubiquitously expressed in multiple cell lineages, 
including skin and skin-derived tumor cells, and 
is implicated in skin carcinogenesis [14-16]. 
The major barrier to the development of PPARδ 
as a therapeutic target is that the efficacy of 
PPARδ ligand(s) during tumorigenesis is unclear 
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and highly controversial [17, 18]. Several stud-
ies show that the activation of PPARδ increases 
the proliferation of liver, intestinal adenoma, 
breast, and prostate cancer cell lines [19-21]. 
However, other studies show that PPARδ ago-
nists induce terminal differentiation and show 
anti-tumorigenic effects in keratinocytes, intes-
tinal epithelium, osteoblasts, and oligodendro-
cytes [22-25]. In addition, a retrospective study 
shows that low expression of PPARδ by colorec-
tal cancer patients is associated with increased 
mortality [26]. A recent study shows that activa-
tion of PPARδ by its ligand(s) mediates anti-
tumorigenic effects in the skin by regulating dif-
ferentiation and proliferation [24]. A study in a 
model of DMBA/TPA-induced carcinogenesis 
showed that PPARδ-deficient mice develop 
more severe tumors than wild-type mice, sug-
gesting that PPARδ may attenuate the develop-
ment of chemically-induced skin cancers [15]. 

Very little is known about the activity of PPARs, 
particularly PPARδ in melanocytes and mela-
noma. Three PPARs have been identified in 
mammals (PPARα [NR1C1], PPARδ [NR1C2], 
and PPARγ [NR1C3]), and all are expressed in 
cultured human melanocytes [27] and melano-
ma cells [28]. Ligand-mediated activation of 
PPARα and PPARγ inhibits cell proliferation and 
stimulates melanin production in melanocyte 
cultures [27, 29]. PPARδ agonists also inhibit 
the proliferation of human and murine melano-
ma cells by repressing the Wilms’ tumor sup-
pressor, WT1 [30]. Although it is postulated 
that PPARδ is involved in suppressing melano-
ma cell growth, much remains to be explored 
with respect to the putative roles of PPARs in 
melanoma metastasis and invasion. The pres-
ent study explored the role of PPARδ in the 
migration and invasion of melanoma cells. The 
results show that Snail is a direct response 
gene for ligand-activated PPARδ, and that Snail 
expression induces an aggressive phenotype 
of highly metastatic melanoma cell by acceler-
ating EMT. These findings suggest that PPARδ 
participates in the modulation of melanoma 
invasiveness by regulating Snail expression. 

Materials and methods

Cell culture

The human melanoma cell lines A375P and 
A375SM, established by sequential selection 
for metastatic tumor formation in nude mice 

[31], were obtained from Dr I. J. Fidler (MD 
Anderson Cancer Center, Houston, TX). Human 
melanoma cell lines SK-MEL-2, SK-MEL-3, and 
SK-MEL-5 were obtained from the Korean Cell 
Line Bank. A375P and A375SM were main-
tained in Dulbecco’s modified Eagle’s medium 
(DMEM), and SK-MEL-2, SK-MEL-3, and SK- 
MEL-5 were maintained in Roswell Park Me- 
morial Institute (RPMI)-1640, containing 100 
U/ml penicillin and 100 µg/ml streptomycin 
supplemented with 10% heat-inactivated fetal 
bovine serum at 37°C in an atmosphere of 95% 
air and 5% CO2.

Matrigel invasion and migration assay

Transwells with polycarbonate membranes (8 
µm pores) (BD Biosciences) were coated with 
collagen type I (1 mg/ml; BD Biosciences) and 
incubated for 1 h at 37°C. After washing once 
with culture medium, cells were seeded into 
the upper compartment of the Transwell insert 
(2 × 105 cells/ml) in culture medium containing 
8 µg/ml mitomycin C (Sigma-Aldrich) to prevent 
proliferation. The cells were incubated for 2 h 
and washed with PBS. Medium containing 
DMSO (Sigma-Aldrich) or GW501516 (Enzo Life 
Science) was then added to the lower well as a 
chemo-attractant. After incubating for the indi-
cated times, the cells were fixed and stained 
with 0.05% crystal violet solution (Sigma-
Aldrich). The fixed cells were then observed 
under a microscope and the number of cells 
was counted. Cell migration was assayed using 
the same procedure, except that the Transwell 
membrane was not coated with type I colla- 
gen.

Gene silencing with small interfering (si)RNA

Cells were seeded into 60 mm culture dishes 
18-24 h prior to transfection. Cells were trans-
fected with control siRNA (Ambion) or human 
PPARδ siRNA (Ambion) in serum-free medium 
using Welfect-Q (WelGENE). Following incuba-
tion for 6 h, the transfection medium was 
replaced with fresh medium and cells were 
incubated for an additional 24 h, at which point 
they were transferred to Transwells.

Western blot analysis

Cells treated with the indicated reagents were 
washed in ice-cold PBS and lysed in PRO-PREP 
Protein Extraction Solution (iNtRON Biotech- 
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nology). Aliquots of cell lysates or conditioned 
media were subjected to SDS-polyacrylamide 
gel electrophoresis and transferred to a Hybo- 
nd-P+ polyvinylidene difluoride membrane (GE 
Healthcare). Membranes were blocked over-
night at 4°C with 5% non-fat milk in Tris-
buffered saline (TBS) containing 0.1% Tween-
20 and then reacted with the indicated specific 
antibodies (diluted 1:1,000) in TBS containing 
0.05% Tween-20 overnight at 4°C. The mem-
branes were then incubated with a peroxidase-
conjugated anti-goat antibody (diluted 1:5,000) 
for 1 h at room temperature. After extensive wa- 
shing in TBS containing 0.1% Tween-20, immu-
noreactive bands were detected using West-
ZOL Plus (iNtRON Biotechnology). Polyclonal 
antibodies specific for MMP-1, Fibronectin, 
Collagen type I, and PPARδ were obtained from 
Santa Cruz Biotechnology (Santa Cruz). Mono- 
clonal antibodies specific for Snail and E-ca- 
dherin were purchased from Cell Signaling 
Technology. Polyclonal rabbit anti-β-actin anti-
body and Ponceau S solution were purchased 
from Sigma-Aldrich.

Determination of MMP-1 secretion

Aliquots of conditioned culture medium from 
equal numbers of cells were used to determine 

the relative amounts of secreted MMP-1. Equal 
volumes of conditioned culture medium were 
mixed with 80% ice-cold acetone and incubat-
ed at -20°C for 2 h. After precipitation by cen-
trifugation and washing with 80% acetone, the 
protein pellets were resuspended in SDS-PAGE 
sample buffer and subjected to Western blot 
analysis. Ponceau S staining was used to con-
firm equal loading.

Real-time PCR analysis

Total RNA was isolated from cells using TRIzol 
reagent (Invitrogen) and reverse transcribed 
into cDNA using the TOPscript RT DryMIX kit 
(Enzynomics). Equal amounts of cDNA were 
diluted and amplified in a 10 μl reaction volume 
containing 1 × SYBR PCR master mix (QIAGEN) 
and 10 μM primers. Real-time PCR was per-
formed in a Rotor Gene RG-3000 (Corbett life 
Science). The PCR amplification conditions we- 
re as follows: initial denaturation for 5 min at 
95°C, followed by 40 cycles of 10 s at 95°C, 10 
s at 58.2°C, and 10 s at 72°C. The primers 
used were as follows: Snail forward, 5’-CCC- 
AATCGGAAGCCTAACTA-3’; Snail reverse, 5’-GCT- 
GGAAGGTAAACTCTGGA-3’; GAPDH forward, 5’- 
CATGGCCTTCCGTGTTCCTA3’; and GAPDH re- 
verse, 5’-CCTGCTTCACCACCTTCTTGAT-3’. The 

Figure 1. Ligand-activated PPARδ promotes the migration and invasion of A375SM, but not A375P, cells. (A and B) 
Cells treated with vehicle (DMSO) or 100 nM GW501516 were incubated for 72 h and then subjected to migration 
(A: upper panel) or invasion (A: lower panel) assays and quantitated (B). (C and D) A375SM cells transfected with 
or without siRNA for 24 h were treated with vehicle (DMSO) or 100 nM GW501516. After incubation for 72 h, cells 
were subjected to migration (C: upper panel) or invasion (C: lower panel) assays and quantitated (D). Representative 
images from four independent experiments are shown. The results are expressed as the mean ± SE (n = 4). Scale 
bars: 400 µm. **p < 0.01 versus the vehicle-treated group; ##P < 0.01 versus the GW501516-treated group.
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levels of Snail mRNA in each sample were nor-
malized to that of GAPDH in the same sample; 
the fold change in target gene cDNA relative to 
that of the GAPDH control was determined as 
described previously [32].

Northern blot analysis

Aliquots (5 µg) of total RNA were heat-dena-
tured at 65°C for 15 min in gel-running buffer 
(40 mM MOPS, 10 mM sodium acetate, 1 mM 
EDTA, pH 7.0) containing 50% formamide and 
then subjected to electrophoresis on a 1% aga-
rose gel containing 2.2 M formaldehyde. Size-
fractionated RNA was transferred overnight 
onto a Hybond-N+ nylon membrane (GE Hea- 
lthcare) by capillary action and then hybridized 
with a 32P-labeled Snail cDNA probe at 68°C in 
QuikHyb solution (Stratagene). The membrane 
was then washed and the radioactivity on the 

noma cell lines, A375P and A375SM, which 
have different phenotypic potential in term of 
metastasis. When cells were treated with 
GW501516 for 72 h, we observed a significant 
increase in the migration and invasion of 
A375SM cells, but not A375P cells (Figure 1A, 
1B). 

To verify the role of PPARδ in the migration and 
invasion of A375SM cells, we next examined 
the effects of GW501516 in cells treated with a 
(si)RNA against PPARδ. The level of PPARδ in 
A375SM cells was markedly reduced upon 
transfection with PPARδ siRNA, whereas con-
trol siRNA (comprising a pool of nonspecific 
sequences) had no effect (Supplementary 
Figure 1). As expected, PPARδ siRNA, but not 
control siRNA, significantly suppressed the 
GW501516-mediated induction of A375SM 
cell migration and invasion (Figure 1C, 1D). 

Figure 2. Ligand-activated PPARδ regulates expression of EMT-related 
genes in melanoma cells. (A-D) Cells treated with vehicle (DMSO) or 100 
nM GW501516 were incubated for 38 h. Conditioned media or whole cell 
lysates were then subjected to Western blot analysis with the indicated an-
tibodies. Ponceau S or β-actin was used as an internal control. Represen-
tative images from three independent experiments are shown (A and C). 
The intensity of each band was quantified using image analysis, and fold 
changes were plotted (B and D). The results are expressed as the mean ± 
SE (n = 3). **p < 0.01 versus the vehicle-treated group.

membrane was detected us- 
ing a BAS-2500 Bioimaging 
Analyzer (Fujifilm). The blots 
were stripped and re-probed 
with a 32P-labeled GAPDH cD- 
NA probe. The cDNA probes 
were generated by PCR using 
primers specific for nucleo-
tides 81-455 and 280-563 of 
human Snail and human GAP- 
DH, respectively.

Statistical analysis

Data are expressed as the 
mean ± SE. Statistical signifi-
cance was determined by Stu- 
dent’s t-test. A value of P < 
0.05 was considered statisti-
cally significant.

Results

Activation of PPARδ promotes 
the migration and invasion of 
A375SM cells

Because the migration and in- 
vasion of tumor cells are im- 
portant events in cancer me- 
tastasis [33], we examined 
whether ligand-activated PPA 
Rδ affects the migration and 
invasion of two human mela-
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Activation of PPARδ regulates the expression 
of EMT-related genes

To investigate the molecular mechanism under-
lying the PPARδ-mediated induction of A375SM 
cell migration and invasion, we examined the 
expression of various EMT-related genes. As 
shown in Figure 2, GW501516 significantly 
increased the expression of fibronectin and 
type I collagen in both A375SM and A375P 
cells. However, Snail expression increased only 
in A375SM cells, with a concomitant reduction 
in the expression of E-cadherin. These results 
suggest that the differential expression of EMT-
related genes induced by GW501516 was 
attributable to distinct roles played by PPARδ in 
the regulation of migration and invasion in dif-
ferent melanoma cell lines. 

Activation of PPARδ induces expression of 
Snail mRNA and protein in A375SM cells

To examine the different roles of PPARδ in 
A375P and A375SM cells, we examined the 
basal level of PPARδ expression in both cell 
lines. As shown in Figure 3A, A375P and 
A375SM cells expressed similar levels of 
endogenous PPARδ. While GW501516 did not 

To further confirm that PPARδ regulates the 
migration and invasion of melanoma cells, we 
examined Snail expression and the metastatic 
properties of three other human melanoma cell 
lines: SK-MEL-2, SK-MEL-3, and SK-MEL-5. 
Exposure to GW501516 increased the levels of 
Snail mRNA and protein in SK-MEL-2 and 
SK-MEL-5 cells, but not in SK-MEL-3 cells 
(Figure 4). Consistent with these results, 
GW501516 induced the migration and invasion 
of SK-MEL-2 and SK-MEL-5 cells, but not that of 
SK-MEL-3 cells (Figure 5), suggesting that inva-
siveness is regulated by the level of Snail 
expression, which in turn is regulated by ligand-
activated PPARδ.

Discussion

Studies of the role(s) of the nuclear receptor 
PPARδ in carcinogenesis have yielded conflict-
ing results [17, 18, 25]. While many factors 
associated with PPARδ activation are involved 
in cancer progression, little is known about the 
actual effector molecules that transmit the 
downstream signals. Here, we demonstrate 
that activation of PPARδ by a specific ligand, 
GW501516, promotes the migration and inva-
sion of a highly metastatic human melanoma 

Figure 3. Ligand-activated PPARδ upregulates the expression of Snail in 
A375SM, but not A375P, cells. (A) Aliquots of proteins from whole cell lysates 
were subjected to Western blot analysis. (B-D) A375P (B) and A375SM (C 
and D) cells were treated with 100 nM GW501516 for the indicated times 
or incubated for 38 h with different concentrations of GW501516. Northern 
and Western blot analyses were performed using cDNA probes (B: upper 
panel, and C, D) and an anti-Snail antibody (B: lower panel), respectively. 
An image analyzer was used to quantify the band intensity, and changes 
in the ratio of PPARδ or Snail to GAPDH or β-actin are plotted. Representa-
tive images from three independent experiments are shown. The results are 
expressed as the mean ± SE (n = 3). **p < 0.01 and *p < 0.05 versus the 
vehicle-treated group.

affect Snail expression in 
A375P cells (Figure 3B), it 
induced a significant time- 
and dose-dependent increase 
in the levels of Snail mRNA 
and protein in A375SM cells 
(Figure 3C, 3D, Supplementary 
Figure 2). To further character-
ize the role of PPARδ in the 
GW501516-mediated upregu-
lation of Snail, we transfected 
A375SM cells with a siRNA 
against PPARδ. The siRNA-
mediated down-regulation of 
PPARδ reversed the expres-
sion of Snail induced by the 
PPARδ agonist (Supplemen- 
tary Figure 3). These data indi-
cate that Snail expression in 
A375SM cells is regulated in a 
PPARδ-dependent manner.

Activation of PPARδ regulates 
the phenotype of human 
melanoma cells
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cell line, A375SM, but not that of the low meta-
static line, A375P. The differential role of PPARδ 
in the invasiveness of A375P and A375SM cells 
correlated with the expression of Snail and 
E-cadherin, both of which are critical for EMT. 
The effects of PPARδ activation on the expres-
sion of Snail mRNA and protein in A375SM cells 
(but not A375P cells) were both time- and dose-
dependent. siRNA-mediated inhibition of PPARδ 

and is associated with a poor prognosis [35]. 
By contrast, a different study showed that 
PPARδ activation by a specific agonist negative-
ly regulated the invasion and metastasis of 
human pancreatic cancer cells by down-regu-
lating genes associated with invasion and 
metastasis [36]. The expression levels of 
PPARδ also correlate with tumor suppression in 
colorectal carcinogenesis [26]. Although the 

Figure 4. Ligand-activated PPARδ differentially regulates the expression of Snail mRNA and protein in melanoma 
cell lines. (A and B) Human melanoma cell lines (SK-MEL-2, SK-MEL-3, and SK-MEL-5) were treated with vehicle 
(DMSO) or 100 nM GW501516 for 38 h, and Snail expression was analyzed by real-time PCR (A) and Western blot-
ting (B). The fold changes in Snail expression relative to those of GAPDH or β-actin were determined and plotted. The 
results are expressed as the mean ± SE (n = 3). **p < 0.01 versus the vehicle-treated group.

Figure 5. Ligand-activated PPARδ differentially regulates the migration and 
invasion of melanoma cell lines. (A and B) Human melanoma cell lines (SK-
MEL-2, SK-MEL-3, and SK-MEL-5) were treated with vehicle (DMSO) or 100 
nM GW501516 for 72 h. The cells were then subjected to migration (A: up-
per panel) or invasion (A: lower panel) and quantitated (B). Representative 
images from four independent experiments are shown. The results are ex-
pressed as the means ± SE (n = 4). Scale bars: 400 µm. **p < 0.01 versus 
the vehicle-treated group.

expression antagonized the 
GW501516-mediated upregu-
lation of Snail mRNA. Consi- 
stent with this, PPARδ activa-
tion differentially regulated Sn- 
ail expression in SK-MEL-2, 
SK-MEL-3, and SK-MEL-5 mel-
anoma cells, which correlated 
with the different levels of 
invasiveness shown by these 
lines.

Ligand-activated PPARδ led to 
a significant increase in the 
migration and invasion of high- 
ly metastatic A375SM human 
melanoma cells. The present 
findings are in line with those 
of a previous study showing 
that PPARδ activation by a 
specific ligand promotes the 
metastasis of gastric tumors 
in vivo [34]. In addition, the ex- 
pression of both PPARδ and 
cyclooxygenase-2 in tissues 
may lead to liver metastasis in 
colorectal cancer patients, 
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role of PPARδ in carcinogenesis is highly contro-
versial, the present data clearly indicate that 
PPARδ activation promotes the migration and 
invasion of human metastatic A375SM mela-
noma cells. Since the expression of PPARδ has 
been detected in several primary cancer tis-
sues and cell lines [19, 21, 26, 35-37], it may 
be possible to control cancer progression by 
either activating or inhibiting PPARδ. Accor- 
dingly, the present findings provide new insights 
into the primary role of PPARδ as a promising 
new therapeutic target. 

PPARδ-mediated induction of Snail expression 
in A375SM cells is a key event that promotes 
cell migration and invasion. Snail, a transcrip-
tional repressor of E-cadherin and an inducer of 
EMT [9], modulates additional cellular process-
es, including cell proliferation, cell survival, and 
angiogenesis [38]. Previous reports indicate 
that the transcriptional regulation of Snail may 
be complex and involve hypoxia and transform-
ing growth factor β-associated signaling net-
works in the tumor microenvironment [39, 40]. 
However, the mechanism underlying the tran-
scriptional regulation of Snail in cancer has not 
been fully elucidated. The results presented 
herein demonstrate that activating PPARδ with 
a specific agonist leads to a marked upregula-
tion of Snail mRNA and protein expression in 
highly metastatic A375SM cells but not in low 
metastatic A375P cells. This finding is in line 
with the metastatic properties of these mela-
noma cells, in which the levels of Snail expres-
sion were differentially regulated by GW501516. 
In this context, the blockade of the PPARδ sig-
naling cascades may serve as a target for pre-
venting cancer metastasis.

The present findings show that PPARδ activa-
tion in melanoma cells regulates EMT by induc-
ing Snail expression, thereby modulating their 
invasiveness. When viewed in this context, 
blocking PPARδ activity in highly metastatic 
melanoma cells may attenuate their invasive-
ness. Accordingly, the current data support the 
hypothesis that PPARδ is a key target for thera-
peutic intervention in the metastasis of mela-
noma cells.
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Supplementary Figure 1. Effects of small interfering 
(si)RNA on PPARδ expression. A375SM cells were 
transfected with 80 nM PPARδ or control siRNA for 
24 h. Cells were then washed with ice-cold PBS and 
lysed in PRO-PREP Protein Extraction Solution. Ali-
quots of cell lysates were analyzed by Western blot-
ting with anti-PPARδ or anti-β-actin antibodies. The 
level of PPARδ was markedly reduced upon transfec-
tion with the corresponding siRNAs, whereas control 
siRNA (consisting of a pool of nonspecific sequenc-
es) had no effect.

Supplementary Figure 2. Effects of GW501516 on 
the expression of Snail protein. A375SM cells were 
incubated for 38 h with different concentrations of 
GW501516 (A) or exposed to 100 nM GW501516 for 
the indicated times (B). Cells were then washed with 
ice-cold PBS and lysed in PRO-PREP Protein Extrac-
tion Solution. Aliquots of cell lysates were analyzed 
by Western blotting with anti-PPARδ or anti-β-actin 
antibodies. GW501516 induced the expression of 
Snail protein in a concentration- and time-dependent 
manner. 

Supplementary Figure 3. Effects of PPARδ siRNA 
on Snail expression. A375SM cells were transfected 
with 80 nM PPARδ siRNA or 80 nM control siRNA. 
After incubation for 24 h, the cells were incubated 
for a further 38 h in the presence or absence of 
GW501516. Total RNA was extracted and fraction-
ated by 1% agarose gel electrophoresis. Fraction-
ated RNA was transferred onto a Hybond-N+ nylon 
membrane and hybridized with Snail or GAPDH cDNA 
probes. The levels of Snail were markedly reduced 
upon transfection with PPARδ siRNA, whereas con-
trol siRNA had no effect.


