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Peroxisome proliferator-activated receptor (PPAR)b/d-null mice
exhibit enhanced tumorigenesis in a two-stage chemical carcino-
genesis model as compared with wild-type mice. Previous work
showed that ligand activation of PPARb/d induces terminal dif-
ferentiation and inhibits proliferation of primary keratinocytes,
and this effect does not occur in the absence of PPARb/d expres-
sion. In the present studies, the effect of ligand activation of
PPARb/d on skin tumorigenesis was examined using both in vivo
and ex vivo skin carcinogenesis models. Inhibition of chemically
induced skin tumorigenesis was observed in wild-type mice ad-
ministered GW0742, and this effect was likely the result of ligand-
induced terminal differentiation and inhibition of replicative
DNA synthesis. These effects were not found in similarly treated
PPARb/d-null mice. Ligand activation of PPARb/d also inhibited
cell proliferation and induced terminal differentiation in initiated/
neoplastic keratinocyte cell lines representing different stages of
skin carcinogenesis. These studies suggest that topical administra-
tion of PPARb/d ligands may be useful as both a chemopreventive
and/or a chemotherapeutic approach to inhibit skin cancer.

Introduction

Peroxisome proliferator-activated receptors (PPARs) are ligand-
activated transcription factors and part of the nuclear hormone
receptor superfamily. PPARs regulate expression of genes involved
in a myriad of biological functions, including cell proliferation,
immune responses, differentiation, fatty acid metabolism and ener-
gy homeostasis (1–6). PPARs modulate gene expression by under-
going conformational change after ligand binding allowing release
of corepressors, recruitment of coactivators and subsequent hetero-
dimerization with the retinoid X receptor-a. The ligand-bound
PPAR–retinoid X receptor-a heterodimer complex binds specific
peroxisome proliferator response elements in target genes and in-
creases their expression (1–6). The PPAR subfamily consists of three
distinct members, PPARa, PPARb/d and PPARc. The biological
roles of PPARa and PPARc have been extensively characterized,
whereas the physiological function of PPARb/d remains less clear.

PPARb/d is the most ubiquitously expressed PPAR isotype (7,8) with
particularly high expression in the intestine, liver and keratinocytes (9).
PPARb/d is activated by fatty acids (10), tetradecylthioacetic acid
(TTA) (11), GW501516 (12), GW0742 (12) and L-165041 (13).

PPARb/d agonists are being evaluated as therapeutic agents as there
is strong evidence that ligand activation of this receptor can modulate
lipid and glucose homeostasis, making this PPAR an excellent target for
treating diseases including diabetes, dyslipidemias, metabolic syn-
drome and obesity. For example, the PPARb/d agonist GW501516
markedly increases serum high-density lipoproteins levels, whereas
lowering serum triglyceride levels in obese animals (14,15). Ligand
activation of PPARb/d also increases fatty acid oxidation in skeletal
muscle by upregulation of fatty acid metabolizing enzymes (16–19).
In addition to modulating lipid homeostasis, ligand activation of
PPARb/d can improve insulin sensitivity through a mechanism that
requires PPARb/d (20–22). Recent evidence also suggests that
PPARb/d may be constitutively active since it can be coimmunopre-
cipitated with its obligatory heterodimerization partner in nuclear
extracts (9). It is also worth noting that there is evidence that
PPARb/d has anti-inflammatory activities in a number of different
models systems (reviewed in ref. 23; supplementary Table I is avail-
able at Carcinogenesis Online). Thus, there is good reason for target-
ing PPARb/d to prevent/treat metabolic diseases.

Despite the high value of targeting PPARb/d for treatment of
various metabolic disorders, there remains a concern about the role
of PPARb/d in carcinogenesis due to considerable controversy (re-
viewed in refs 2,24). Despite some reports indicating that ligand
activation of PPARb/d potentiates tumorigenesis (reviewed in refs
2,24), there is a large body of evidence that do not support this view
including the observations made by a number of independent labo-
ratories that PPARb/d mediates terminal differentiation and/or in-
hibition of cell proliferation (reviewed in refs 2,24; supplementary
Table II is available at Carcinogenesis Online) and that PPARb/d
has anti-inflammatory activities (reviewed in ref. 23; supplementary
Table I is available at Carcinogenesis Online). Definitive evidence
that PPARb/d ligands fail to increase cell growth or inhibit apoptotic
signaling was also recently reported in seven different human cancer
cell lines (25,26). Collectively, these and many other related obser-
vations (reviewed in refs 2,24) suggest that ligand activation of
PPARb/d attenuates tumorigenesis, although this hypothesis must
be examined critically.

The first evidence suggesting that PPARb/d inhibits skin tumori-
genesis was the observation that mice lacking PPARb/d expression
exhibited enhanced epidermal hyperplasia in response to the tumor
promoter 12-O-tetradecanoylphorbol-13-acetate (TPA) (27,28). It is
worth noting that these observations were made in two distinct null
mouse models generated by different laboratories and gene targeting
strategies. Consistent with these observations, mice lacking PPARb/d
expression exhibit enhanced skin tumorigenesis in the two-stage
[7,12-dimethylbenz[a]anthracene (DMBA)/TPA] chemical carcino-
genesis bioassay (29). An earlier onset of tumor formation, increased
tumor incidence and increased tumor size is found in PPARb/d-null
mice as compared with wild-type mice (29). PPARb/d-null mice also
exhibit enhanced epidermal hyperplasia and cell proliferation and
reduced caspase 3 activity and apoptosis in response to topical
treatment with TPA (29). These findings demonstrate that PPARb/d
protects against chemically induced skin tumorigenesis, through
mechanisms that include attenuation of cell proliferation and/or mod-
ulation of apoptosis. These findings also suggest that ligand activation
of PPARb/d could inhibit chemically induced skin tumorigenesis.
Indeed, reports from four independent laboratories show that ligand
activation of PPARb/d results in the induction of terminal differenti-
ation of keratinocytes and/or inhibition of cell proliferation (11,30–
32) and that this effect is mediated by PPARb/d (30). Thus, the present
studies examined the hypothesis that ligand activation of PPARb/d
inhibits skin tumorigenesis through the induction of terminal differ-
entiation using both in vivo and ex vivo model systems.

Abbreviations: BrdU, bromodeoxyuridine; DMBA, 7,12-dimethylbenz[a]-
anthracene; mRNA, messenger RNA; PPAR, peroxisome proliferator-activated
receptor; qPCR, quantitative real-time PCR; TPA, 12-O-tetradecanoylphorbol-
13-acetate; TTA, tetradecylthioacetic acid; UV, ultraviolet.
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Materials and methods

Two-stage chemical carcinogenesis bioassay

Female, wild-type and PPARb/d-null mice in the resting phase of the hair cycle
(6–8 weeks of age) were initiated with 50 lg of DMBA dissolved in 200 ll
acetone. One week after initiation, wild-type and PPARb/d-null mice were
treated 3 days/week for 48 weeks with topical application of 5 lg of TPA
followed an hour later with either acetone or GW0742 (200 ll of either
a 1 or 5 lM stock solution). These concentrations of ligand were chosen based
on previous work showing PPARb/d-dependent induction of terminal differ-
entiation in mouse skin within this concentration range (30). The onset of
tumor formation, tumor size and tumor number was assessed weekly. After
48 weeks of TPA and vehicle/ligand treatment, mice were euthanized by over-
exposure to carbon dioxide. Skin and tumor samples from each mouse were
fixed in 10% neutral-buffered formalin or 70% ethanol and then paraffin em-
bedded, sectioned and stained with hematoxylin and eosin. A pathologist
examined hematoxylin and eosin-stained sections of suspected carcinomas.

Short-term analysis of epidermal cell proliferation and terminal differentiation

Wild-type or PPARb/d-null mice were treated topically with vehicle control
(acetone) or TPA (5 lg per mouse) followed an hour later with either vehicle
control (acetone) or GW0742 (200 ll of 5 lM solution). Skin samples were
collected either 6 or 24 h after this last treatment.

Replicative DNA synthesis was examined in mice 25 h post-TPA treatment
as described above. Mice were injected intraperitoneally with bromodeoxyuri-
dine (BrdU) (100 mg/kg) at the time TPA was applied and 8 h post-TPA
application. Skin samples were obtained and fixed in 10% neutral-buffered
formalin. Representative skin samples were embedded in paraffin and sec-
tioned (4–6 lm) and prepared for immunohistochemical analysis of BrdU
incorporation. Detection of BrdU-labeled keratinocytes was performed using
an immunohistochemical kit (Exalpha Biologicals, Watertown, MA) following
the manufacturer’s recommended procedures. BrdU-labeled keratinocytes
were quantified using light microscopy by counting the number of BrdU-
labeled and unlabeled keratinocytes in a given 40� frame. Representative slides
from each treatment group were examined with a minimum of two different 40�
frame per slide being scored for labeling analysis for each mouse skin sample.

Keratins messenger RNA (mRNA) and protein expression were examined
using quantitative real-time PCR (qPCR) analysis and immunohistochemistry,
respectively. Total RNA was also isolated from skin samples using TRIZOL
reagent (Invitrogen, Carlsbad, CA). For qPCR analysis, complementary DNA
was generated using 2.5 lg total RNA with M-MLV Reverse Transcriptase
(Promega, Madison, WI). Primers were designed for qPCR using Primer-
Questsm software (Integrated DNA Technologies, Coralville, IA). qPCRs were
performed using SYBR green PCR master mix (Finnzymes, Espoo, Finland) in
the iCycler and detected using the MyiQTM Real-time PCR Detection System
(Bio-Rad, Hercules, CA). The following conditions were used for polymerase
chain reaction: 95�C for 15 s, 94�C for 10 s, 60�C for 30 s and 72�C for 30 s and
repeated for 45 cycles. The polymerase chain reaction included a no template
control reaction to control for contamination and/or genomic amplification. All
reactions had .90% efficiency. Five representative samples from independently
treated micewere used for each group and time point. Relative expression levels of
mRNA were normalized to glyceraldehyde 3-phosphate dehydrogenase and ana-
lyzed for statistical significance using one-way analysis of variance (Prism 4.0).

For immunohistochemistry, antigens were retrieved using the citrate buffer
epitope retrieval method and keratin proteins were detected using mouse ker-
atin polyclonal antibodies (Covance, Berkeley, CA) and a peroxidase detection
system (Vector Laboratories, Burlingame, CA). Five representative samples
from independently treated mice were examined for each treatment group at
each time point.

Keratinocyte ex vivo cancer models

To examine the hypothesis that ligand activation of PPARb/d can cause initi-
ated or neoplastic keratinocytes to differentiate and inhibit cell proliferation,
several keratinocyte cell lines were used: (i) the 308 keratinocyte cell line
derived from DMBA-treated mouse skin (33,34); (ii) the SP1 keratinocyte cell
line derived from a DMBA/TPA-treated mouse skin papilloma (33,34) and (iii)
the Pam212 keratinocyte cell line derived from spontaneously transformed
neonatal keratinocytes (35). Expression of PPARb/d mRNA in these cell lines
was examined using qPCR analysis as described above. Analysis of neoplastic
keratinocyte proliferation was performed using a colony formation assay and
cell counting.

For the colony formation assay, 308 keratinocytes were seeded at low den-
sity (100 cells per well in a six-well plate) and treated with PPARb/d ligands
under high calcium (1.4 mM) conditions in the presence or absence of 32 nM
TPA for 2 weeks. This assay is based on the observations that initiated kera-
tinocytes will form foci when exposed to tumor promoters (e.g. TPA) in the
presence of differentiation-inducing conditions (e.g. high calcium) due to their

relative inability to undergo terminal differentiation (36,37). Foci number and
size were quantified using the binary color counting procedure from NIH
image J software (version 1.37).

To determine the effect of ligand activation of PPARb/d on cell proliferation,
308-, SP1- and Pam212-initiated/neoplastic keratinocytes were cultured and
treated with PPAR ligands. Cell number was quantified over time in triplicate,
independent samples using a Z1 Coulter� particle counter (Beckman-Coulter,
Fullerton, CA).

Analysis of neoplastic keratinocyte differentiation was performed by ex-
amining differentiation mRNA marker expression and cornified envelope
formation. For analysis of differentiation marker mRNA, 24 h after treatment
with PPAR ligands under high calcium (1.4 mM) conditions, total RNA was
isolated from 308 keratinocytes using TRIZOL reagent (Invitrogen) and the
manufacturer’s recommended procedures. Ten micrograms of total RNA was
analyzed using northern blot analysis. The following previously described
complementary DNAs were used for random primed 32P-labeled probes:
ADRP, SPR1A and SPR2H (30). qPCR analysis was performed using RNA
from ligand-treated 308 cells as described above. To quantify cornified enve-
lope formation, 308 or Pam212 keratinocytes were seeded at �90% confluency
in six-well plates and treated with either GW0742 or L-165041 in low calcium
(0.05 mM) or a terminal differentiation-inducing condition (1.4 mM calcium).
After this treatment period, cells were collected and treated with lysis solution
containing 2% sodium dodecyl sulfate and 2% b-mercaptoethanol for 5 min.
Undissolved cornified envelopes observed under a hemocytometer were quan-
tified as described previously (38).

Analysis of neoplastic keratinocyte apoptosis was performed by examining
caspase 3/7 activity. Neoplastic keratinocytes at �50% confluency were treated
with or without 1 lM GW0742 for 12 h. Following initial 12 h treatment,
keratinocytes were treated with or without ultraviolet (UV) light (20 000 lJ/
cm2) and maintained under prior treatment condition. Caspase 3/7 activity was
measured 12 h postirradiation using the caspase 3/7 Glo reagent (Promega)
following the manufacturer’s recommended procedures.

Results

Ligand activation of PPARb/d inhibits chemically induced skin
tumorigenesis

To determine if ligand activation of PPARb/d inhibits skin car-
cinogenesis, a two-stage bioassay was performed using wild-type
and PPARb/d-null mice treated topically with the highly specific
PPARb/d ligand GW0742 at concentrations previously shown to spe-
cifically activate PPARb/d (30). Consistent with past studies (29), the
onset of papilloma formation was earlier after initiation in the absence
of PPARb/d expression (Figure 1A and D). Topical administration of
GW0742 did not influence the onset of papilloma formation in either
genotype at a concentration of 1 lM (Figure 1A) but significantly
(P � 0.05) delayed papilloma formation by 5 weeks in the wild-type
mice at a concentration of 5 lM (Figure 1D). This effect was not
found in similarly treated PPARb/d-null mice (Figure 1D). The aver-
age number of wild-type mice with tumors was significantly less in
response to topical application of 1 lM GW0742 from weeks 13
through 29 (P � 0.05), and this was not found in similarly treated
PPARb/d-null mice (Figure 1A). This PPARb/d-dependent effect was
not observed in response to 5 lM GW0742 (Figure 1D). There was no
significant effect observed with tumor multiplicity following topical
application of 1 lM GW0742 in either genotype (Figure 1B). How-
ever, tumor multiplicity was decreased in wild-type mice by topical
application of 5 lM GW0742 (Figure 1E) during early (weeks 12–23)
and later stages (weeks 36–48) of the bioassay (P � 0.05). This effect
was not found in similarly treated PPARb/d-null mice up to week 42,
but after week 42, tumor multiplicity was lower in PPARb/d-null mice
treated topically with 5 lM GW0742 (Figure 1E). The average tumor
size was not affected by ligand treatment in either genotype (Figure
1C and F), but the average size of skin tumors was greater in PPARb/
d-null mice as compared with wild-type mice during the later stages
of the bioassay (P � 0.05). Lesions suspected of being squamous cell
carcinomas were examined for histopathology. The majority of le-
sions suspected of being squamous cell carcinomas were later classi-
fied as keratocanthomas (Figure 2). The incidence of keratocanthomas
was significantly greater in PPARb/d-null mice as compared with
wild-type mice (Figure 2A and B). Topical administration of
GW0742 decreased the incidence of keratocanthoma in wild-type
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mice at both 1 and 5 lM GW0742 with greater inhibition being
observed with 5 lM GW0742. This effect was not found in similarly
treated PPARb/d-null mice (Figure 2A and B). Squamous cell carci-
nomas were only observed in PPARb/d-null mice but not in wild-type
mice (Figure 2A and B).

PPARb/d-dependent inhibition of replicative DNA synthesis and
modulation of differentiation signaling

To determine if ligand activation of PPARb/d can modulate epidermal
cell proliferation and differentiation, mice were treated topically with
the PPARb/d ligand, GW0742, after a single application of TPA.
Topical administration of 5 lM GW0742 significantly decreased the
number of BrdU-labeled keratinocytes in TPA-treated wild-type mice
and this effect was not observed in similarly treated PPARb/d-null
mice (Figure 2C). PPARb/d-null mice treated with TPA had a higher
BrdU-labeling index as compared with similarly treated wild-type
mice (Figure 2C). To examine the effect of ligand activation of
PPARb/d on differentiation signaling, expression of early and late
markers of keratinocyte terminal differentiation was examined,
at both the mRNA and protein level. Expression of mRNA en-
coding keratin 1 was significantly reduced by topical administration
of TPA and coadministration of TPA and GW0742 in both geno-
types, 6 h post-application (supplementary Figure 1A is available at
Carcinogenesis Online). No changes in the expression of keratin 1
mRNAwere observed with any treatment in either genotype 24 h post-
application (supplementary Figure 1A is available at Carcinogenesis
Online). Changes in the expression of mRNA encoding keratin 10
were similar between both genotypes at both time points (supplemen-
tary Figure 1B is available at Carcinogenesis Online). Decreased
expression of keratin 10 mRNA was observed following TPA and
coadministration of TPA and GW0742, and no change was found after

GW0742 treatment in both genotypes (supplementary Figure 1B is
available at Carcinogenesis Online). While expression of mRNA en-
coding keratin 5 was modestly lower in response to both TPA appli-
cation and coadministration of TPA and GW0742 after 6 h, this effect
was not statistically significant (supplementary Figure 1C is available
at Carcinogenesis Online). No change in the expression of mRNA
encoding keratin 5 was found with any treatment in wild-type mice
after 24 h, but was higher in PPARb/d-null mouse skin after topical
application of either TPA or coadministration of GW742 with TPA
(supplementary Figure 1C is available at Carcinogenesis Online).
Expression of mRNA encoding keratin 14 was not changed by
GW0742, TPA or coadministration of TPA and GW0742 in wild-type
mouse skin after 6 h, but was higher in PPARb/d-null mouse skin after
TPA or TPA and GW0742 cotreatment at this time point (supplemen-
tary Figure 1D is available at Carcinogenesis Online). By 24 h post-
application of either TPA or TPA and GW0742, increased expression
of keratin 14 was similar between genotypes (supplementary Figure
1D is available at Carcinogenesis Online). Expression of mRNA en-
coding involucrin was similar between genotypes after 6 h and was
not markedly changed by any treatment (supplementary Figure 1E is
available at Carcinogenesis Online). However, coadministration of
TPA with GW0742 resulted in a PPARb/d-dependent increase in in-
volucrin, as this effect was not found in similarly treated PPARb/d-
null mice (supplementary Figure 1E is available at Carcinogenesis
Online).

In addition to examining expression of mRNA markers of kerati-
nocyte differentiation, immunohistochemical analysis of these pro-
teins was also performed. Topical application of TPA caused a
reduction in keratin 1 protein, in particular after 24 h in the wild-type
mice (supplementary Figure 2A is available at Carcinogenesis On-
line). Expression of keratin 1 was higher in wild-type mouse skin

Fig. 1. Ligand activation of PPARb/d inhibits chemically induced skin tumorigenesis. Two-stage chemical carcinogen testing was performed in wild-type (þ/þ)
or PPARb/d-null (�/�) mice as described in Materials and Methods. Mice were treated with or without the PPARb/d ligand GW0742 (1 or 5 lM) during
tumor promotion. The incidence and onset of lesion (lesions include papillomas, keratocanthomas and carcinomas) formation in mice treated with and
without 1.0 lM GW0742 (A) or 5.0 lM GW0742 (D). Skin lesion multiplicity in mice treated with and without 1.0 lM GW0742 (B) or 5.0 lM GW0742
(E). Average skin lesion size in mice treated with and without 1.0 lM GW0742 (C) or 5.0 lM GW0742 (F).
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following coadministration of GW0742 and TPA after 24 h, and
this effect was not observed in PPARb/d-null mice (supplementary
Figure 2A is available at Carcinogenesis Online). Expression of ker-
atin 1 was higher in wild-type mice in all treatment groups at both the
6 and 24 h time points as compared with similarly treated PPARb/d-
null mice (supplementary Figure 2A is available at Carcinogenesis
Online). Expression of keratin 10 was higher in wild-type mice as
compared with PPARb/d-null mice for all treatment groups at both the
6 and 24 h time points and topical application of GW0742 had no
effect in either genotype (supplementary Figure 2B is available at
Carcinogenesis Online). Immunohistochemical analysis of keratin
5 showed higher staining in PPARb/d-null mice as compared with
wild-type mice for all treatment groups at the 6 h time point (supple-
mentary Figure 2C is available at Carcinogenesis Online). Relative
expression of keratin 5 was higher 24 h post-TPA as compared with
6 h post-TPA, although expression was similar for all treatment
groups in both genotypes (supplementary Figure 2C is available at

Carcinogenesis Online). Six hours post-TPA application, no differ-
ence in immunoreactive keratin 14 was observed between treatments
or genotype (supplementary Figure 2C is available at Carcinogenesis
Online). However, expression of keratin 14 was markedly higher
in PPARb/d-null mice 24 h post-TPA as compared with similarly
treated wild-type mice (supplementary Figure 2C is available at
Carcinogenesis Online).

Ligand activation of PPARb/d inhibits mouse papilloma and
carcinoma cell line growth

The observed inhibition of replicative DNA synthesis and chemopre-
ventive effects in the chemically induced skin carcinogenesis suggests
that ligand activation of PPARb/d could inhibit proliferation of cells
in varying stages of skin carcinogenesis (e.g. initiated cells, benign
papillomas and pre- and postmalignant carcinomas). Thus, the effect
of ligand activation in three mouse keratinocyte tumor cell lines was
examined. The 308 keratinocyte cell line has a ras mutation and was

Fig. 2. Ligand activation of PPARb/d inhibits tumor progression and TPA-induced replicative DNA synthesis. Suspected carcinomas were examined
microscopically and classified as either keratocanthomas or carcinomas by a pathologist. (A) Incidence of keratocanthomas and carcinomas in mice treated with
and without 1 lM GW0742 (left panel) or 5 lM GW0742 (right panel). Values represent the percentage of mice with keratocanthomas or carcinomas. (B) Tumor
multiplicity in mice treated with and without 1 lM GW0742 (left panel) or 5 lM GW0742 (right panel). Values represent the average number of lesions per mouse
with the lesion ± SEM. (C) Wild-type (þ/þ) and PPARb/d-null (�/�) mice injected with BrdU were topically treated with acetone or TPA (5 lg per mouse)
followed by topical application of 5 lM GW0742. BrdU-labeling index was determined as described in Materials and Methods. Values represent the mean ± SEM.
Values with different letters are significantly different as determined by analysis of variance and post hoc testing, P � 0.05.
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derived from mouse skin following initiation with DMBA (33,34).
308 cells can form papillomas with and without tumor promotion
when grafted onto mouse skin in vivo (33,34). The SP1 keratinocyte
cell line is a papilloma-like cell line derived from DMBA/TPA-treated
animals with a ras mutation and produces papillomas in vivo when
grafted onto mouse skin (33,34). The Pam212 keratinocyte cell line is
a carcinoma-like cell line derived from spontaneous transformation
of neonatal keratinocytes in culture condition and produces squa-
mous cell carcinoma in vivo when grafted onto mouse skin (35). All
three of these keratinocyte cancer lines are resistant to calcium-
induced terminal differentiation (39). PPARb/d is expressed in the
three keratinocyte cancer lines, but is noticeably lower as compared
with control keratinocytes (supplementary Figure 3 is available at
Carcinogenesis Online). Inhibition of cell proliferation is observed
in all three keratinocyte cancer cell lines in response to ligand acti-
vation of PPARb/d (Figure 3A–C). As an indirect measure of the
ability of PPARb/d to modulate events that promote conversion of an
initiated cell into a cancerous lesion, a colony formation assay was
performed using the 308 keratinocyte cell line. Unlike primary ker-
atinocytes that undergo terminal differentiation in high (1.4 mM)
calcium medium, 308 keratinocytes form proliferative foci when
seeded at low density in this high calcium medium (33,34). Treat-
ment with the PPARb/d ligand GW0742 or TTA inhibited foci for-
mation and caused a significant reduction in the average size of foci
in both the presence and absence of TPA (Figure 4A–C). For exam-
ple, GW0742 and TTA caused a 47 and 99% decrease, respectively,
in the average number of colonies as compared with control di-
methyl sulfoxide cells (Figure 4B). Similarly, GW0742 and TTA
caused a 16 and 76%, respectively, in average colony size as com-
pared with control dimethyl sulfoxide cells (Figure 4B). Culturing
cells in the presence of the PPARc agonist troglitazone also inhibited
colony formation and average size, whereas the PPARa agonist WY-
14,643 had no effect (Figure 4A–C).

Ligand activation of PPARb/d induces differentiation of mouse
papilloma and carcinoma cell lines

To determine if ligand activation of PPARb/d induces terminal dif-
ferentiation in neoplastic keratinocyte cell lines, cornified envelope
formation was examined in 308 and Pam212 cells. Indeed, treatment
of 308 keratinocytes and Pam212 keratinocytes with PPARb/d li-
gands increased cornified envelope formation (Figure 5). To further
examine the effect of ligand activation on terminal differentiation,
expression of mRNA markers of differentiation was examined in the
308 keratinocyte cell line. Increased expression of mRNA encoding
ADRP and SPRs was observed after treatment with PPARb/d ligands
(Figure 6A). Additionally, expression of mRNA encoding keratin 5,
keratin 6A and keratin 14 was decreased, and mRNA encoding
keratin 10 was increased by GW0742 treatment in 308 cells (Figure
6B). Similarly, expression of mRNA encoding keratin 5 and keratin
14 was decreased, and mRNA encoding involucrin was increased by
L165041 treatment in 308 cells (Figure 6B). Both GW0742 and
L165041 increased expression of the known PPARb/d target gene
angiopoietin-like protein 4 (Figure 6B). Since the induction of ter-
minal differentiation can be associated with an increase in apoptotic
or apoptotic-like signaling, the effect of ligand activation of PPARb/
d on neoplastic keratinocyte apoptosis was also examined. There
was no change in caspase 3/7 activity in 308, SP1 or Pam212 neo-
plastic keratinocytes in response to GW0742 (supplementary
Figure 4 is available at Carcinogenesis Online). Following exposure
to UV radiation, caspase 3/7 activity increased in all three neoplastic
keratinocyte cell lines although Pam212 cell line keratinocyte was
less responsive as compared with 308 or SP1 keratinocyte cell lines
(supplementary Figure 4 is available at Carcinogenesis Online).
Further, while UV irradiation caused a significant increase in cas-
pase 3/7 activity, the presence of GW0742 did not significantly
modulate this increase in any of the three neoplastic keratinocyte
cell lines (supplementary Figure 4 is available at Carcinogenesis
Online).

Discussion

Two-stage chemically induced skin tumorigenesis is exacerbated in
PPARb/d-null mice (29) and ligand activation of PPARb/d induces
terminal differentiation and inhibits cell growth in keratinocytes
(11,30–32,40,41). These observations support the hypothesis that li-
gand activation of PPARb/d could be chemopreventive for chemically
induced skin cancer. Results from the present study show that ligand

Fig. 3. Ligand activation of PPARb/d inhibits cell proliferation in neoplastic
keratinocyte cancer cell lines. Neoplastic keratinocytes were cultured in
medium containing either GW0742 (0.5 lM) or L165041 (2.5 lM) in low
(0.05 mM) calcium culture medium for 6 days prior to the start of the cell
proliferation assay (n 5 4 replicates per treatment group). Cell number was
quantified using a Coulter counter. Cell proliferation kinetics in (A) 308
keratinocytes, (B) SP1 keratinocytes and (C) Pam212 keratinocytes. Values
represent the mean ± SEM. Values with different letters are significantly
different as determined by analysis of variance and post hoc testing, P � 0.05.
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activation of PPARb/d during the promotion phase of chemically in-
duced skin cancer inhibited the onset of tumor formation, the inci-
dence of tumors and tumor multiplicity. This clearly demonstrates that
ligand activation of PPARb/d is chemopreventive in a chemically in-
duced skin carcinogenesis model. Since none of the tumors examined
in the wild-type mice were squamous cell carcinomas, it cannot be
determined whether ligand activation of PPARb/d can inhibit malig-
nant conversion. However, it is of interest to note that the average
number of keratocanthomas was significantly reduced by GW0742 in
the wild-type mice and this effect was not found in PPARb/d-null

mice. While keratocanthomas are benign lesions in humans, they
can progress to malignant carcinomas in mice (42). This suggests that
ligand activation of PPARb/d could potentially inhibit malignant con-
version. Consistent with this idea, squamous cell carcinomas were
only found in PPARb/d-null mice, and administration of GW0742
had no influence on this end point. Further research is needed to
determine whether malignant conversion can be inhibited by ligand
activation of PPARb/d. Since there are a number of PPARb/d ligands
that have been and continue to be developed, it will also be of interest
to determine if all PPARb/d ligands will be suitable for chemopre-
vention and/or chemotherapy of skin cancer. Additionally, as UV
radiation also contributes significantly to the incidence of human skin
cancer, whether ligand activation of PPARb/d will be useful for pre-
venting or treating UV-induced skin cancers should be evaluated. In-
terestingly, since ligand activation of PPARb/d does not influence UV-
induced caspase 3 activity in mouse keratinocytes (40) or mouse skin
cancer cell lines (present study), modulation of apoptotic signaling as
a mechanism for skin cancer prevention or treatment may not be
central in the PPARb/d/UV skin cancer model. However, it remains
possible that ligand activation of PPARb/d may effectively induce
terminal differentiation in response to UV-induced skin lesions and
this idea should be examined in greater detail.

As an alternative to examining malignant conversion, the effect of
ligand activation in keratinocyte cell lines representing different
stages of neoplasia was also examined. Despite their known resistance
to calcium-induced terminal differentiation, induction of mRNA
markers of terminal differentiation was found in 308 cells and

Fig. 4. Ligand activation of PPARb/d inhibits colony/foci formation in an
initiated keratinocyte cancer cell line. 308 keratinocytes were cultured in the
presence of PPAR ligands (PPARa—50 lM Wy-14,643; PPARb/d—1 lM
GW0742 or 10 lM TTA and PPARc—30 lM troglitazone) under high
(1.4 mM) calcium conditions in the presence or absence of 32 nM TPA. Foci
were stained with rhodamine dye at the end of treatment period. (A)
Representative photomicrographs of stained foci from each group. The
average number of foci (B) and the average size of foci (C) in each group.
Values represent the mean ± SEM. Values with different letters are
significantly different as determined by analysis of variance and post hoc
testing, P � 0.05.

Fig. 5. Ligand activation of PPARb/d induces terminal differentiation in 308
and Pam212 keratinocyte cancer cell lines. Cells were seeded at �90%
confluency and cultured in low calcium (0.05 mM) medium or high calcium
(1.4 mM) medium to induce terminal differentiation, in the presence or
absence of either GW0742 (0.5 lM) or L165041 (5.0 lM). The average
number of cornified envelopes was determined in (A) 308 keratinocytes and
(B) Pam212 keratinocytes.
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Pam212 cells in response to ligand activation of PPARb/d. Further, an
increase in cornified envelopes was also observed in neoplastic kera-
tinocyte cell lines after ligand activation of PPARb/d. This is also
consistent with inhibition of cell proliferation found in 308 and
Pam212 cells, the inhibition of foci number and size observed with
the colony formation assay and the inhibition of chemically induced
skin tumorigenesis in response to ligand activation of PPARb/d. This
clearly demonstrates that ligand activation of PPARb/d can induce
terminal differentiation in cell types that have DNA damage and are
predisposed to develop into skin tumors and another cell type that
models squamous cell carcinomas. Collectively, these findings sug-
gest that ligand activation of PPARb/d can target specific cell lineages
critical for the progression of chemically induced skin cancer and
inhibit cell growth by inducing terminal differentiation. In particular,
these findings also suggest that ligand activation of PPARb/d can be
both chemopreventive and chemotherapeutic.

Based on results from the present studies and findings from pre-
vious work as well, the mechanism by which ligand activation of
PPARb/d inhibits chemically induced skin tumorigenesis is likely
through the induction of terminal differentiation with a concomitant
inhibition of cell growth of tumor cells. For example, there is strong
evidence from a number of independent laboratories supporting a role
for PPARb/d in mediating terminal differentiation and/or inhibition of
cell growth in a variety of cell types (reviewed in refs 2,24; supple-
mentary Table II is available at Carcinogenesis Online). In contrast to

work by others showing increased expression of terminal differentia-
tion markers preceding the chemopreventive influence of deleting
cyclooxygenase during chemical carcinogenesis (43), earlier than
normal expression of keratin 1 and keratin 10 was not found in re-
sponse to ligand activation of PPARb/d, following acute exposure to
the tumor promoter TPA in vivo. However, discordant expression of
keratin 5 and keratin 14 at the mRNA level was observed in the
absence of PPARb/d expression following TPA administration, con-
sistent with the previously observed hyperplastic phenotype in
PPARb/d-null mice treated with TPA (27–29,44).

There is an interesting balance between differentiation and apopto-
sis in keratinocytes that could be influenced by PPARb/d and impact
skin tumorigenesis. There is evidence that when keratinocytes un-
dergo terminal differentiation to ultimately form a cornified cell, this
process is associated with increased activity of caspases including
caspase 3 and caspase 14 (45,46). While caspase 3 is known to be
central in the process of apoptosis and increased caspase 3 activity
occurs during keratinocyte terminal differentiation (46), differentiat-
ing and differentiated keratinocytes (e.g. cornified cells) do not ex-
hibit shrinkage, DNA fragmentation and are not phagocytosed
(47,48). Additionally, caspase 14 does not participate in apoptotic
signaling but rather modulates terminal differentiation (45). Thus,
apoptotic signaling observed in differentiating keratinocytes is rela-
tively unique. While there is strong evidence that ligand activation of
PPARb/d induces terminal differentiation in keratinocytes, this

Fig. 6. Ligand activation of PPARb/d increases mRNA markers of terminal differentiation in 308-initiated keratinocytes. (A) Northern blot analysis of a
PPARb/d target gene (ADRP) and differentiation-associated genes (SPR1A and SPR2H) using RNA from 308 keratinocytes after treatment with PPAR ligands
(PPARa—25 lM Wy-14,643; PPARb/d—0.5 lM GW0742, 10 lM TTA, 5 lM L165041 and PPARc—10 lM troglitazone) for 24 h using culture medium
containing high calcium (1.4 mM). �Significantly different than control, P � 0.05. (B) qPCR analysis of a PPARb/d target gene (ANGPTL4) and differentiation-
associated genes [keratin 5 (K5), keratin 6A (K6A), keratin 10 (K10), keratin 14 (K14) and involucrin] using RNA from 308 keratinocytes after treatment with
either 0.5 lM GW0742 or 5 lM L-165041 using culture conditions as described above. Values represent the mean ± SEM. Values with different letters are
significantly different as determined by analysis of variance and post hoc testing, P � 0.05.
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process probably involves apoptotic-like signaling as well. Since it is
known that increasing apoptosis by chemicals such as silymarin can
inhibit skin carcinogenesis (49), it is possible that the observed inhibi-
tion of skin carcinogenesis by ligand activation of PPARb/d, which
could be due in part to increased terminal differentiation and inhibi-
tion of cell growth, could also be enhanced by modulating apoptotic
signaling as well. This idea should be examined in greater detail.

While one mechanism by which ligand activation of PPARb/d can
inhibit tumorigenesis is through the induction of terminal differentiation
and inhibition of cell growth, it is important to note that other mecha-
nisms may also be involved. For example, there is good evidence that
PPARb/d mediates anti-inflammatory activities in a number of cell
types including colon epithelium, macrophages, cardiomyocytes, im-
mune cells, keratinocytes, myoblasts, endothelial cells, nervous tissue
and hepatocytes (reviewed in ref. 23; supplementary Table I is available
at Carcinogenesis Online). Additionally, recent evidence indicates
a novel role for PPARb/d agonists in suppressing expression of tissue
factor, which is central in initiating thrombosis (50). This is of interest
because inhibition of thrombosis is a strategy for chemoprevention and/
or chemoprevention (51–54). Whether the anti-inflammatory activities
or anti-thrombotic activity of PPARb/d ligands contributes to the ob-
served inhibition of chemically induced skin tumorigenesis in the pres-
ent studies should be further examined. Additionally, whether
combining ligand activation of PPARb/d with other potential therapeu-
tics that targets other major pathways (e.g. kinases, growth factor re-
ceptors, etc.) can increase the efficacy of chemoprevention and/or
chemotherapy deserves further investigation.

Supplementary material

Supplementary Tables I and II and Figures 1–4 can be found at http://
carcin.oxfordjournals.org/
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