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Abstract
The functional role of peroxisome proliferator-activated receptor-β (PPARβ; also referred to as
PPARδ) in epidermal cell growth remains controversial. Recent evidence suggests that ligand
activation of PPARβ/δ increases cell growth and inhibits apoptosis in epidermal cells. In contrast,
other reports suggest that ligand activation of PPARβ/δ leads to the induction of terminal
differentiation and inhibition of cell growth. In the present study, the effect of the highly specific
PPARβ/δ ligand GW0742 on cell growth was examined using a human keratinocyte cell line (N/
TERT-1) and mouse primary keratinocytes. Ligand activation of PPARβ/δ with GW0742 prevented
cell cycle progression from G1 to S phase and attenuated cell proliferation in N/TERT-1 cells. Despite
specifically activating PPARβ/δ as revealed by target gene induction, no changes in PTEN, PDK and
ILK expression or downstream phosphorylation of Akt were found in either N/TERT-1 cells or
primary keratinocytes. Further, altered cell growth resulting from serum withdrawal and the induction
of caspase-3 activity by ultraviolet radiation were unchanged in the absence of PPARβ/δ expression
and/or the presence of GW0742. While no changes in the expression of mRNAs encoding cell cycle
control proteins were found in response to GW0742, a significant decrease in the level of ERK
phosphorylation was observed. Results from these studies demonstrate that ligand activation of
PPARβ/δ does not lead to an anti-apoptotic effect in either human or mouse keratinocytes, but rather,
leads to inhibition of cell growth likely through the induction of terminal differentiation.
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1. Introduction
PPARs are ligand activated transcription factors belonging to the nuclear receptor superfamily.
In the past decade, the functional role(s) of PPARs have been delineated and range from
modulation of glucose and lipid homeostasis to regulation of cell growth and differentiation
(reviewed in [1-5]). There is great potential for agonists of PPARβ/δ for the treatment and
prevention of a number of diseases. Highly specific PPARβ/δ ligands can significantly increase
serum HDL cholesterol [6-8], increase skeletal muscle fatty acid catabolism [9,10] and
decrease serum glucose in a diabetic mouse model [11]. The observed changes in HDL
cholesterol levels, cholesterol efflux, increased skeletal muscle fatty acid catabolism and
reductions in serum glucose induced by PPARβ/δ ligands support the hypothesis that PPARβ/
δ represents a good molecular target to prevent/treat dyslipidemia, obesity, diabetes and/or
atherosclerosis [12,13].

While there is good reason to develop high affinity ligands for PPARβ/δ for the prevention/
treatment of human disease, there is considerable controversy regarding the safe use of high
affinity PPARβ/δ ligands, especially for indications requiring long-term, chronic treatment
regimen. This concern is due in large part to the effects of PPARβ/δ and its ligands on cell
growth and carcinogenesis. Indeed, some reports suggest that ligand activation of PPARβ/δ
potentiates cell growth, while other reports suggest that ligand activation of PPARβ/δ
attenuates cell growth (reviewed in [3]). For example, culturing human breast and prostate
cancer cell lines in the presence of a PPARβ/δ ligand causes an increase in cell proliferation
[14]. Similarly, colon cancer cell lines cultured in the presence of the PPARβ/δ ligand
GW501516 exhibit inhibited levels of apoptosis [15,16]. It has been postulated that apoptosis
is inhibited by PPARβ/δ-dependent down-regulation of the tumor suppressor phosphatase and
tensin homologue deleted on chromosome ten (PTEN) and up-regulation of the oncogenes 3-
phosphoinositide-dependent kinase-1 (PDK1) and integrin-linked kinase-1 (ILK1) [17]. The
net effect of this change in activity would be increased phosphorylation of Akt and inhibition
of apoptosis, and these changes were shown in cultured primary keratinocytes [17]. More
recently it was suggested that ligand activation of PPARβ/δ induces expression of COX2,
which could theoretically promote cell growth and inhibit apoptosis through mechanisms that
involve the production of prostaglandins and/or inflammation-dependent signaling [18].
However, there are several observations that are inconsistent with the idea that PPARβ/δ and/
or ligands of PPARβ/δ potentiate cell growth. For example, inhibition of cell growth is observed
in a variety of different cells and cell lines cultured in the presence of highly specific PPARβ/
δ ligands including, human colonocytes [19], a human lung adenocarcinoma cell line [20],
mouse lung fibroblasts [21], rat cardiomyocytes [22] a human keratinocyte cell line [23],
normal human keratinocytes [24] and mouse primary keratinocytes [25]. The mechanisms
underlying the inhibitory effect of PPARβ/δ ligands on cell growth likely include PPARβ/δ-
dependent modulation of terminal differentiation. Indeed, there is strong evidence that ligand
activation of PPARβ/δ induces terminal differentiation of keratinocytes [24-27] and it has also
been shown that differentiation of breast and colon cancer cell lines is associated with increased
expression of PPARβ/δ [28]. Additionally, PPARβ/δ ligands can significantly inhibit the
expression of proinflammatory molecules such as interleukins and TNFα in immune cells
[29,30], cardiomyocytes [31], a human endothelial cell line [32], C2C12 mouse myoblasts
[33] and liver [34]. Thus, while there is great potential for PPARβ/δ ligands as therapeutic
agents, this potential is negatively affected by the controversy regarding the biological role(s)
of PPARβ/δ in cell proliferation and carcinogenesis. For this reason, the present study examined
the effect of ligand activation of PPARβ/δ on cell growth in a human keratinocyte cell line and
mouse primary keratinocytes from wild-type and PPARβ/δ-null mice.
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2. Materials and methods
2.1. Cell culture

N/TERT-1 keratinocytes are an hTERT-immortalized human keratinocyte cell line that
maintains the ability to differentiate ([35], kindly provided by J. Rheinwald). N/TERT-1 cells
are maintained at low density in keratinocyte serum-free media (Ker-SFM, Invitrogen)
supplemented with 0.4 mM Ca2+, 0.2 ng/mL EGF, 25 μg/mL BPE, 5 mM L-glutamine, 100
U/ml penicillin, 100 mg/ml streptomycin. To achieve healthy confluent cultures, medium was
changed to a 1:1 mixture of Ker-SFM and DF-K medium (DF-K medium consists of equal
volumes of Ham's F-12 and DMEM supplemented with 0.4 mM Ca2+, 0.2 ng/mL EGF, 25
μg/mL BPE, 5 mM L-glutamine, 100 U/ml penicillin, 100 mg/ml streptomycin). Mouse
primary keratinocytes were obtained from wild-type or PPARβ/δ-null neonatal pups, and
cultured as previously described [25,36].

2.2. Transient transfections
Forty-eight hours after plating, subconfluent N/TERT-1 cells were transfected with 0.5 μg 3X-
PPRE luciferase and 0.25 μg β-galactosidase reporter plasmids per well using Lipofectamine-
Plus (Invitrogen) for five hours in DF-K medium lacking antibiotics and growth factors. Cells
were allowed to recover overnight in complete Ker-SFM/DF-K medium, and the following
day, treated in triplicate for 24 hours with 0.1% DMSO, 0.2 μM GW0742 or 1.0 μM GW0742.
Cells were lysed and the lysate used to measure luciferase activity with a Turner 20/20
luminometer and luciferase assay reagents (Promega). Luciferase activity was normalized to
β-galactosidase activity and total cellular protein (Pierce-BCA).

2.3. Protein analysis
To verify expression of PPARβ/δ in N/TERT-1 cells, cells were cultured as described above
and treated for 24 hours with 0.1% DMSO, 0.2 μM GW0742 or 1.0 μM GW0742. Following
treatment, cells were washed twice in ice-cold PBS, and then lysed in cold lysis buffer (20 mM
Tris pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium
pyrophosphate, 1 mM β-glycerophosphate, 1 mM Na3VO4, 1 mM PMSF, 1X protease inhibitor
cocktail). Insoluble material was removed by centrifugation and protein concentration
quantified from the supernatants (Pierce-BCA). Equal amounts of protein were separated using
SDS-PAGE, and transferred to a PVDF membrane. Transfer efficiency and equal protein
loading was verified with Ponceau-S staining. Following blocking for one hour in 5% non-fat
dry milk in Tris-buffered saline with 0.1% Tween-20, immunoblots were incubated in primary
antibody against PPARβ/δ (Santa Cruz). Detection was performed using an HRP-conjugated
secondary antibody and enzyme-linked chemiluminescence. Positive and negative control
lysates were generated by transfecting COS-1 cells with pSG5-mPPARβ, pSG5-mPPARα,
pSG5-mPPARγ or pSG5.

To examine expression of phosphorylated proteins involved in cell proliferative signaling,
triplicate samples of N/TERT-1 cells were cultured as described above in either 0.1% DMSO
or 1.0 μM GW0742 for either 6 or 24 hours. Cell lysates were prepared as above from the
triplicate samples and equal amounts of protein were pooled for screening analysis by Kinexus
on the Kinetworks Cell Cycle Status Screen [KPSS-10.0]. Confirmatory western blot analysis
was performed for proteins that were potentially influenced by GW0742. Primary antibodies
against phospho-Akt (Ser473), Akt, phospho-ERK1/2 (Thr202/Tyr204), ERK, PTEN,
retinoblastoma (Rb), phospho-Rb (S780, S807/S811), Elk-1, phospho-Elk-1 (S383) were
obtained from Cell Signaling (Beverly, MA). Primary antibodies against PDK1 and ILK1 were
from Upstate Biotechnologies (Lake Placid, NY) and the antibody for lactic dehydrogenase
(LDH) was from Jackson Immunoresearch (West Grove, PA). For quantitative immunoblots,
membranes were probed with primary antibodies and then incubated with biotinylated
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secondary antibodies (Jackson Immunoresearch, West Grove, PA), washed, incubated
in 125I-strepavidin, and exposed to phosphorimager plates. Hybridization signals were
normalized to the signal detected for LDH, which was used as a loading control.

2.4. Analysis of cell growth, cell cycle progression and apoptosis
N/TERT-1 keratinocytes were seeded onto 6-well tissue culture dishes at 30,000 cells per well
in Ker-SFM. Twenty-four hours later, cell number was measured with a Z1 coulter particle
counter® (Beckman Counter, Inc., Hialeah, FL) to determine plating efficiency (Day 0). For
the remaining cells, medium was changed to Ker-SFM/DF-K, and cells were treated in
triplicate with 0.1% DMSO, 0.1 μM or 1 μM GW0742. Cell number was determined at daily
intervals, and the remaining cells were retreated with fresh media and treatment each day for
up to 6 days. For flow cytometry analysis, N/TERT-1 cells were treated in triplicate as described
above. Every 24 h, cells were suspended with trypsin, washed in ice-cold PBS, and then fixed
in ice-cold ethanol. DNA content was determined with propidium iodide staining and flow
cytometry (Beckman EPICS XL) using standard techniques. The percentage of cells at each
phase of the cell cycle ± S.D. was determined with MultiCycle® analysis software on at least
10,000 gated events. To examine the role of PPARβ/δ on apoptosis, primary keratinocytes
from wild-type and PPARβ/δ-null mice were cultured as described above. Cells were
maintained in low calcium medium (0.05 mM) with or without 8% serum in the presence or
absence of 0.5 μM GW0742. The number of cells was quantified 24 and 72 hours after serum
removal using a Z1 coulter particle counter® (Beckman Counter, Inc., Hialeah, FL). This
approach allowed for examination of serum withdrawal-induced apoptosis, and whether ligand
activation of PPARβ/δ modified this effect through a PPARβ/δ-dependent mechanism. As an
alternative to this approach, primary keratinocytes from wild-type and PPARβ/δ-null mice
were also irradiated with 20,000 μJ/cm2 UV light using the CL-1000 Ultra Violet Crosslinker,
and caspase 3 activity was measured 9 or 18 hours post-irradiation using the Caspase 3 Glo
reagent (Promega) following manufacturer’s recommended procedures.

2.5. Analysis of mRNA expression
N/TERT-1 cells were cultured as described above in Ker-SFM/DF-K media. Cells in the log-
growth phase were treated in triplicate with 0.1% DMSO or 1 μM GW0742 for 1, 2, 4, 8, 12
or 24 hours. Following each timepoint, cells were washed twice with PBS, and RNA was
purified with Trizol® reagent according to the manufacturer's instructions. Quantitative real-
time PCR was carried out on equal amounts of cDNA (10-50 ng) as previously described
[37] to quantify the level of expression of mRNA encoding the known PPARβ/δ target gene
ADRP [37,38], as well as mRNA encoding PDK1, ILK1, transglutaminase-I (TG-I),
involucrin, small proline-rich protein 1A (SPR1A), and keratin 10 (K10). Relative mRNA
expression was determined with a standard curve created from various amounts (0-200 ng) of
untreated N/TERT-1 cDNA and normalized to GAPDH mRNA levels. Similar analysis for
changes in gene expression induced by ligand activation of PPARβ/δ was performed using
cultured primary keratinocytes from wild-type and PPARβ/δ-null mice, except that samples
were obtained after 8 or 12 hours of treatment with 0.2 μM GW0742. Additionally, mRNA
analysis of the primary keratinocytes was performed using northern blotting as previously
described [36] and quantitative western blotting as described above.

For RNase protection assays (RPAs), subconfluent N/TERT-1 cells were cultured in the
presence or absence of 1.0 μM GW0742 for 24, 48 or 72 hours as described above. RNA was
isolated from these cells and used for analysis by RPA (BD Biosciences, San Diego, CA).
RPAs were carried out essentially as described [39]. Unlabeled sense RNA encoding p130,
Rb, p107, p53, p57, p21, p19, p18, p16, p14/15, ribosomal protein L32 (L32), and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was purchased from BD Biosciences
(San Diego, CA). For synthesis of radiolabeled antisense RNA, the final reaction mixture (10
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μl) contained 70 μCi of [α-32P]UTP (3,000 Ci/mmol; NEN, Cambridge, MA); 10 μmol of UTP;
500 μmol each of GTP, ATP, and CTP; 10 μmol of dithiothreitol; 1X transcription buffer; 12
U of RNasin; 8 U of T7 polymerase and 1 μL of the template probe. After 1 h at 37° C, the
mixture was treated with RNase-free DNase (2 U; Pharmingen) for 30 min at 37°C, and the
probes were purified by extractions with phenol-chloroform and chloroform, followed by
precipitation with ethanol. Dried probes were dissolved (3 × 105 cpm/μl) in hybridization buffer
(80% formamide, 0.4 M NaCl, 1 mM EDTA, and 40 mM PIPES, pH 6.6) and added (2 μl; 3
× 105 cpm/μl) to tubes containing sample RNA (10 μg) dissolved in 8 μl of hybridization buffer.
The samples were heated at 80°C for 3 min and incubated at 56°C for 16 h. The single stranded
RNA was subsequently digested by the addition of a solution (100 μl) of RNase A (0.2 μg/ml;
Sigma) and RNase T1 (600 U/ml; GIBCO BRL) in 10 mM Tris, 300 mM NaCl, and 5 mM
EDTA, pH 7.5. After incubation (30 min at 37°C), the samples were treated with 18 μl of a
mixture of proteinase K (1 mg/ml; GIBCO BRL), SDS (5%), and yeast tRNA (200 μg/ml).
The RNA duplexes were isolated by extraction and precipitation as above, dissolved in 5 μl of
gel loading buffer (65% formamide, 5.5 mM EDTA, and dyes), and electrophoresed in standard
5% acrylamide-8 M urea sequencing gels. Dried gels were placed on XAR film (Kodak,
Rochester, NY) with intensifying screens and were developed at -80 °C for 18 h. For
quantification, dried gels were developed on phosphorimager screens, and gel band intensity
was analyzed by filmless autoradiographic analysis.

3. Results
3.1. GW0742 inhibits growth of N/TERT-1 keratinocytes

N/TERT-1 cells are an immortalized human keratinocyte cell line that retain growth factor
dependence and normal differentiation characteristics [35]. PPARβ/δ is known to be highly
expressed in skin and keratinocytes (reviewed in [3]). To determine whether N/TERT-1
keratinocytes express a functional PPARβ/δ, cells were transfected with a PPRE-driven
luciferase reporter gene and treated with either 0.2 μM or 1.0 μM GW0742. Consistent with
PPARβ/δ activity, a significant increase in reporter activity was observed after treatment with
GW0742 (Fig. 1A). Additionally, western blot analysis confirmed that N/TERT-1
keratinocytes express PPARβ/δ and that GW0742 had no effect on PPARβ/δ expression (Fig.
1B). To begin to determine the effect of ligand activation of PPARβ/δ on cell growth of N/
TERT-1 keratinocytes, cells were cultured in the presence of either 0.1 μM or 1.0 μM GW0742.
No significant differences in cell proliferation were observed in the presence of 0.1 μM
GW0742, while significant inhibition in the average number of cells was found after four to
six days of culture in 1.0 μM GW0742 (Fig. 2A). To determine if GW0742 altered cell cycle
progression in N/TERT-1 cells, parallel cultures were treated as in Fig. 2A, and DNA content
determined with propidium iodide staining and analysis by flow cytometry. Activation of
PPARβ/δ with GW0742 was associated with an increase in the number of cells in the G1 phase
and a decrease in the number of cells in the S phase after two to four days of culture (Fig. 2B).

3.2. Ligand activation of PPARβ/δ by GW0742 in N/TERT-1 keratinocytes does not alter
expression of the PTEN/PDK1/ILK1/Akt pathway

Previous studies by others suggest that ligand activation of PPARβ/δ in mouse primary
keratinocytes causes anti-apoptotic signaling mediated by inhibition of PTEN expression and
increased expression of the oncogenes PDK1 and ILK1 leading to increased phosphorylation
of Akt [17]. To determine whether this pathway functions similarly in N/TERT-1 cells, mRNA
expression was examined using quantitative real-time PCR. Analysis of mRNA expression
demonstrated that treatment of N/TERT-1 cells with 1.0 μM GW0742 caused a significant
increase in the mRNA encoding ADRP (Fig. 3A), a known PPARβ/δ target gene which was
evident at 1 hour and reached maximal levels at 24 hours after ligand treatment [38]. Despite
activation of PPARβ/δ, no change in the expression of mRNA encoding PDK1 or ILK1 was
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found (Fig. 3A). Quantitative western blot analysis was consistent with these observations as
no differences in the expression of PTEN, PDK1, ILK1, phospho-Akt or Akt protein levels
were observed after treatment with 1.0 μM GW0742 in multiple timepoints up to 24 hours
post-treatment (Fig. 3B).

3.3. Ligand activation of PPARβ/δ by GW0742 in mouse primary keratinocytes does not alter
expression of the PTEN/PDK1/ILK1/Akt pathway

The lack of change in the PTEN/PDK1/ILK1/Akt pathway in N/TERT-1 cells (Fig. 3), suggests
that there could be a species difference in the response to ligand activation of PPARβ/δ. To
examine this hypothesis, primary keratinocytes from wild-type and PPARβ/δ-null mice were
cultured in the presence of GW0742 and used for analysis of mRNA expression by northern
blotting and protein expression by quantitative western blotting. Consistent with observations
made in N/TRET-1 cells, a significant increase in the expression of ADRP mRNA was
observed in wild-type keratinocytes after eight and twelve hours of culture in 0.2 μM GW0742,
and this effect was not observed in similarly treated PPARβ/δ-null keratinocytes (Fig. 4A).
These results demonstrate a PPARβ/δ-dependent increase of ADRP mRNA expression by
GW0742. However, in contrast to a previous report [17], ligand activation of PPARβ/δ led to
an increase in the mRNA encoding PTEN, and no significant changes in the expression of
mRNA encoding PDK1 or ILK1 in wild-type keratinocytes (Fig. 4A). Interestingly,
constitutive expression of mRNA encoding PDK1 and ILK1 was significantly higher in
PPARβ/δ-null keratinocytes as compared to wild-type keratinocytes (Fig. 4A). Quantitative
protein analysis showed no significant differences in the level of PTEN, PDK1, ILK1, phospho-
Akt or Akt by GW0742 in wild-type or PPARβ/δ-null keratinocytes (Fig. 4B). However,
constitutive expression of ILK1 was significantly higher in PPARβ/δ-null keratinocytes (Fig.
4B), consistent with mRNA analysis (Fig. 4A). These results suggest that ligand activation of
PPARβ/δ in keratinocytes would not lead to inhibition of the apoptotic pathway as previously
suggested by others [15-17]. Indeed, when apoptosis was induced in primary keratinocytes
using serum withdrawal, similar decreases in cell number were observed in both genotypes
(Fig. 5A). Further, treatment with 0.5 μM GW0742 did not alter the decrease in average cell
number caused by serum withdrawal in either genotype at either timepoint (Fig. 5A). Similar
to N/TERT-1 cells, treatment of wild-type keratinocytes with 0.5 μM GW0742 resulted in a
significant decrease in the average number of cells after three days of culture in the presence
of serum, and this effect was not found in similarly treated PPARβ/δ-null keratinocytes (Fig.
5A). Additionally, average cell number was significantly greater in PPARβ/δ-null
keratinocytes cultured in the presence of serum after three days as compared to wild-type
keratinocytes (Fig. 5A). These results demonstrate that while ligand activation of PPARβ/δ
can inhibit cell growth of primary keratinocytes, GW0742 does not exacerbate or attenuate the
decrease in cell number resulting from serum withdrawal. Since serum withdrawal can reduce
cell number through mechanisms of growth inhibition including necrosis and apoptosis, the
effect of UV irradiation on apoptosis was examined in mouse primary keratinocytes using
caspase-3 activity as a marker. Consistent with the analysis of serum withdrawal, UV-induced
caspase-3 activity was not different between wild-type or PPARβ/δ-null keratinocytes (Fig.
5B).

3.4. Ligand activation of PPARβ/δ by GW0742 in N/TERT-1 keratinocytes does not alter
expression of mRNAs encoding cell cycle regulators

The previous findings suggest that the growth inhibition observed in both N/TERT-1 cells and
primary keratinocytes is not due to altered expression of the PTEN/PDK1/ILK1/Akt pathway,
and that ligand activation of PPARβ/δ does not significantly influence the apoptotic pathway.
To determine if the G1 to S-phase block found in the N/TERT-1 cells (Fig. 2B) was associated
with changes in the mRNA expression of cell cycle regulators, an RPA was performed.
Detectable levels of Rb, p107, p53, p27, p21 and p16 were measured by RPA analysis.
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However, no changes in the expression of mRNA encoding these genes were found in response
to 1.0 μM GW0742 after either 24, 48 or 72 hours of treatment (Fig. 6); when increased G1
phase cells were detected (Fig. 2B). The mRNAs encoding p130, p19, p18 and p14/15 were
not detectable by RPA.

3.5. GW0742 inhibits MAPK signaling in N/TERT-1 keratinocytes
In addition to transcriptionally-mediate events, ligands for PPARs can also cause changes in
the phosphorylation of proteins that can also modulate cell cycle, and these events can be
mediated by both receptor-dependent and receptor-independent mechanisms (reviewed in
[40]). To begin to examine the changes in phosphorylation-dependent signaling, global analysis
of phosphorylated cell cycle proteins was performed using the Kinexus KPSS 10.0 Screen.
Consistent with the analysis performed in mouse primary keratinocytes, no consistent changes
in the phosphorylation pattern of PDK1, PTEN, Akt or the Akt substrates mTOR, GSK3, and
p27 were detected in N/TERT-1 cells cultured in 1.0 μM GW0742 after either 6 or 24 h of
culture (data not shown). No consistent differences were found in the phosphorylation of other
known regulators of the cell cycle including p53, Src, RSK or Raf in N/TERT-1 cells cultured
in 1.0 μM GW0742 after either 6 or 24 h of culture (data not shown). Significantly reduced
phosphorylation of retinoblastoma (Rb) was detected in N/TERT-1 cells cultured in 1.0 μM
GW0742 after 24 h, based on the Kinexus screen protein, consistent with inhibited cell growth.
However, confirmatory quantitative western blots revealed no significant differences in
phosphorylation of Rb at S780 or S870/811 (Fig. 7). In contrast, a significantly lower level of
p42/44 ERK (MAPK) in N/TERT-1 cells cultured in 1.0 μM GW0742 after 24 h was confirmed
(Fig. 7). Consistent with this observation, phosphorylation of Elk-1 (a known ERK/MAPK
substrate) was reduced in N/TERT-1 cells cultured in 1.0 μM GW0742 (Fig. 7).

3.6. GW0742 increases expression of differentiation-related proteins in N/TERT-1 cells
The inhibition of cell proliferation observed in N/TERT-1 cells after treatment with GW0742
could also be due in part to the induction of differentiation, as ligand activation of PPARβ/δ
has been shown to cause an increase in terminal differentiation of keratinocytes with a
concomitant inhibition of cell growth [24-26]. Indeed, treatment of N/TERT-1 cells with 1.0
μM GW0742 led to an increase in the mRNA encoding a number of known markers of terminal
differentiation including TG-I, SPR1A, K10 and involucrin (Fig. 8)

4. Discussion
There is considerable controversy regarding the effect of ligand activation of PPARβ/δ, as
some studies show enhanced cell growth, while others show no influence or inhibited cell
growth (reviewed in [3]). There are a number of possible explanations that could account for
the reported disparity, including species-specific effects, ligand-specific effects, differences in
experimental design and experimental error. Given the potential beneficial use of PPARβ/δ
ligands for the treatment of human diseases, it is essential to precisely determine the effect of
ligand activation on cell proliferation. This includes differentiating between the effects that are
universally related to PPARβ/δ activation versus those that are due to off-target pharmacology
and/or species-specific effects. For this reason, the present studies examined the effects of
PPARβ/δ ligand activation in a human keratinocyte cell line and in mouse primary
keratinocytes.

Results from the present investigation demonstrate that N/TERT-1 cells express a functional
PPARβ/δ, and that ligand activation of PPARβ/δ inhibits cell growth in this human keratinocyte
cell model. Specifically, the inhibition of cell proliferation correlated with a G1/S phase block
in response to treatment with the highly specific PPARβ/δ ligand GW0742. These findings are
consistent with previous studies showing inhibition of cell growth in mouse and human
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keratinocytes [24,25]. To begin to understand how GW0742 leads to inhibition of cell growth,
a number of possible mechanisms were examined.

No differences in the expression of mRNA encoding PDK1 and ILK1 were found in N/TERT-1
keratinocytes cultured in the presence of GW0742. Further, the protein expression of PTEN,
PDK1, ILK1 and Akt, and the phosphorylation status of Akt were unchanged in N/TERT-1
keratinoytes following treatment with GW0742. Importantly, under identical conditions,
GW0742 increased the expression of the known PPARβ/δ target gene ADRP indicating that
GW0742 was pharmacologically active in N/TERT-1 cells. Since work by others has shown
repressed expression of PTEN and increased PDK1, ILK1 and Akt activity in passaged mouse
keratinocytes [17], the lack of GW0742-induced changes in N/TERT-1 cells suggested that
there was a species difference in the response to ligand activation of PPARβ/δ. However, follow
up experiments in mouse primary keratinocytes to confirm this hypothesis are inconsistent
with this view. Despite the presence of PPARβ/δ-dependent increased ADRP mRNA
expression in mouse primary keratinocytes, ligand activation of PPARβ/δ did not lead to
repression of mRNA encoding PTEN or increased expression of mRNA encoding PDK1 or
ILK1. These findings were verified at the protein level using quantitative western blotting and
were similar to the findings in N/TERT-1 keratinocytes. Another consistent finding from this
analysis was that constitutively higher expression of ILK1 was found at both the mRNA and
protein level in PPARβ/δ-null keratinocytes. The significance of this observation is uncertain
but might contribute to increased cell growth found in PPARβ/δ-null keratinocytes [36].
Collectively, these findings also suggest that ligand activation of PPARβ/δ does not negatively
influence apoptosis in keratinocytes. To further evaluate this hypothesis, the effect of serum
deprivation and UV irradiation was examined in wild-type and PPARβ/δ-null mouse primary
keratinocytes. Consistent with the previous observations, decreased cell number was
comparable in response to serum deprivation in the presence or absence of PPARβ/δ
expression. Additionally, GW0742 did not affect cell number in response to serum withdrawal;
although inhibition of cell growth was found in wild-type keratinocytes treated with GW0742,
and this effect was consistent with the effect of GW0742 in N/TERT-1 cells. Further, UV-
induced apoptosis as measured by caspase-3 activity was similar in both wild-type and
PPARβ/δ-null keratinocytes. Combined, this comprehensive analysis reveals that ligand
activation by GW0742 does not lead to inhibition of apoptosis by modulating PTEN/PDK1/
ILK1/Akt pathway in either N/TERT-1 keratinocytes or mouse primary keratinocytes.

To examine other possible mechanisms underlying the inhibition of cell growth of N/TERT-1
keratinocytes in response to GW0742, the expression pattern of mRNA encoding proteins
known to modulate cell cycle transition was examined. While no changes in the expression of
Rb, p107, p53, p27, p21 or p16 were found after GW0742 treatment in N/TERT-1
keratinocytes, it remains possible that ligand activation of PPARβ/δ leads to transcriptional
changes of other target genes not examined with the RPA probe set that could cause a G1/S
phase block. Further work is necessary to test this hypothesis. Interestingly, GW0742 also
caused reduced levels of MAPK in N/TERT-1 cells. Whether this effect contributes to the G1/
S phase block that resulted from GW0742, or is mediated by a PPARβ/δ-dependent mechanism
cannot be determined from the present study, but both possibilities should be examined in
future studies.

The most consistent finding from these studies is the induction of differentiation related marker
mRNA caused by GW0742 treatment in N/TERT-1 cells. A number of independent
laboratories have provided strong evidence that PPARβ/δ can mediate the terminal
differentiation of keratinocytes and other cell types [24-28]. Findings from the present studies
support these observations as markers of terminal differentiation were also found in N/TERT-1
cells treated with GW0742. This suggests that one mechanism by which ligand activation of
PPARβ/δ leads to inhibition of cell growth is through the induction of terminal differentiation,
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since it is known that the induction of terminal differentiation in keratinocytes is associated
with a concomitant decrease in cell growth (reviewed in [3]). However, it is also of interest to
note the GW0742 induction of the differentiation marker K10. While it is known that K10 is
a functional subunit of the cornified epithelium, there is also evidence that K10 can function
to inhibit cell growth of human keratinocytes [41]. Indeed, overexpression of K10 not only
inhibits cell growth of human keratinocytes, but this inhibition is associated with a G1/S phase
block [41]. These findings are consistent with results from the present studies. Further studies
are necessary to determine whether the induction of K10 by GW0742 is mediated by direct
regulation by PPARβ/δ, and whether this contributes to the inhibition of cell growth induced
by GW0742.

In summary, results from the current studies show that the human keratinocyte cell line N/
TERT-1 express a functional PPARβ/δ and that ligand activation of PPARβ/δ in N/TERT-1
and mouse keratinocytes leads to inhibition of cell growth. The inhibition of cell growth
induced by GW0742 does not appear to be influenced by PPARβ/δ-dependent modulation of
PTEN/PDK1/ILK1/Akt pathway or apoptosis. While the specific target genes that contribute
to GW0742-induced inhibition of cell growth are still uncertain, it is likely that this is due in
part to the induction of terminal differentiation. Further work is still necessary to definitively
determine the mechanisms underlying this effect. However, it is clear from these studies that
enhanced cell growth in human and mouse keratinocytes does not occur in response to ligand
activation of PPARβ/δ as suggested by others in other cell types. Further work is also necessary
to more definitively examine the mechanisms underlying these disparities.
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Fig 1.
N/TERT-1 keratinocytes express a functional PPARβ/δ. (A) N/TERT-1 keratinocytes were
cultured as described and transfected with 3X-PPRE luciferase and β-galactosidase reporter
plasmids. Luciferase activity was determined after culture with either 0, 0.2 or 1.0 μM GW0742
and normalized to β-galactosidase and total cellular protein (Pierce-BCA). Values represent
the mean ± S.E.M.. *Significantly greater than control DMSO-treated, P ≤ 0.05. (B) N/TERT-1
cells were treated for 24 hours with either 0, 0.2 or 1.0 μM GW0742, and assayed for
PPARβ/δ expression by western blotting. Positive and negative control lysates were generated
by transfecting COS-1 cells with pSG5-mPPARβ/δ or pSG5, respectively. Image J software

Burdick et al. Page 12

Cell Signal. Author manuscript; available in PMC 2008 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(v 1.37) was used to quantify PPARβ/δ expression and values are presented as the fold change
relative to control.
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Fig 2.
Ligand activation of PPARβ/δ leads to inhibition of cell growth in N/TERT-1 keratinocytes
(A) N/TERT-1 keratinocytes were seeded onto 6-well tissue culture dishes and cultured over
a six day period in the presence of 0, 0.1, or 1.0 GW0742. Cell number was quantified daily
with a Coulter counter. Values represent the mean ± S.E.M. from triplicate, independent
samples. *Significantly greater than control DMSO-treated, P ≤ 0.05. (B) Cells were cultured
and treated in triplicate as described in Part A. Every 24 h, cells were trypsinized, washed in
ice-cold PBS, and fixed in ethanol for the determination of DNA content using flow cytometry.
The mean percentage of cells at each phase of the cell cycle ± S.D. was determined as described
in Materials and Methods. *Significantly greater than control DMSO-treated, P ≤ 0.05.
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Fig 3.
Ligand activation of PPARβ/δ does not modulate the PTEN/PDK1/ILK1/Akt pathway in N/
TERT-1 cells (A) Triplicate cultures of N/TERT-1 keratinocytes were treated with either 0.1%
DMSO or 1.0 μM GW0742 and quantitative real-time PCR was carried out on equal amounts
of cDNA. Results were calculated from a standard curve created from various amounts (0-200
ng) of untreated N/TERT-1 cDNA and normalized to GAPDH expression relative to DMSO
controls. Values represent the mean ± S.E.M.. *Significantly different than DMSO control,
P ≤ 0.05. (B) N/TERT-1 cells were cultured as described in Materials and methods and treated
with either 0.1% DMSO or 1.0 μM GW0742 for 1, 2, 4, 8, 12 or 24 h. Protein was separated
by SDS-PAGE, transferred to PVDF membrane, and protein expression determined by western
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blotting. Normalized hybridization values are presented as the fold change relative to control
and represent the mean ± S.E.M..
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Fig 4.
Effect of GW0742 on the PTEN/PDK1/ILK1/Akt pathway in primary mouse keratinocytes
from wild-type (+/+) and PPARβ/δ-null (-/-) mice. (A) Expression of mRNA encoding PTEN,
PDK1, ILK1 or the PPARβ/δ target gene ADRP was determined by Northern blot analysis as
described in Materials and methods. Normalized hybridization values are presented as the fold
change relative to control and represent the mean ± S.E.M.. *Significantly different than (+/
+) control at 0 hours, P ≤ 0.05. (B) Protein was isolated from (+/+) and (-/-) keratinocytes
cultured in the presence of absence of 0.2 μM GW0742 for up to 12 hours and separated by
SDS-PAGE. Quantitative western blot analysis was performed using radioactive detection
methods as described in Materials and methods. Normalized hybridization values are presented
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as the fold change relative to control and represent the mean ± S.E.M.. *Significantly different
than control (+/+) at 0 hours, P ≤ 0.05.
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Fig 5.
Effect of PPARβ/δ on serum deprivation and UV irradiation changes in cell growth in wild-
type (+/+) and PPARβ/δ-null (-/-) primary keratinocytes. (A) Primary keratinocytes from (+/
+) and (-/-) mice were treated with and without 8% serum in the presence or absence of 0.5
μM GW0742. Cell number was measured using a Coulter counter after 1 day of culture (left
panel) and 3 days of culture (right panel). Values represent the mean ± S.E.M.. *Significantly
less than (+/+) control cultured in the presence of 8% serum. †Significantly greater than (+/+)
control cultured in the presence of 8% serum. (B) UV-induced caspase 3 activity was measured
in (+/+) and (-/-) keratinocytes after 9 hours (left panel) and 18 hours (right panel) Values
represent the mean ± S.E.M.. *Significantly different than control, P<0.05.
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Fig 6.
Effect of GW0742 on mRNA encoding cell cycle regulators. An RNase protection assay was
performed using RNA from N/TERT-1 keratinocytes cultured in either 0.1% DMSO or 1.0
μM GW0742 after 24, 48 or 72 hours.
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Fig 7.
Inhibition of phospho-MAPK (ERK) by GW0742. Confirmatory quantitative western blots
were performed using protein from N/TERT-1 cells after preliminary screening by Kinexus,
using phospho-specific antibodies as indicated. Normalized hybridization values are presented
as the fold change relative to control and represent the mean ± S.E.M.. *Significantly less than
DMSO control, P ≤ 0.05.
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Fig 8.
GW0742 induces expression of differentiation marker mRNAs. Triplicate cultures of N/
TERT-1 keratinocytes were treated with either 0.1% DMSO or 1.0 μM GW0742 and
quantitative real-time PCR was carried out on equal amounts of cDNA to determine the level
of mRNA encoding TG-I, SPR1A, involucrin, and K10. Results were calculated from a
standard curve created from various amounts (0-200 ng) of untreated N/TERT-1 cDNA and
normalized to GAPDH expression relative to the DMSO control. Values represent the mean ±
S.E.M.. *Significantly different than DMSO control, P ≤ 0.05.
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