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ABSTRACT

Although there is strong evidence that ligand activation of per-
oxisome proliferator-activated receptor (PPAR)-B/6 induces
terminal differentiation and attenuates cell growth, some stud-
ies suggest that PPARB/8 actually enhances cell proliferation.
For example, it was suggested recently that retinoic acid (RA)
is a ligand for PPARB/S and potentiates cell proliferation by
activating PPARB/5. The present study examined the effect
of ligand activation of PPARB/& on cell proliferation, cell
cycle kinetics, and target gene expression in human HaCaT
keratinocytes using two highly specific PPARB/é ligands
[4-[[[2-[3-fluoro-4-(trifluoromethyl)phenyl]-4-methyl-5-
thiazolylJmethyl]thio]-2-methylphenoxy acetic acid (GW0742)
and 2-methyl-4-((4-methyl-2-(4-trifluoromethylphenyl)-1,3-thiazol-
5-yl)-methylsulfanyl)phenoxy-acetic acid (GW501516)] and RA.
Both PPARR/6 ligands and RA inhibited cell proliferation of HaCaT
keratinocytes. GW0742 and GW501516 increased expression of
known PPARp/S target genes, whereas RA did not; RA increased
the expression of known retinoic acid receptor/retinoid X receptor

target genes, whereas GWO0742 did not affect these genes.
GW0742, GW501516, and RA did not modulate the expression of
3-phosphoinositide-dependent protein kinase or alter protein ki-
nase B phosphorylation. GW0742 and RA increased annexin V
staining as quantitatively determined by flow cytometry. The ef-
fects of GW0742 and RA were also examined in wild-type and
PPARB/8-null primary mouse keratinocytes to determine the spe-
cific role of PPARB/8 in modulating cell growth. Although inhibition
of keratinocyte proliferation by GW0742 was PPARp/5-depen-
dent, inhibition of cell proliferation by RA occurred in both geno-
types. Results from these studies demonstrate that ligand activa-
tion of PPARB/4 inhibits keratinocyte proliferation through PPARB/
5-dependent mechanisms. In contrast, the observed inhibition of
cell proliferation in mouse and human keratinocytes by RA is
mediated by PPARB/5-independent mechanisms and is inconsis-
tent with the notion that RA potentiates cell proliferation by acti-
vating PPARS/6.
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Article, publication date, and citation information can be found at
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Peroxisome proliferator-activated receptors (PPARs) are
ligand-activated transcription factors and members of the
nuclear hormone receptor superfamily. There are three
PPAR isoforms, PPAR«, PPARYy, and PPARR (also referred to
as PPARS and PPARP/S), and each regulates tissue-specific
target genes involved in many biological processes (Lee et al.,

ABBREVIATIONS: PPAR, peroxisome proliferator-activated receptor; 9-cis RA, 9-cis retinoic acid; ADRP, adipocyte differentiation-related
protein; ANOVA, analysis of variance; Angptl4, angiopoietin-like protein 4; Akt, protein kinase B; atRA, all-trans retinoic acid; DMSO, dimethyl
sulfoxide; DMEM, Dulbecco’s minimal essential medium; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; ILK, integrin-linked kinase;
PDPK1, 3-phosphoinositide-dependent protein kinase 1; PCR, polymerase chain reaction; PTEN, phosphatase and tensin homolog deleted on
chromosome ten; MOPS, 3-(N-morpholino)propanesulfonic acid; PARP, poly(ADP-ribose) polymerase; Pl, propidium iodine; RA, retinoic acid;
RAR, retinoic acid receptor; RXR, retinoid X receptor; GW0742, 4-[[[2-[3-fluoro-4-(trifluoromethyl)phenyl]-4-methyl-5-thiazolyljmethyl]thio]-2-
methylphenoxy acetic acid; GW501516, 2-methyl-4-((4-methyl-2-(4-trifluoromethylphenyl)-1,3-thiazol-5-yl)-methylsulfanyl)phenoxy-acetic acid;

FITC, fluorescein isothiocyanate; SPR1A, small proline-rich protein 1A.
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2003; Peraza et al., 2006). For example, PPAR« is the molec-
ular target for the fibrate class of hypolipidemic drugs (Pe-
ters et al., 2005), and PPARY is the molecular target of the
thiazolidinedione class of insulin-sensitizing drugs (Willson
et al., 2000). Although ligand activation of PPARB/8 can
increase serum high-density lipoprotein cholesterol, increase
skeletal muscle fatty acid catabolism, and improve insulin
sensitivity (Lee et al., 2006; Grimaldi, 2007), considerably
less is known about the biological role of PPARB/S. In partic-
ular, the role of PPARB/6 in tumorigenesis, apoptosis, and
cell proliferation remains controversial. Given the pharma-
cological potential of PPARB/S agonists, which have been
examined in clinical trials (Pelton, 2006), it is critical to
determine the safety of this class of compounds in the appro-
priate model(s).

A number of independent laboratories have shown that
ligand activation of PPARB/S can induce terminal differenti-
ation of keratinocytes and epithelium (Burdick et al., 2006;
Peters et al., 2008). Consistent with these findings, many
laboratories have also demonstrated that PPARB/S inhibits
cell growth in epithelium and other cell types, including
keratinocytes, colonocytes, cardiomyocytes, lung fibroblasts,
and cancer cell lines (Burdick et al., 2006; Peters et al., 2008).
Despite a large body of literature demonstrating the induc-
tion of terminal differentiation and inhibition of cell growth
that is mediated by PPARpB/S, there are limited reports sug-
gesting that ligand activation of PPARB/S can potentiate cell
growth. For example, it was originally shown that PPARB/3
can inhibit the expression of phosphatase and tensin homolog
deleted on chromosome Ten (PTEN) and increase expression
of 3-phosphoinositide-dependent-protein kinase 1 (PDPK1)
and integrin-linked kinase (ILK) expression in keratinocytes
during wound healing (Di-Poi et al., 2002). The combined
effect of this PPARp/5-dependent regulation is increased
phosphorylation of protein kinase B (Akt), leading to cell
survival via inhibition of apoptosis that may be important
during wound healing (Di-Poi et al., 2002). Subsequent work
by others suggests that the antiapoptotic signaling mediated
by PPARPB/S during wound healing is also functional in co-
lonic epithelium and human keratinocytes (Gupta et al.,
2004; Wang et al., 2006; Schug et al., 2007). However, these
changes in the PTEN/PDPK1/Akt pathway are not consis-
tently observed in response to ligand activation of PPARB/8
in mouse and human keratinocytes, colonic epithelium, or
human cancer cell lines (Kim et al., 2006; Marin et al., 2006;
Burdick et al., 2007; Hollingshead et al., 2007) and are in
direct contrast to the large body of evidence showing that
PPARP/S induces terminal differentiation and inhibits cell
proliferation (Burdick et al., 2006; Peters et al., 2008).

There are a number of reasons that might explain the
differences in the reported effects of PPARB/S ligands on cell
proliferation and apoptosis, including differences in ligands
and/or differences in experimental models. For example,
GW501516 and GW0742 are two high-affinity ligands for
PPARp/S (Berger et al., 1999; Sznaidman et al., 2003) that
have a similar molecular structure but are structurally dis-
similar with retinoic acid (RA), which was described recently
as a PPARB/S ligand (Shaw et al., 2003). Structural differ-
ences between the ligands could explain why some investi-
gators have reported that PPARB/S ligand potentiate cell
growth, whereas others have reported that PPARB/S ligands
inhibit cell proliferation. Differences in the approaches used

to culture and treat cells and cell lines could also contribute
to some of the variability in the literature. For example,
studies examining the potential of lipophilic agonists to mod-
ulate apoptosis often culture cells in medium without serum
or in medium containing a low percentage of charcoal-
stripped serum to remove the influence of growth factors or
other lipophilic compounds, because these are known to reg-
ulate apoptosis. This model system may not be optimal be-
cause it is unlikely that endogenous cells typically encounter
conditions in the absence of normal serum and/or growth
factors. Thus, there is potential for differences in ligands and
experimental models to influence the effects of PPARB/S li-
gands on cell proliferation.

It was shown originally that ligand activation of PPARB/S
induces terminal differentiation and inhibits cell prolifera-
tion of human keratinocytes (Burdick et al., 2007), which was
consistent with findings from four independent laboratories
showing similar effects in mouse keratinocytes (Tan et al.,
2001; Westergaard et al., 2001; Schmuth et al., 2004; Kim et
al., 2006). In contrast, others have suggested recently that
all-trans retinoic acid (atRA) is a PPARB/S ligand and that
retinoid-specific activation of PPARB/8 promotes cell survival
of human HaCaT keratinocytes by inducing the expression
of PDPK1 and antiapoptotic signaling (Shaw et al., 2003;
Schug et al., 2007). It was concluded from these studies
that PPARB/8-specific activation by RA might explain the
proproliferative and antiapoptotic effects of retinoic acid.
However, this idea is inconsistent with the well estab-
lished role for PPARB/S in promoting terminal differenti-
ation. Thus, the present study critically evaluated the
effect of two highly specific PPARB/S ligands (GW0742 and
GW501516), atRA, and 9-cis retinoic acid (9-cis RA) on
gene expression and modulation of cell proliferation in
human and mouse keratinocytes.

Materials and Methods

Materials. GW0742 (Sznaidman et al., 2003) was synthesized by
GlaxoSmithKline (Research Triangle Park, NC). GW501516 (Sznaid-
man et al., 2003) was synthesized as described previously (Girroir et
al., 2008). atRA and 9-cis RA were purchased from Sigma-Aldrich
(St. Louis, MO). GW0742 and GW501516 were dissolved in dimethyl
sulfoxide (DMSO), and atRA and 9-cis RA were dissolved in ethanol
(EtOH). Propidium iodine was purchased from Sigma-Aldrich. The
FITC-Annexin V antibody was purchased from Invitrogen (Carlsbad,
CA). The caspase 3/7 Glo reagent was purchased from Promega
(Madison, WI).

Cell Culture. HaCaT human keratinocytes were kindly provided
from Dr. Stuart Yuspa (National Cancer Institute, Bethesda, MD).
These cells were maintained in Dulbecco’s minimal essential me-
dium (DMEM) with 5% fetal bovine serum and 1% penicillin/strep-
tomycin at 37°C and 5% CO,. Primary mouse keratinocytes from
wild-type and PPARB/6-null mice were isolated from 2-day-old neo-
nates as described previously (Kim et al., 2006). Keratinocytes were
cultured in low calcium (0.05 mM) Eagle’s minimal essential medium
with 8% chelexed fetal bovine serum at 37°C and 7% CO, (Kim et al.,
2006).

Cell Proliferation Analyses. HaCaT cells were plated on a
12-well plate at a density of 20,000 cells/well 24 h before cell counting
at time 0. Cell proliferation was determined using a Z1 Coulter
particle counter (Beckman Coulter, Hialeah, FL). Cells were then
serum-starved or not for 24 h before ligand treatment. After this 24-h
period, cells were maintained in DMEM with or without serum and
treated with control (DMSO or EtOH), GW0742, GW501516, atRA,
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9-cis RA, or combinations for 24, 48, or 72 h. The concentration of
GW0742 and GW501516 used for all experiments ranged from 0.1 to
10.0 uM, because these concentrations have been shown to specifi-
cally activate PPARB/S (Kim et al., 2006). The concentration of atRA
and 9-cis RA used for all experiments ranged from 0.1 to 1.0 uM.
Cells were counted every 24 h. Triplicate samples for each treatment
were used for each time point, and each replicate was counted three
times. For the mouse primary keratinocyte proliferation assay,
equivalent numbers (300,000) of cells from both genotypes were
plated in 12-well plates. Two days after seeding, the day 0 plates
were removed and counted. The remaining plates were switched to
new low-calcium media until day 1. After day 1 counts, the remain-
ing plates were treated with control (DMSO or EtOH), GW0742,
atRA, or 9-cis RA for 24, 48, and 72 h in low-calcium media. The
concentration of agonists examined was either 0.1 or 1.0 uM. Trip-
licate samples for each treatment were used for each time point, and
replicates were counted three times.

Western Blot Analyses. HaCaT cells were cultured on 60-mm
culture dishes. Cells were serum-starved for 24 h or not before ligand
treatment. After this time, cells were maintained in DMEM with
(5%) or without serum and treated with control (DMSO or EtOH),
GW0742, GW501516, atRA, or 9-cis RA for 12 h. After 12 h of
exposure, protein was isolated using a lysis buffer containing phos-
phatase and protease inhibitors (20 mM Tris, 150 mM NaCl, 1 mM
EGTA, 1 mM EDTA, 1 mM B-glycerophosphate, 2 mM sodium pyro-
phosphate, and 1% Triton X). For analyzing the expression of reti-
noic acid receptors (RARs), HaCaT cells and primary keratinocytes
from wild-type and PPARB/S-null mice were cultured on 100-mm
culture dishes in triplicate. Soluble protein was isolated from con-
fluent plates using MENG buffer (25 mM MOPS, 2 mM EDTA, 0.02%
NaN,, and 10% glycerol, pH 7.5) containing 500 mM NaCl, 1%
Nonidet P-40, and protease inhibitors.

Protein samples were isolated from control- and ligand-treated
cells as described above. A total of 25 ug of protein per sample was
resolved using SDS-polyacrylamide gels. The samples were trans-
ferred onto polyvinylidene fluoride membrane using an electroblot-
ting method. The membranes were blocked with 5% dried milk in
Tris-buffered saline/Tween 20 and incubated at 4°C overnight with
primary antibodies. After incubation with biotinylated secondary
antibody (Jackson ImmunoResearch Laboratories, West Grove, PA),
immunoreactive proteins on the membrane were detected after in-
cubation with 1??I-labeled streptavidin (GE Healthcare, Chalfont St.
Giles, Buckinghamshire, UK). Hybridization signals for specific pro-
teins were normalized to the hybridization signal of the housekeep-
ing gene lactate dehydrogenase or B-actin. Independent triplicate
samples were analyzed for each treatment group. The following
antibodies were used: anti-Akt, anti-phospho-Akt, PARP (all from
Cell Signaling Technology, Danvers, MA), and anti-lactate dehydro-
genase (Rockland, Gilbertsville, PA); RAR«, RARB, RARy, and RXRa
were from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). The
cleavage ratio of PARP was determined by the average ratio of
normalized cleaved PARP to normalized uncleaved PARP.

Real-Time PCR. HaCaT cells were cultured on six-well plates.
Cells were serum-starved for 24 h or not before ligand treatment.
After this time, cells were maintained in DMEM with or without
serum and treated with control (DMSO or EtOH); GW0742 or
GW501516 (4, 8, or 24 h); or atRA or 9-cis RA (8 or 24 h). For isolation
of mRNA from primary keratinocytes, a similar protocol was used.
Keratinocytes were cultured to 90 to 95% confluence before treat-
ment with control (DMSO or EtOH), GW0742, atRA, or 9-cis RA, for
8 or 24 h. Total RNA was isolated from cells using TRIzol reagent
and the manufacturer’s recommended protocol. The mRNA encoding
adipose differentiation-related protein (ADRP), angiopoietin-like
protein 4 (Angptl4), PDPK1, transglutaminase 1, cytochrome P450
26A1 (CYP26A1), small proline-rich protein 1A (SPR1A), and glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH) was measured by
quantitative real-time polymerase chain reaction analysis. cDNA
was generated from 2.5 ug of total RNA using MultiScribe Reverse

PPARp/& Inhibits HaCaT Proliferation 1431
Transcriptase kit (Applied Biosystems, Foster City, CA). Real-time
PCR primers for the above genes were designed using SciTools
(Integrated DNA Technologies, Coralville, IA). The quantitative
real-time PCR analysis was carried out using SYBR Green PCR
master mix (Finnzymes, Espoo, Finland) in the iCycler and detected
using the MyiQ Realtime PCR Detection System (Bio-Rad Labora-
tories, Hercules, CA). The following PCR reaction was used for all
genes: 95°C for 10 s, 60°C for 30 s, and 72°C for 30 s, repeated for 45
cycles. Each PCR reaction included a no-template control reaction to
control for contamination, and all real-time PCR reactions had
greater than 85% efficiency. The relative mRNA value for each gene
was normalized to the relative mRNA value for the housekeeping
gene GAPDH. Statistical analysis of GAPDH expression for all treat-
ment groups revealed no significant differences in expression, allow-
ing for normalization to this gene product (data not shown).

Flow Cytometry. HaCaT cells were plated on a six-well plate at
a density of 75,000 (with serum) or 250,000 (without serum) cells per
well. Cells were then serum-starved or not 24 h before ligand treat-
ment. After this 24-h period, cells were maintained in DMEM with or
without serum and treated with control (DMSO or EtOH), GW0742,
GW501516, atRA, 9-cis RA, or combinations for 24 and 48 h (without
serum) or 48 and 72 h (with serum) with daily renewal of treatment.
Independent triplicate samples for each treatment were used for
each time point.

For Annexin V analysis of apoptosis, cells were trypsinized,
washed in cold phosphate-buffered saline, and pelleted. The cells
were then resuspended in 100 pl of annexin V buffer (10 mM
HEPES, pH 7.4, 140 mM NaCl, and 2.5 mM CaCl,), and 5 pl of
FITC-annexin V antibody was incubated at room temperature for 15
min. Ice-cold annexin V buffer (450 ul) was added to the cells with 2
ug of propidium iodine, and the cells were analyzed by flow cytom-
etry. Approximately 10,000 cells/sample were analyzed using an
EPICS-XL-MCL flow cytometer (Beckman Coulter Electronics) fitted
with a single 15-mW argon ion laser providing excitation at 488 nm.
Cells stained with FITC were monitored through a 525-nm bandpass
filter. Early apoptosis was defined as the percentage of cells that
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Fig. 1. Ligand activation of PPARB/6 inhibits cell proliferation of HaCaT
keratinocytes. HaCaT cells were treated with either GW0742 (A and C) or
GW501516 (B and D) with the indicated concentration of ligand (arrow)
in the presence (A and B) or absence (C and D) of culture medium with
serum and cell number was quantified as described under Materials and
Methods. Values represent the mean = S.E.M. #, significantly different
values (P < 0.05) from vehicle (DMSO) at the particular time point, as
determined by ANOVA and Bonferroni’s multiple comparison test.
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were annexin V-positive and propidium iodide-negative, and late
apoptosis/necrosis was defined as the percentage of cells that were
annexin V-negative and propidium iodide-positive.

Caspase 3/7 Activity. HaCaT keratinocytes were cultured as
described above, with and without culture medium serum for up to
72 h in the presence or absence of either GW0742 or retinoic acid.
Caspase 3/7 activity was measured using the caspase 3/7 Glo reagent
using the manufacturer’s recommended procedures. As a positive
control, HaCaT keratinocytes were irradiated with 20,000 wJ/cm?
UV light using the CL-1000 Ultra Violet Cross-linker (UVP, Upland,
CA) and examined 12-h after irradiation. Activity was normalized to
protein content. Five independent samples per treatment group were
examined.

Statistical Analysis. All analyses were made using either a
one-way (Western blots) or two-way (proliferation, mRNA, and flow
cytometry) analysis of variance (ANOVA) with Bonferroni’s multiple
comparison test as mentioned in the figure legends. All results are
reported as mean *+ S.E.M.

Results

Activation of PPARB/6 by Specific Ligands Inhibits
Cell Proliferation of HaCaT Keratinocytes. To examine
the effect of synthetic PPARB/6 ligands on cell growth, Ha-
CaT keratinocyte cell proliferation was quantified in the
presence of either GW501516 or GW0742, with or without
serum withdrawal. In the presence of culture medium with
serum, inhibition of HaCaT cell proliferation was observed

with 1.0 and 10 uM GW0742 (Fig. 1A). GW501516 did not
influence cell growth of HaCaT cells in the presence of serum
in the culture medium (Fig. 1B). Because growth factors
and/or potential PPAR ligands present in serum could pre-
vent the detection of significant changes in cell proliferation,
these experiments were also performed in the absence of
culture medium serum. When HaCaT cells were cultured in
the absence of serum, both GW0742 and GW501516 inhibited
cell growth (Fig. 1, C and D). These data do not distinguish
between inhibition of cell cycle progression and cell death,
but subsequent analysis examined these ideas.

Activation of PPARB/6 by Specific Ligands Increases
Expression of ADRP and Angptl4 but Not PDPKI1. To
verify that the inhibition of proliferation by GW0742 and
GW501516 (Fig. 1) is associated with specific ligand activa-
tion of PPARp/S, expression of known and putative PPARS/
5-dependent target genes was examined. The known PPARp/
5-dependent target genes ADRP and Angptl4 were induced
by GW0742 and GW501516 in a dose-dependent manner that
was independent of culture medium serum (Fig. 2, A-D).
Because increased expression of ADRP is a marker of kera-
tinocyte differentiation (Westergaard et al., 2001; Schmuth
et al., 2004; Kim et al., 2006; Burdick et al., 2007), expression
of another mRNA marker of differentiation was also exam-
ined. Indeed, expression of SPR1A was increased by ligand
activation of GW0742 (Supplemental Fig. 1), consistent with
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Fig. 2. Modulation of gene expression by ligand activation of PPARB/6 in HaCaT keratinocytes. HaCaT cells were treated for either 4 or 8 h with the
indicated concentration of GW0742 (A, C, and E) or GW501516 (B, D, and F) in the presence or absence of serum. Quantitative real-time PCR was
performed as described under Materials and Methods to examine the expression of mRNA encoding ADRP (A and B), Angptl4 (C and D), and PDPK1
(E and F) normalized to mRNA encoding GAPDH. Values are the average -fold change compared with control treatment and represent the mean *+
S.E.M. Values with different letters are significantly different, P < 0.05, as determined by ANOVA and Bonferroni’s multiple comparison test.
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previous work demonstrating that ligand activation of PPARS/8
induces terminal differentiation of keratinocytes (Tan et al.,
2001; Westergaard et al., 2001; Schmuth et al., 2004; Kim et al.,
2006; Burdick et al., 2007). In contrast, expression of the puta-
tive PPARB/S target gene PDPK1 was not altered by either
PPARp/S ligand at either time point in the presence or absence
of serum (Fig. 2. E and F). PDPK1 was examined because
others have suggested recently that activating PPARS/S in ker-

A

GWO0742 + Serum
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atinocytes causes increased expression of this mRNA (Schug et
al., 2007). These data demonstrate that HaCaT keratinocytes
are responsive to PPARS/8 ligands, as shown by the induction of
two known PPARp/S-dependent target genes within 4 h of
treatment. These data also suggest that PDPK1 is not a target
of PPARB/S in human HaCaT keratinocytes, consistent with
past studies (Kim et al., 2006; Marin et al., 2006; Burdick et al.,
2007).
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Fig. 3. Phosphorylation of Akt and PARP cleavage are not influenced by ligand activation of PPARB/S in HaCaT cells. HaCaT cells were treated for
12 h with either GW0742 (A and C) or GW501516 (B and D) with the indicated concentration of ligand in the presence (A and B) or absence (C and
D) of serum as described under Materials and Methods to examine the quantitative expression of phosphorylated Akt and PARP cleavage. Values are
the average -fold change compared with control treatment and represent the mean = S.E.M. Values with different letters are significantly different,
P < 0.05, as determined by ANOVA and Bonferroni’s multiple comparison test. The cleavage ratio is an indicator of apoptosis and is the average ratio
of cleaved PARP to uncleaved PARP normalized values. E, Western blot analysis demonstrating specificity of the phospho-Akt antibody. Rat cerebrum
lysate (+) was used as a positive control and representative samples from HaCaT cells treated with either GW0742, atRA, or 9-cis RA were used
comparison. Phospho-Akt has a molecular mass of 60 kDa.
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Activation of PPARS/6 by Specific Ligands Does Not
Lead to Phosphorylation of Akt or Alter PARP Cleav-
age. Quantitative Western blotting was performed using pro-
tein from HaCaT cells treated with GW0742 and GW501516
for 12 h in the presence or absence of culture medium serum.
This time point was examined because recent work by others
suggested that ligand activation of PPARB/6 leads to in-
creased phosphorylation of Akt in HaCaT cells after 12 h
(Schug et al., 2007). Likewise, because phosphorylated Akt is
known to cause antiapoptotic activity, PARP cleavage was
examined to determine whether ligand activation of PPARB/8
would modulate this marker of apoptosis, with particular
interest in potential changes that might occur after serum
withdrawal when increased PARP cleavage should occur. No
change in the expression of Akt protein and no evidence of
altered Akt phosphorylation were observed in response to
ligand activation of PPARB/S in the presence or absence of
culture medium serum (Fig. 3, A-D). An increase in the
average ratio of cleaved to uncleaved PARP was only ob-
served in serum-deprived HaCaT keratinocytes compared
with cells cultured in the presence of serum (Fig. 3, C and D,
versus A and B). Neither PPARB/8 ligand had any effect on
PARP cleavage at any concentration in the presence of ab-
sence of culture medium serum.

Ligand Activation of PPARB/6 Increases Annexin V
Staining and Caspase 3/7 Activity. The observed decrease
in cell proliferation (Fig. 1) could be due to the inhibition of
cell cycle and/or modulation of apoptosis. Flow cytometric
analysis using BrdU did not reveal significant differences in
cell cycle progression (data not shown). Thus, flow cytometric
analysis was performed to determine whether the observed
decreases in cell proliferation by ligand activation of
PPARB/S (Fig. 1) was due to modulation of apoptosis. The
timing of this analysis corresponded to the time points just
preceding and including the time point when a significant
decrease in cell proliferation was observed [e.g., 48-72 h after
ligand treatment in the presence of serum (Fig. 1A) and
24-48 h after ligand treatment in the absence of serum (Fig.
1C)]. A dose-dependent increase in the percentage of cells
undergoing early apoptosis (annexin V-positive/propidium io-

TABLE 1

Flow cytometry analysis of annexin V/propidium iodide in HaCaT cells
after ligand activation of PPARB/S

HaCaT cells were treated in triplicate for the indicated times with the indicated
concentration of ligand in the presence (top) or absence (bottom) of culture medium
serum. Values (mean *= S.E.M.) with different letters in each column are signifi-
cantly different, P < 0.05, as determined by ANOVA and Bonferroni’s multiple
comparison test. Early apoptosis was defined as the percentage of cells that were
annexin V-positive and propidium iodide-negative, and late apoptosis/necrosis was
defined as the percentage of cells that were annexin V-negative and propidium
iodide-positive.

48 h 72 h
GWO0742 Early Late Early Late
Apoptosis Apoptosis Apoptosis Apoptosis
%
+ Serum
Vehicle 2.6 +0.1¢ 04 *0.1¢ 4.0 = 0.5 0.6 = 0.2¢
0.1 uM 45+ 0.4° 0.3 *0.1¢ 3.7+ 0.2 0.5 *+0.1¢
1.0 uM 5.6 = 0.2° 04 *=0.1¢ 3.6 = 0.5¢ 0.9 = 04°
10.0 uM 6.8 +0.3¢ 0.5 = 0.0¢ 3.4 = 0.4° 0.5 +0.1¢
— Serum
Vehicle 1.1 +0.2¢ 0.9 = 0.3¢ 1.3 £0.1¢ 0.2 = 0.0¢
0.1 uM 1.1 = 0.2¢ 0.6 £0.1¢ 1.6 = 0.3¢ 0.2 =0.1¢
1.0 uM 1.1 =0.1* 0.5 = 0.0¢ 1.6 £0.2¢ 0.2 = 0.0¢
10.0 uM 0.8 = 0.2¢ 0.4 = 0.2¢ 2.4 + 0.5° 0.6 = 0.2¢

dide-negative) was observed 48 h after ligand treatment in
the presence of serum (Table 1), but these changes were not
observed 72 h after ligand treatment (Table 1). In the ab-
sence of culture medium serum, an increase in cells under-
going early apoptosis was observed 72 h after ligand treat-
ment in cells exposed to 10 uM GWO0742 (Table 1). No
changes in the percentage of cells undergoing late apoptosis
(annexin V-negative/propidium iodide-positive) were observed
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Fig. 4. Effect of retinoic acid on HaCaT cell proliferation. HaCaT cells
were treated with either atRA (A and C) or 9-cis RA (B and D) with the
indicated concentration (arrow) in the presence (A and B) or absence (C
and D) of culture medium serum, and cell number was quantified as
described under Materials and Methods. Values represent the mean =+
S.E.M. #, significantly different values (P < 0.05) from vehicle, as deter-
mined by ANOVA and Bonferroni’s multiple comparison test.
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Fig. 5. Effect of retinoic acid on gene expression in HaCaT keratinocytes.
HaCaT cells were treated for either 8 or 24 h with either GW0742 (0.2
uM), atRA, or 9-cis RA at the indicated concentration in the presence of
serum. Quantitative real-time PCR was performed as described under
Materials and Methods to examine the expression of mRNA encoding
Angptl4 (A), CYP26A1 (B), TGM1 (C), and PDPK1 (D) normalized to
mRNA encoding GAPDH. Values are the average -fold change compared
with control treatment and represent the mean = S.E.M. Values with
different letters are significantly different, P < 0.05, as determined by
ANOVA and Bonferroni’s multiple comparison test.
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for any treatment group. Consistent with the observed changes
in annexin V staining, increased caspase 3/7 activity was also
found after ligand activation of PPARB/8 by GW0742 in HaCaT
keratinocytes (Supplemental Fig. 2).

Retinoic Acid Inhibits HaCaT Cell Proliferation. To
examine the effect of retinoic acid on cell growth, HaCaT
keratinocyte proliferation was quantified in the presence of
either atRA or 9-cis RA with or without culture medium
serum withdrawal. atRA and 9-cis RA inhibited HaCaT cell
proliferation in the presence of culture medium serum. Cells
were more sensitive to 9-cis RA than atRA because inhibition
of cell growth occurred at a lower concentration (0.1 uM) (Fig.
4, A and B). In the absence of culture medium serum, both 0.1
and 1.0 uM concentrations of atRA and 9-cis RA inhibited
HaCaT cell proliferation with similar efficacy.

Retinoic Acid Regulates RAR-Dependent Target
Genes but Does Not Regulate PPARpB/6-Dependent
Target Genes. Expression of PPARB/5-dependent target
genes and RAR-dependent target genes was examined after
exposure to retinoic acid. atRA and 9-cis RA did not increase
expression of mRNA encoding the well characterized PPARS/
5-dependent target Angptld after either 8 or 24 h of treat-
ment (Fig. 5A). In contrast, a marked increase in the expres-
sion of Angptl4 mRNA was found in response to 0.2 uM
GWO0742 after 8 and 24 h of culture (Fig. 5A). Both atRA and
9-cis RA modulated expression of known RAR-dependent
target genes; CYP26A1 was induced, and transglutaminase 1
was repressed (Fig. 5, B and C). These changes were not
observed after exposure to the PPARB/S ligand GW0742.
Neither atRA, 9-cis RA, nor GW0742 influenced expression of
mRNA encoding PDPK1 (Fig. 5D).

Retinoic Acid Does Not Lead to Phosphorylation of
Akt or Alter PARP Cleavage. Quantitative Western blot-
ting was performed on protein samples from HaCaT cells to
determine whether retinoic acid can modulate phosphoryla-
tion of Akt and/or PARP cleavage as markers of apoptotic
signaling. No change in the expression or phosphorylation of
Akt was found in response to either atRA or 9-cis RA in the
presence of absence of culture medium serum (Fig. 6). Like-
wise, no change in PARP cleavage was observed in response
to retinoic acid in the presence or absence of culture medium

+ Serum

H 01puM 1.0uM 0.1puM 1.0uM
atRA  atRA 9cRA  9cRA
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EtO
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serum (Fig. 6). The only significant change in PARP cleavage
was observed in serum-deprived cells compared with cells
cultured in the presence of serum (Fig. 6).

Retinoic Acid Increases Annexin V Staining and
Caspase Activity. Flow cytometric analysis was performed
to determine whether the observed decreases in cell prolifer-
ation by retinoic acid (Fig. 4) was due to modulation of
apoptosis. The timing of this analysis corresponded to the
time points just preceding and including the time point when
a significant decrease in cell proliferation was observed [e.g.,
48-72 h after retinoic acid treatment in the presence of
serum (Fig. 4, A and B), and 24-48 h after retinoic acid
treatment in the absence of serum (Fig. 4, C and D]. In the
presence of culture medium serum, atRA and 9-cis RA sig-
nificantly increased the percentage of cells undergoing early
apoptosis 48 h after retinoic acid treatment (Table 2). The
percentage of cells undergoing late apoptosis was also signif-
icantly increased by atRA and 9-cis RA 48 and 72 h after
retinoic acid treatment (Table 2). In the absence of culture
medium serum, no significant changes in the percentage of
cells undergoing early or late apoptosis was observed at ei-
ther time point. It is interesting that the percentage of cells
undergoing apoptosis was higher in retinoic acid-treated cells
(Table 2) compared with GW0742-treated cells (Table 1).
Consistent with the observed changes in annexin V staining,
increased caspase 3/7 activity was also found after exposure
to retinoic acid in HaCaT keratinocytes (Supplemental
Fig. 2).

GWO0742 and Retinoic Acid Decrease Mouse Primary
Keratinocyte Cell Proliferation. Primary mouse keratin-
ocytes from wild-type and PPARB/6-null mice were used to
assess the specific role of PPARB/ in modulating cell growth.
Keratinocytes from PPARB/6-null mice proliferated much
faster compared with wild-type keratinocytes, consistent
with previous studies (Kim et al., 2006). Inhibition of cell
proliferation was observed in wild-type mouse keratinocytes
after exposure to GW0742, and this effect was not found in
similarly treated PPARB/8-null keratinocytes (Fig. 7A). In
contrast, atRA and 9-cis RA inhibited cell proliferation in
both wild-type and PPARB/6-null keratinocytes (Fig. 7, B
and C).

B — Serum
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Fig. 6. Phosphorylation of Akt and PARP cleavage are not influenced by retinoic acid in HaCaT cells. HaCaT cells were treated for 12 h with either
atRA or 9-cis RA at the indicated concentration in the presence (A) or absence (B) of culture medium serum as described under Materials and Methods
to examine the quantitative expression of phosphorylated Akt and PARP cleavage. Values are the average -fold change compared with control
treatment and represent the mean = S.E.M. Values with different letters are significantly different, P < 0.05, as determined by ANOVA and
Bonferroni’s multiple comparison test. The cleavage ratio is an indicator of apoptosis and is the average ratio of cleaved PARP to uncleaved PARP

normalized values.
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Retinoic Acid Increases the Expression of an RAR-
Dependent Target Gene but Does Not Increase the
Expression of a PPARB/6 Target Gene in Mouse Pri-
mary Keratinocytes. Primary keratinocytes from wild-type
and PPARB/8-null mice were used to examine changes in
gene expression of RAR- and PPARp/8-dependent target
genes. At a concentration that specifically activates PPARB/8
(0.2 uM), GW0742 increased the expression of Angptld
mRNA in wild-type keratinocytes at both time points exam-

TABLE 2

Flow cytometry analysis of annexin V/propidium iodide in HaCaT cells
after atRA or 9-cis RA

HaCaT cells were treated in triplicate for the indicated times with the indicated
concentration of RA in the presence (top) or absence (bottom) of culture medium
serum. Values (mean = S.E.M.) with different letters in each column are signifi-
cantly different, P < 0.05, as determined by ANOVA and Bonferroni’s multiple
comparison test.

48 h 72 h
Treatment Early Late Early Late
Apoptosis Apoptosis Apoptosis Apoptosis
%
+ Serum
Vehicle 6.1 = 0.5¢ 1.7 £ 0.3 4.7 +0.3* 1.8=*0.7%
0.1 uM atRA 8.5 = 0.8 2.4 + 0.6% 44 *0.3* 1.9=*0.5
1.0 uM atRA 11.6 + 0.7° 5.6 = 0.9° 4.1+0.3* 41=*0.1°
0.1 uM 9-cis RA  10.7 = 1.0° 3.8 +1.1° 52+04* 26 =*0.77
1.0 uM 9-cis RA 9.2 + 1.0° 49+ 1.4° 44 +0.1* 6.7+ 1.0°
— Serum
Vehicle 0.6 = 0.1 1.0 £ 0.1¢ 1.0 £ 0.0 0.4 *=0.1*
0.1 uM atRA 0.5 *0.1¢ 0.6 = 0.0¢ 0.8 0.1 0.2 =*0.0¢
1.0 uM atRA 0.4 = 0.1 1.0 £ 0.1¢ 1.0 £0.1* 0.6 = 0.4*
0.1 uM 9-cis RA 0.4 = 0.1 1.0 = 0.2* 09 *0.1* 0.2=*0.0¢
1.0 uM 9-cis RA 0.4 £0.1¢ 1.1 = 0.3 1.1 +0.1* 0.4 =*=0.1*
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ined, and this increase was not observed in similarly treated
PPARp/6-null keratinocytes (Fig. 8, A and B). atRA did not
increase Angptl4 mRNA expression (Fig. 8, A and B), but
9-cis RA did cause an increase after 24 h of treatment (F'ig. 8,
A and B). This is of interest because the increase in Angptl4
mRNA expression did not occur in PPARB/é-null keratino-
cytes. This is consistent with previous work showing that
9-cis RA can activate PPAR/RXR heterodimers and increase
the expression of PPAR target genes (Mukherjee et al., 1997).
atRA and 9-cis RA both increased expression of the RAR-
dependent target gene CYP26A1 in wild-type and PPARp/5-
null keratinocytes, whereas GWO0742 had no effect on
CYP26A1 mRNA in either genotype (Fig. 8, C and D).

HaCaT and Mouse Primary Keratinocytes Differen-
tially Express RAR Isoforms. To confirm that retinoic acid
receptors (RAR«, RARB, RARYy, and RXRa) are expressed in
HaCaT keratinocytes and primary keratinocytes, quantita-
tive Western blotting was performed on soluble cellular ly-
sates from HaCaT cells and wild-type and PPARB/8-null
primary keratinocytes. Expression of all three RAR isoforms
was detected in HaCaT keratinocytes; however, RARy was
only expressed in primary keratinocytes (Fig. 9). The expres-
sion of RXRea, the heterodimerization partner of PPARB/S
and RARs, was highly expressed in both HaCaT and primary
mouse keratinocytes.

Cotreatment of GW0742 and Retinoic Acid Decreases
HaCaT Cell Proliferation and Independently Regulate
Receptor-Specific Target Genes. If retinoids and PPARpB/S
ligands were functioning to promote antiapoptotic signaling,
then combining the two ligands might allow us to observe this
effect that we were not observing with only the ligand. Toward

@)

9cRA
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8 (+/+)0.1 uM
# (+/+)1.0 uM
* (-/-) Vehicle
= (-/-) 0.1 pM
4 (-/=)1.0 uM

Total Cells (x 1000)

Time (hours)

Fig. 7. Role of PPARB/S in the modulation of cell growth of mouse primary keratinocytes by GW0742 or retinoic acid. Primary keratinocytes from
wild-type (+/+) and PPARB/3-null (—/—) mice were treated with the indicated concentration of either GW0742 (A), atRA (B), or 9-cis RA (C; arrow),
and cell number was quantified as described under Materials and Methods. Values represent the mean + S.E.M. *, significantly different values (P <
0.05) from vehicle, as determined by ANOVA and Bonferroni’s multiple comparison test.
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this goal, both cell proliferation and markers of gene expression
were examining using combinations of ligands using concentra-
tions that are known to specifically activate the respective re-
ceptor. As noted above, others have suggested that ligand acti-
vation of PPARB/8 will lead to increased expression of PDPK1
and subsequent antiapoptotic activity (Schug et al., 2007). To
begin to examine whether inhibition of cell proliferation by
retinoic acid and GW0742 could lead to additive or synergistic
effects, HaCaT cell proliferation was examined after cotreat-
ment with retinoic acid and GW0742. Similar to the results
described above, atRA and 9-cis RA significantly inhibited Ha-
CaT cell proliferation (Fig. 10, A—C). GW0742 did not inhibit
cell proliferation, but this concentration (0.2 wM) was used
because it specifically activates PPARB/8 without inhibiting cell
growth (Figs. 1A and 5A). Cotreatment of atRA or 9-cis RA with
0.2 uM GWO0742 did not lead to enhanced inhibition of cell
proliferation compared with inhibition observed with atRA or
9-cis RA alone in the presence or absence of culture medium
serum (Fig. 10). However, combining atRA with 9-cis RA caused
a significantly greater inhibition of cell proliferation in the
absence of culture medium serum compared with inhibition
observed with atRA or 9-cis RA alone (Fig. 10).

Ligand activation of PPARB/8 caused an increase in the
expression of mRNA encoding Angptl4 in HaCaT cells,
whereas atRA and 9-cis RA had no effect on this PPARB/8
target gene (Fig. 11, A and B). Combining atRA or 9-cis RA
with GW0742 did not consistently alter the induction of
Angptl4, but a modest enhancement was observed after 8 h of
treatment with atRA and GW0742 (Fig. 11A). Increased ex-
pression of CYP26A1 mRNA was observed in atRA- and 9-cis
RA-treated HaCaT cells, but this effect was not consistently
altered by cotreatment with GW0742 (Fig. 11, C and D).
Expression of mRNA encoding PDPK1 was not altered by
atRA, 9-cis RA, or GW0742 (Fig. 11, E and F). No consistent
changes in PDPK1 mRNA were observed after cotreatment
with either atRA or 9-cis RA with GW0742, but a decrease in

PPARp/5 Inhibits HaCaT Proliferation 1437

PDPK1 mRNA was found after cotreatment of GW0742 and
9-cis RA or cotreatment of atRA and 9-cis RA (Fig. 11, E
and F).

Discussion

Results from the present study clearly indicate that ligand
activation of PPARPB/§ inhibits cell proliferation in human
HaCaT keratinocytes (Fig. 12). This observation is consistent
with previous work showing PPARB/3-dependent inhibition
of cell proliferation in keratinocytes (Peters et al., 2000;
Michalik et al., 2001; Westergaard et al., 2001; Kim et al.,
2004, 2005, 2006; Burdick et al., 2007; Man et al., 2008) and
many other cell types (Burdick et al., 2006; Peters et al.,
2008). Because the observed inhibition of cell proliferation by
ligand activation of PPARB/S is not found in mouse keratin-
ocytes that do not express PPARB/S, this demonstrates that
this effect requires a functional receptor. The specific mech-
anism(s) that lead to inhibition of cell proliferation in human
HaCaT keratinocytes cannot be determined from the present
studies. However, because inhibition of cell proliferation is
typically associated with terminal differentiation, it is impor-
tant to note that increased expression of known differentia-
tion markers (e.g., ADRP and SPR1A) was observed in the
present study and that PPARB/6 has been linked with mod-
ulation of terminal differentiation in keratinocytes (Mat-
suura et al., 1999; Tan et al., 2001; Schmuth et al., 2004; Kim
et al., 2006; Burdick et al., 2007; Man et al., 2008) and other
cell types, including intestinal epithelium (Burdick et al.,
2006; Peters et al., 2008). It is interesting that the induction
of terminal differentiation of keratinocytes is associated with
increased activity of proapoptotic-like signaling (Weil et al.,
1999). Thus, the increase in annexin V-positive cells and
caspase 3/7 activity found in response to ligand activation of
PPARPY/S is also consistent with the idea that PPARB/8 me-
diates terminal differentiation and might explain in part the

Fig. 8. Role of PPARB/S in the modulation of gene
expression by GWO0742 or retinoic acid in mouse
primary keratinocytes. Primary keratinocytes from
wild-type (+/+) and PPARB/8-null (—/—) mice were
treated for 8 (left) or 24 (right) h with either
GWO0742, atRA, or 9-cis RA at the indicated concen-
tration. Quantitative real-time PCR was performed
as described under Materials and Methods to exam-
ine the expression of mRNA encoding Angptl4 (A
and B) or CYP26A1 (C and D) normalized to mRNA
encoding GAPDH. Values are the average -fold
change compared with control treatment and repre-
sent the mean = S.E.M. Values with different let-
ters are significantly different, P < 0.05, as deter-
mined by ANOVA and Bonferroni’s multiple
comparison test.
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decreased cell proliferation observed after activation of
PPARPB/S in HaCaT keratinocytes. Given that HaCaT kera-
tinocytes are relatively resistant to the induction of apoptosis
(Henseleit et al., 1996), the observed increase in apoptosis
with ligand activation of PPARB/S illustrates a unique func-
tion of PPARpB/S in this cell type.

Previous studies by others suggested that ligand activation
of PPARB/S in keratinocytes promotes cell survival by mod-
ulating PTEN/PDPK1/ILK/Akt activity, leading to antiapop-
totic signaling (Di-Poi et al., 2002). However, this signaling
seems to be context-specific because changes in these signal-
ing proteins may occur in keratinocytes during wound heal-

HaCaT (+/+)

RARo SHERT

RARp #EEEE

RXROL S s o o o o
B-actin seeseeses————

Fig. 9. Expression of retinoid receptors in mouse keratinocytes and
HaCaT keratinocytes. HaCaT and primary keratinocytes from wild-type
(+/+) and PPARpB/6-null (—/—) mice were cultured as described under

Materials and Methods to examine the quantitative expression of RAR«,
RARB, RARYy, and RXRa.

(=)

A Single Treatment + serum B

ing but are clearly not found in normal mouse or human
keratinocytes, based on results reported from the present
study and from previous work (Kim et al., 2006; Burdick et
al., 2007). This is also supported by the lack of changes in the
PTEN/PDPK1/ILK/Akt expression and/or activity after li-
gand activation of PPARB/8 in colon and human colon cancer
cell lines (Marin et al., 2006; Hollingshead et al., 2007).
Together, earlier work and results from the present study
strongly support the idea that ligand activation of PPARB/8
inhibits cell proliferation by inducing terminal differentia-
tion and apoptotic signaling. Furthermore, these findings do
not support the hypothesis that PPARB/8 promotes cell sur-
vival of keratinocytes by modulating PTEN/PDPK1/ILK/Akt
activity leading to antiapoptotic signaling, as suggested by
others (Di-Poi et al., 2002)

Because recent evidence suggests that retinoic acid is a
ligand for PPARB/S (Shaw et al., 2003), the effect of retinoic
acid on HaCaT cell proliferation was also examined. Results
from the present study provide convincing evidence that
atRA and 9-cis RA inhibit cell proliferation of both human
HaCaT keratinocytes and mouse primary keratinocytes, and
that this effect is associated with an increase in apoptosis. It
is interesting that the relative percentage of cells undergoing
apoptosis in response to atRA and 9-cis RA is significantly
greater than the percentage of cells undergoing apoptosis in
response to a potent PPARB/S ligand. These observations are
consistent with the inhibition of cell proliferation found in
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D Co-treatments — serum
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Fig. 10. Effect of combining GW0742 with retinoic
acid on cell proliferation of HaCaT keratinocytes.
HaCaT cells were treated with either GW0742 (0.2
uM), atRA (1.0 uM), or 9-cis RA (1.0 uM) (A and C)
or combinations of GW0742, atRA, and 9-cis RA
(arrow) (B and D) in the presence (A and B) or
absence (C and D) of culture medium serum, and
cell number was quantified as described under Ma-
terials and Methods. Values represent the mean *+
S.E.M. #, significantly different values (P < 0.05)
from vehicle (DMSO) at the particular time point, as
determined by ANOVA and Bonferroni’s multiple
comparison test.
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HaCaT keratinocytes, other human keratinocyte cell lines,
and various human cancers after administration of retinoic
acid (Chen et al., 2000; Hansen et al., 2000; Kanekura et al.,
2000; Klaassen et al., 2001; Memezawa et al., 2007). Retinoic
acid also inhibits cell proliferation in mouse primary kera-
tinocytes, which is consistent with previous studies (Tong et
al., 1988) and with the inhibition of skin cancer by retinoids
observed in several mouse models (Verma et al., 1980;
Verma, 1987, 1988; Chen et al., 1994a,b; Tennenbaum et al.,
1998; Xu et al., 2006). It is also worth noting that loss of RAR
isoforms has been shown to enhance tumorigenesis (Dar-
wiche et al., 1995, 1996; Chen et al., 2004). Together, results
from the present studies demonstrate that retinoic acid in-
hibits cell proliferation in mouse primary keratinocytes and
human HaCaT keratinocytes (Fig. 12).

In contrast with results from the present study and other
published reports, it was suggested recently that retinoic
acid acts as a PPAR/6 ligand and promotes cell survival and
increased cell growth of HaCaT keratinocytes (Schug et al.,
2007). This was an attractive hypothesis to potentially ex-
plain the known differential effects of retinoic acid reported
in the literature showing that retinoic acid inhibits cell pro-
liferation in some models but increases cell proliferation in
other models. However, the former analysis was limited in
scope and only examined the expression of an mRNA encod-
ing a putative PPARp/6 target gene (e.g., PDPK1) and did not
critically evaluate cell proliferation and apoptosis in HaCaT
keratinocytes as performed in the present analysis. Given
the significant weight of evidence from multiple laboratories
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demonstrating PPARB/5-dependent inhibition of cell prolif-
eration in keratinocytes (Westergaard et al., 2001; Kim et al.,
2004, 2005, 2006; Martinasso et al., 2006; Burdick et al.,
2007; Man et al., 2008) and many other cell types (Burdick et
al., 2006; Peters et al., 2008), it is surprising that the studies
by Schug et al. (2007) did not address this inconsistency in
their work. Indeed, the present study in which cell prolifer-
ation was examined with quantitative measures under sev-
eral culture conditions revealed multiple inconsistencies
with the hypothesis that ligand activation of PPARB/S by
retinoic acid promotes cell survival. For example, increased
expression of PDPKI1 is not found in HaCaT keratinocytes
cultured in the presence of retinoic acid, despite demonstra-
tion of increased expression of known RA-responsive genes
(e.g., CYP26A1). Both atRA and 9-cis RA also failed to in-
crease the expression of known PPARP/S target genes in
HaCaT keratinocytes, whereas PPARpB/8 ligands activated
the expression of ADRP and Angptl4. More importantly, reti-
noic acid did not alter phosphorylation of Akt, inhibit serum
withdrawal-induced cleavage of PARP, or reduce annexin
V-positive cells, and it is noteworthy that there was no in-
crease in cell proliferation. These observations demonstrate
that retinoic acid does not potentiate cell proliferation of
HaCaT keratinocytes. Because combining ligand activation
did not counteract the growth-inhibitory effects of retinoic
acid in HaCaT keratinocytes, this provides more indirect
support that retinoic acid does not function differentially
through both PPARB/5 and RAR/RXRs. In addition, atRA
and 9-cis RA inhibited cell proliferation in both wild-type and
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Fig. 11. Effect of combining GW0742 with retinoic acid on gene expression in HaCaT keratinocytes. HaCaT cells were treated for either 8 (left) or 24
(right) h with either GW0742 (0.2 uM), atRA, or 9-cis RA at the indicated concentration in the presence of serum. Quantitative real-time PCR was
performed as described under Materials and Methods to examine the expression of mRNA encoding Angptl4 (A and B), CYP26A1 (C and D), and
PDPKI1 (E and F) normalized to mRNA encoding GAPDH. Values are the average -fold change compared with control treatment and represent the
mean = S.E.M. Values with different letters are significantly different, P < 0.05, as determined by ANOVA and Bonferroni’s multiple comparison test.
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PPARB/6-null mouse primary keratinocytes. This demon-
strates that retinoic acid inhibits cell proliferation and that
the mechanisms underlying this inhibition do not require
PPARp/S. These results are not surprising, given recent stud-
ies demonstrating that atRA does not bind to or activate
PPARp/S, and that atRA does not cause PPARB/S to interact
with a coactivator peptide in a time-resolved fluorescence
resonance energy transfer assay (Rieck et al., 2008). To-
gether, these findings are in contrast to studies reported
previously by others (Schug et al., 2007). These results dem-
onstrate that retinoic acid modulates HaCaT keratinocyte
cell proliferation by increasing apoptosis thereby inhibiting
growth but provide no evidence that retinoic acid potentiates
cell proliferation by activating PPARB/S as suggested previ-
ously (Schug et al., 2007).

In summary, the present findings provide additional ob-
servations to the increasing body of evidence demonstrating

I_’

e

that ligand activation of PPARB/8 inhibits cell proliferation.
This conclusion is based on comprehensive analysis using
two high-affinity ligands and quantitative measures of cell
proliferation, differentiation, and apoptosis. It is of interest
to note that inhibition of keratinocyte proliferation by
PPAR«a and PPARYy agonists have also been observed (Han-
ley et al., 1998; Demerjian et al., 2006), suggesting that there
may be redundancy in the target genes modulated by PPARs
in keratinocytes that mediate this effect. Results from the
present study also clearly demonstrate that retinoic acid
inhibits proliferation of mouse and human keratinocytes but
does not activate PPARB/S. These findings also strongly sug-
gest that the mechanisms underlying the differential effects
of retinoids on cell proliferation are not mediated by
PPARp/S. Further studies will be necessary to determine how
retinoids can increase cell growth in some models and inhibit
cell growth in others.
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Fig. 12. PPARpB/S- and RAR/RXR-dependent modulation of keratinocyte cell growth. In response to ligand activation, PPARB/S heterodimerizes with
RXR, leading to up-regulation of target genes that cause terminal differentiation and apoptotic signaling culminating in the inhibition of cell growth.
9-cis RA may also interact with this signaling by enhancing this effect. atRA or 9-cis RA activate RAR and RXR, respectively, and lead to either
heterodimerization or homodimerization with RXR, respectively, and up-regulation of target genes that cause an increase in apoptotic signaling and
inhibition of cell growth.
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