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Abstract

Peroxisome proliferator-activated receptor (PPAR) pg-null
mice exhibit exacerbated epithelial cell proliferation and
enhanced sensitivity to skin carcinogenesis, suggesting that
ligand activation of PPARS will inhibit keratinocyte prolifera-
tion. By using of a highly specific ligand (GW0742) and the
PPAR-null mouse model, activation of PPARS was found to
selectively induce keratinocyte terminal differentiation and
inhibit keratinocyte proliferation. Additionally, GW0742 was
found to be anti-inflammatory due to inhibition of myeloper-
oxidase activity, independent of PPARS. These data suggest
that ligand activation of PPARp could be a novel approach to
selectively induce differentiation and inhibit cell proliferation,
thus representing a new molecular target for the treatment of
skin disorders resulting from altered cell proliferation such as
psoriasis and cancer.
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Introduction

During the past 5 years, a number of potential roles for
peroxisome proliferator-activated receptor (PPAR) S (also
referred to as PPAROJ) in epithelial homeostasis have been

described including the regulation of keratinocyte differentia-
tion,~® apoptosis* and cell proliferation,®® inflammation® and
wound healing.® However, the data supporting these roles for
PPARS in the skin remain highly controversial, as there is
inconsistent evidence in the literature based on results from
the skin, keratinocyte and other cell/tissue models. Recent
observations suggest that activation of PPARS may be of
benefit for the treatment of dyslipidemias”® and studies in
PPARS-null mice have suggested a possible role for this
receptor in cancer,®'° thus illustrating the need to accurately
determine the specific biological functions mediated by
PPARf ligands so that the safety of these potentially
therapeutic drugs can be assessed. The use of highly specific
ligands for PPARS in conjunction with the PPARS-null mouse
model is the most definitive approach for these purposes, and
was used for these studies.

Results

Application of the tumor promoter 12-O-tetradecanoyl-
phorbol-13-acetate (TPA) to mouse skin results in increased
expression of PPARpS that is coincident with enhanced
expression of mRNAs encoding proteins that are markers
for keratinocyte differentiation.’’ However, increased expres-
sion of differentiation marker mRNAs in skin occurs in vivo
in response to TPA in the absence of PPARS expression.®
Similar to results obtained in vivo, treatment of primary
keratinocytes derived from either wild-type or PPARS-null
mice in vitro with TPA results in morphological changes
indicative of differentiation (Figure 1a), coupled with increased
expression of MRNAs encoding both early and late markers of
differentiation (Figure 1b). In particular, a 2—-6-fold induction of
mRNAs encoding TG-I, involucrin, small proline-rich protein
(SPR)1A, SPR2H was observed after 6 h of treatment, while
induction of loricrin did not occur until after 48 h of treatment; a
pattern of early and late markers of differentiation typically
observed in primary keratinocytes.'®'® Using the classic
approach of increasing culture medium Ca®* to induce
keratinocyte differentiation, similar results were obtained as
morphological changes indicative of differentiation (Figure 1c)
and increased expression of MRNAs encoding both early and
late markers of differentiation was observed in keratinocytes
derived from either wild-type or PPARp-null mice (Figure 1d).

Despite the increase in PPARSf expression coincident with
induction of keratinocyte differentiation, the results in Figure 1
suggest that PPARS is not required for differentiation induced
by TPA or Ca®* signaling. To further examine this hypothesis,
primary keratinocytes were cultured in medium containing
GWO0742 at a concentration that specifically activates PPARpS
(see below Figure 3a). Stratified cells that are indicative of
differentiation (Figure 1c) were not found in keratinocytes
cultured in GW0742 in low Ca®* medium (Figure 2a), a result
that is not unexpected since the terminal differentiation of
primary keratinocytes requires Ca®* for the formation of the
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PPARS does not influence TPA or Ca? * -induced keratinocyte differentiation. Morphology of differentiating keratinocytes from wild-type (+/+ ) or PPARf-

(c). Note the dendritic-like cells indicative of TPA-induced differentiation

typically observed in keratinocytes in both genotypes after 6-12 h (a). Note the overt changes in morphology and stratified cells (arrows), indicative of differentiation, in

both genotypes in response to high Ca® "
differentiation was induced with either 0.12 mM Ca®*
representative Northern blot. *Significantly different than controls, P<0.05

cornified envelope.' However, ligand activation of PPARS
resulted in a PPARfS-dependent increase in SPR1A, SPR2H
and adipocyte differentation-related protein (ADRP) mRNA
expression (Figure 2b). Interestingly, the expression of ADRP
was markedly lower in PPARS-null cells (Figure 2b). In-
creased expression of mMRNAs encoding TG-I and loricrin
was not observed in response to GW0742, while increased
expression of involucrin was observed after 24 h of treatment
in both genotypes (Figure 2b). To determine whether ligand
activation of PPARS increases the expression of mRNAs
encoding differentiation markers in vivo, a dose response
experiment was performed to identify a concentration of
GWO0742 that specifically activates PPARS in skin after topical
application (Figure 2c). Consistent with results observed
in vitro, topical administration of GW0742 with a stock con-
centration that specifically activates PPARf (50 uM), resulted
in increased expression of mRNAs encoding markers of
keratinocyte differentiation including, TG-Il, involucrin,
SPR1A, SPR2H and ADRP in wild-type mouse skin 8h
post-treatment, and these increases were absent in PPARS-
null mouse skin (Figure 2d). To determine whether the
increases in MRNAs encoding proteins required for terminal
differentiation induced by ligand activation of PPARf caused a
functional increase in keratinocyte terminal differentiation,
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medlum (c) Early and late mRNA markers of differentiation are similar in keratinocytes from (+/+ ) and (—/—) mice when
(b) or 25 ng TPA/mI of medium (d). The fold-induction of normalized hybridization signals is presented below each

cornified envelopes were quantified. Indeed, administration of
50 uM GWO0742 caused an increase in the average number
of cornified envelopes in wild-type mouse skin as compared
to controls (Figure 2e). In contrast, the average number of
cornified envelopes was lower in PPAR-null mouse skin, and
treatment with GW0742 had no effect on terminal differentia-
tion in the absence of PPARf expression (Figure 2e).
Collectively, these results suggest that the induction of
differentiation mediated by TPA and high culture medium
Ca®" involves a number of other transcriptional regulators
(e.g. AP-1) that modulate similar target genes (e.g. SPRs,
ADRP) and prevents detection of the functional role of
PPARp-dependent transcriptional modulation of differentia-
tion. Importantly, these results also demonstrate that ligand
activation of PPARS can selectively induce the expression of
mRNAs encoding proteins that mediate lipid accumulation
and terminal keratinocyte differentiation.

It is well accepted that the induction of terminal differentia-
tion is inversely correlated with cell proliferation,'*'® as
terminal differentiation of cells would in theory reduce the
number of cells available for proliferation. Additionally,
epithelial cell proliferation is exacerbated in the absence
of PPARS expression in response to TPA.® Together, these
observations suggest that ligand activation of PPARf could
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Figure2 Ligand activation of PPARS selectively regulates epithelial differentiation. (a) Morphology of differentiating keratinocytes from wild-type (+/+ ) or PPARp-
null (—/—) mice is similar when cultured in 100 nM GW0742. (b) mRNAs encoding SPR1A, SPR2H and ADRP mRNAs are selectively induced by 100 nM GW0742 in
vitro. The fold-induction of normalized hybridization signals is presented below each representative Northern blot. (¢) Induction of PPAR target genes (ADRP and
SPR1A) in skin after topical treatment with GW0742 occurs in ( +/ + ) mice but not (—/—) mice using a stock concentration between 0.5 and 50 M. (d) Ligand activaton
of PPARS in vivo causes induction of TG-I, involucrin, SPR1A, SPR2H and ADRP mRNAs in ( +/+ ) but not (—/—) mouse skin. Mice were treated topically with 50 M
GW0742. Each lane represents mRNA isolated from an individual mouse. The fold-induction of normalized hybridization signals is presented below each representative
Northern blot. *Significantly different than controls, P<0.05. (e) PPAR/-dependent increase in keratinocyte terminal differentiation. The number of cornified envelopes

was quantified as described in Materials and Methods

inhibit keratinocyte proliferation in addition to inducing gene
products required for terminal differentiation. To examine
this hypothesis, cell proliferation was measured in primary
keratinocytes from wild-type and PPARf-null mice, in the
presence or absence of GWO0742 at concentrations that
specifically activate PPARp as revealed by a reporter gene
transactivation assay (Figure 3a). Indeed, a dose-dependent
inhibition of cell proliferation was observed in response to
10—100 nM GWO0742 in wild-type cells, and this effect was not
observed in keratinocytes from PPARp-null mice (Figure 3b).
The decrease in keratinocyte proliferation was consistent with

the observed decrease in PCNA expression found in
GWO0742-treated wild-type cells and not in similarly treated
PPARp-null keratinocytes (Figure 3c). This observation is
consistent with previous reports showing decreased cyclin A
expression and inhibition of cell proliferation in keratinocytes
treated with a PPARS ligand.'®

Others have shown an anti-inflammatory effect of a related
PPARJ ligand, GW1514, in mouse epithelium.2 Since inhibi-
tion of inflammation is known to reduce cell proliferative
signaling, the role of PPARp in modulating this anti-
inflammatory effect was examined by treating wild-type and
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Figure 3 PPARf-dependent inhibition of keratinocyte cell growth. (a) Specific
activation of PPARS by GW0742 at concentrations ranging from 10 to 100 nM
based on trans-activation assay. (b) Inhibition of keratinocyte proliferation in
wild-type (+/+) cells treated with 10-100 nM GW0742 that is not observed in
similarly treated PPARS-null (—/—) keratinocytes. *Significantly different than
control, P<<0.05. (¢) Ligand activation of PPARf leads to decreased mRNA
encoding PCNA in wild-type keratinocytes, but not in those from PPARf-null
mice. Representative Northern blot from three independent experiments.
Normalized hybridization signals are presented as fold change (A) as compared
to control (+/+). Note significantly lower average PCNA mRNA levels in
(+/+) cells treated with 100 nM GW0742 after 48 and 72 h of culture that is
not found in (—/—) cells. *Significantly different than control, P<0.05

PPARp-null mice with TPA in the presence or absence of
GWO0742. Myeloperoxidase (MPO) activity (a marker of
inflammation in skin that correlates with neutrophil activation
and the induction of cell proliferation signaling)'® was
markedly induced by TPA in wild-type mouse skin, and
administration of GW0742 (4 mM) resulted in a significant
decrease in TPA-induced MPO activity (Figure 4a). Consis-
tent with the known exacerbation of epithelial inflammation
in PPARg-null mice in response to TPA,®> MPO activity was
significantly greater as compared to similarly treated wild-type
mice, and administration of GW0742 caused a significant
reduction in MPO activity in this genotype, indicating that the
anti-inflammatory effect of GW0742 does not require PPARS

Cell Death and Differentiation

(Figure 4a). To distinguish between alterations in protein
levels versus direct inhibition of enzyme activity, an enzyme
assay was performed using recombinant MPO and the
results from these experiments revealed that GW0742 is an
uncompetitive inhibitor of MPO activity (Figure 4b). Interes-
tingly, ligands for PPAR« and PPARy also inhibited MPO
activity (Figure 4b). Administration of 50 uM GWO0742, a
concentration that specifically activates PPARp (Figure 2d),
did not result in a statistically significant inhibition of MPO
activity in either wild-type or PPARS-null skin after TPA
treatment (Figure 4c). It is important to note that inhibition of
MPO activity by GW0742 occurs at concentrations that are
significantly greater than those required for specific PPARfS
activation (Figures 2d and 3a). This demonstrates that the
anti-inflammatory effect of GW0742 occurs through a PPARf
independent mechanism, and at concentrations that could
potentially activate PPARx or PPARy."” This observation also
illustrates that ligand activation of PPARS by GW0742 at
concentrations that do not activate PPARx or PPARy (e.g.
<1 uM effectively inhibit keratinocyte cell growth and induce
differentiation independently of the influence of decreased
MPO activity. Collectively, these data provide strong evidence
that ligand activation of PPARf could represent a novel
molecular target to inhibit keratinocyte cell proliferation for
various hyper-proliferative skin diseases.

Discussion

These studies provide in vitro and in vivo evidence that
activation of PPARp can induce expression of gene products
required for terminal differentiation and lipid accumulation
in keratinocytes. Others have shown that specific PPARS
ligands can induce mRNA markers of differentiation in
keratinocytes,'™ but these studies did not determine the
specificity of ligand activation of PPARS as demonstrated by
the present studies. The current work extends the earlier
observations by demonstrating that increased expression of
differentiation marker mRNAs induced by the PPARp ligand
GWO0742 is dependent on a functional receptor. For example,
the present studies demonstrate that induction of TG-I,
involucrin, SPR1A, SPR2H and ADRP requires PPARS, and
is consistent with previous work showing induction of SPR1B,
SPR2C, SPR3 and ADRP in primary keratinocytes in
response to the PPARS ligand GW1514.2 Additional studies
are still necessary to demonstrate that SPRs and ADRP
represent bona fide PPARS target genes in keratinocytes by
functional analysis of peroxisome proliferator response
elements (DR-1) in their respective promoter regions. How-
ever, the requirement of PPARS for induction of ADRP in
keratinocytes is consistent with work showing that ADRP is
a PPARp target gene in macrophages using GW1516 and
PPARg-null cells."® That the PPARp-dependent induction of
mRNAs encoding differentiation markers leads to functional
increases in keratinocyte differentiation was demonstrated by
the increase in cornified envelopes, the end product of
keratinocyte terminal differentiation. This is consistent with
earlier studies showing improved barrier homeostasis of
the stratum corneum after treatment with the PPARS ligand
GW1514.2 It is of interest that similar mRNA targets
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Figure4 PPARp-independent inhibition of myeloperoxidase (MPO) activity. (a) Inhibition of MPO activity in both wild-type (+/+ ) and PPARS-null (—/—) mouse skin
treated with TPA and 4 mM GW0742. *Values with different superscripts are significantly different at P< 0.05. (b) Recombinant MPO was used to measure activity in the
presence of either the positive control MPQ inhibitor (MPO-I; Calbiochem), the PPARo: ligand Wy, 14,643, the PPAR ligand GW0742, or the PPARy ligand troglitazone.
K; values represent the mean from regression curves obtained from five to eight different concentrations of inhibitor, as described in Materials and Methods. For
uncompetitive inhibitors, the K; represents the K/’ as calculated for this type of inhibition. (c) MPO activity in both (+/+) and (—/—) mouse skin treated with TPA and
50 uM GWO0742. *Values with different superscripts are significantly different at P<0.05
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(e.g. involucrin, loricrin, TG-I, etc.) are induced by ligand
activation of PPAR« and PPARy in skin,'®" and some of
these changes in gene expression appear to require the
presence of either PPARx or PPARy.2%2" The specificity for
PPAR ligand-induced changes in epithelial differentiation
deserves further investigation to determine if there is cross
talk between the different PPARs, since earlier studies used
stock concentrations of PPAR ligands (e.g. mM) that could
effectively activate other PPAR isoforms.'®2!

Results from the current studies demonstrate that ligand
activation of PPARp can selectively induce SPR1A and
SPR2H, gene products that only appear to function as
precursors of the cornified envelope composed of terminally
differentiated keratinocytes, after covalent linkage mediated
by TG-I. However, the present studies also demonstrate that
induction of terminal keratinocyte differentiation by TPA or
Caz* signaling (including SPR1A, SPR2H, TG-I, involucrin,
etc.) is not dependent on PPARp because similar changes in
gene expression are observed in PPARS-null keratinocytes.
This suggests that while TPA and/or increased Ca®™"
signaling likely results in increased intracellular levels of
natural PPARf ligands that function to attenuate cell
proliferation and induce differentiation, other transcription
factors ‘override’ these PPARp-dependent functional
changes. There are likely a number of transcription factors
that can modulate gene expression required for terminal
differentiation of keratinocytes including AP-1, and results
from these studies suggest that PPAR functions to potentiate
this response. Since PPARp-null mice exhibit no overt
differences in their epithelium, this also suggests that PPARf
is not required for terminal differentiation per se. However,
it is noteworthy that PPARp-null neonates have significantly
fewer cornified envelopes. Others have suggested that TPA-
induced differentiation is mediated by PPARS." This conclu-
sion was based on the observation that the induction of
mRNAs encoding involucrin, TG-l and K6 by TPA was
attenuated in cultured primary keratinocytes isolated from
PPARp-null mice. However, there are several issues that
raise some uncertainty for these studies. For example, TG-I
mRNA is increased maximally within 6 h post-TPA treatment,
and within 10h in response to increasing culture medium
Ca?* in primary keratinocytes,'? findings that are consistent
with results from the present studies. In contrast, increased
TG-I mRNA was not observed until 24 h post-TPA treatment
when passaged keratinocytes were used to determine the
role of PPARS in this process.! More importantly, it is well
documented that cultured primary keratinocytes constitutively
express K6, and that expression of this keratin is used as a
marker of hyperproliferation rather than differentiation.?23
While results from the present studies are consistent with
these findings, the passaged keratinocytes used to suggest
that PPARS mediates TPA-induced increases in differentia-
tion markers lacked constitutive expression of K6." Addition-
ally, an increase in the expression of mRNA encoding K6 was
also observed 6 h post-TPA treatment.” Thus, the expression
pattern of standard mRNA markers in the passaged keratino-
cytes' is inconsistent with that typically observed in primary
keratinocytes using the well-characterized methods used to
study keratinocyte-specific mechanisms of regulation.2* This
suggests that the observed attenuation of TPA-induced
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changes in differentiation marker mRNAs' could reflect
differences that are dependent on changes associated with
cells that have undergone alterations after many passages.
Lastly, the morphological appearance of primary keratino-
cytes cultured in either TPA or high Ca®* medium in the
present studies, is indistinguishable between genotypes,
which is inconsistent with the hypothesis that PPARS
mediates TPA-induced differentiation as suggested by
others.! Collectively, results from the present studies show
that the expression pattern of mMRNA markers of differentiation
in control and PPARf-null cells is consistent with historical
observations, suggesting that PPARpS is not required to
mediate terminal differentiation induced by TPA and Ca®".
However, since exogenous treatment with a potent PPARf
ligand can selectively induce keratinocyte differentiation and
inhibit proliferation in the absence of cell signaling that
functions to stimulate cell growth such as that occurs in
response to tumor promotion, ligand activation of PPARS may
represent a new molecular target that could be used for the
treatment of hyperproliferative skin diseases (Figure 5).
Whether the observed inhibition of keratinocyte cell prolifera-
tion is mediated by PPAR-dependent modulation of uniden-
tified target genes that attenuate cell growth, or is simply due
to the induction of terminal differentiation, which is known to
be associated with inhibition of cell proliferation, remains to be
determined (Figure 5).

Results from these studies also demonstrate that GW0742
is an uncompetitive inhibitor of MPO activity, and that this
anti-inflammatory activity is not receptor dependent. Since
the K| is significantly greater than that required to specifically
activate PPARP, this suggests that the inhibition of inflamma-
tion through this mechanism should not interfere with future
studies aimed at delineating the molecular events that
mediate differentiation and in particular, inhibition of cell
proliferation, as inflammation can significantly influence the
latter process by increasing the production of cytokines and
other signaling molecules. This is also supported by the
observation that inhibition of MPO activity occurred after
topical application of 4mM GWO0742 but not with 50 uM
GWO0742. Others have suggested that ligand activation of
PPARS results in an anti-inflammatory response,? but results
from our studies demonstrate that this effect is not dependent
on PPARp and likely occurs in part through direct competition
with MPO substrates. While the significance of this observa-
tion is uncertain, inhibition of MPO by the three PPAR ligands
tested here suggests that this effect likely has impacted a
number of previous studies examining the anti-inflammatory
properties of PPAR ligands, especially those studies using
ligands at concentrations that will effectively inhibit MPO. All
three of the tested PPAR ligands are lipophillic acids and
this shared property may be responsible for their effect on
MPO activity at high concentrations. Whether this, or other
receptor-independent activities of GW0742, modulates cel-
lular processes deserves further evaluation.

The anti-inflammatory property and the ability of GW0742 to
induce keratinocyte differentiation and inhibit cell proliferation,
are remarkably similar to effects induced by PPARy ligands
(reviewed in Michalik et al.?®). Thus, it will also be of great
interest to determine whether ligand activation of PPARf
will inhibit carcinogenesis, similar to the hypothesis
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Combined, these effects could possibly be applied to inhibit skin carcinogenesis or other hyper-proliferative skin disorders, and requires further examination

examined with clinical trials testing the efficacy of ligand
activation of PPARy as a chemopreventive/chemotherapeutic
approach.?%27

Materials and Methods

Differentiation analysis

Primary keratinocytes obtained from 2-day-old neonates from wild-type
(4+/4+) or PPARpS-null (—/—) mice were cultured as previously
described. > To induce differentiation, keratinocytes were cultured until
80-85% confluent at which time the medium was replaced with one
containing either 0.12mM Ca2* or 0.05mM Ca2™* and 25 ng TPA/mI of
medium. To determine the specific effect of PPARS ligand activation,
keratinocytes were cultured in medium containing 0.05mM Ca®* and
100nM GWO0742. Representative photomicrographs of keratinocyte
morphology were obtained and RNA was isolated from cultured cells
after 6, 12, 24, 48, and 72 h of treatment. In all, 5 g of total RNA was
electrophoresed on a 1.0% agarose gel containing 0.22 M formaldehyde,
transferred to a nylon membrane, and ultraviolet crosslinked to fix the
RNA. Membranes were hybridized in ULTRAhyb hybridization buffer
(Ambion, Austin, TX, USA) with random primed probes following the
manufacturer's protocol and washed with salt/detergent solutions using
standard procedures. The following previously described cDNA probes
were used: PPARS, transglutaminase-| (TG-l), involucrin, small proline-
rich protein 1A (SPR1A), SPR2H, adipocyte differentiation-related protein
(ADRP), loricrin, keratin 6 (K6) or GAPDH.> Hybridization signals were
quantified (OptiQuant, version 4.0, Packard Instrument Co.) and are
expressed as a fold-induction relative to wild-type control. The fold-
induction of normalized hybridization signals is presented below each
representative Northern blot. Statistical comparisons between groups
were made using ANOVA (Prism 4.0b, GraphPad Software) and posthoc
testing. To examine the effect of ligand activation of PPARS in vivo, (+/+)
and (—/—) mice were shaved of dorsal hair and treated with GW0742
(200 ul of either 0, 0.5, 5.0, 50, or 500 uM stock solution dissolved
in acetone, per mouse). At 8h post-treatment, skin was obtained and
RNA isolated as described above. Northern blot analysis of keratinocyte
differentiation marker mRNAs was as described above. To quantify
keratinocyte terminal differentiation, 2-day-old neonates from wild-type or

PPARS-null mice were treated topically with 50 M GW0742 and 24 h
later, the number of cornified envelopes was determined using a standard
method described by others.?

Transfection

To determine the concentration range capable of specifically activating
PPARS, mouse 3T3-L1 fibroblasts were transfected with a reporter
construct containing both the ligand binding domain of mouse PPAR,
PPARS, or PPARy fused with the DNA-binding domain of Gal4 under the
control of the SV40 promoter, and the UAS-firefly luciferase reporter under
the control of the Gal4 DNA response element.%® Post-transfection, cells
were cultured overnight and then treated with GW0742 at concentrations
ranging from 1nM to 1uM for 24h. After treatment with GWO0742,
luciferase activity was measured from triplicate cell lysates and normalized
to the protein concentration of each sample. The fold induction of
normalized luciferase activities was calculated relative to DMSO (vehicle)-
treated cells, and represents the mean of at least three independent
samples per treatment group.

Keratinocyte proliferation

Primary keratinocytes were cultured as described previously®' in low
calcium medium (0.05 mM). with and without GW0742 at a concentration
from 10 to 100 nM, and cell growth was measured using a Z1 coulter™
particle counter (Beckman Coulter Inc.,). Cumulative cell growth was
determined by quantifying the number of attached and unattached cells
and is presented as the mean percentage of control cells cultured in the
absence of GW0742. Northern blot analysis was performed using total
RNA isolated from keratinocytes cultured with GW0742 after 0 and 72 of
treatment. Membranes were probed with random primed radio-labeled
probes for PCNA or GAPDH and hybridization signals were normalized to
GAPDH.

MPO assays

Wild-type or PPARS-null mice were treated with either acetone, 5 ug of
TPA dissolved in 200 ul of acetone, 200 ul of either 4mM or 50 uM
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GWO0742 dissolved in acetone, or TPA and GWO0742. For the latter
treatment, mice were treated with 5 ug TPA as described, followed 1, 3,
and 5h later with 200 ul of either 4mM or 50 uM GWO0742. Cytosolic
protein samples were obtained from the skin of mice and used for analysis
of MPO activity as previously described.'® Enzyme kinetics of MPO were
performed using purified recombinant MPO (Sigma Chemical Co., St.
Louis, MO, USA) in the absence and presence of specific PPAR ligands
(Wy-14,643 for PPARo;, GW0742 for PPARS and troglitazone for PPARYy),
and a specific MPO inhibitor (Calbiochem) at concentrations ranging from
1 to 50 uM. MPO activity was measured as described and the K; or K/
were determined by a global fit of the data from an entire experiment
(GraFit, Version 5.0).

Acknowledgements

We gratefully acknowledge Squire Booker, David Iwig, Adam Glick and
Ulrike Lichti for providing technical advice, and Stuart Yuspa and Robert
Rice for providing cDNA probes. This work supported by The National
Institutes of Health, CA89607, CA97999 (JMP).

References

1. Tan NS, Michalik L, Noy N, Yasmin R, Pacot C, Heim M, Fluhmann B,
Desvergne B and Wahll W (2001) Critical roles of PPARbeta/delta in
keratinocyte response to inflammation. Genes Dev. 15: 3263-3277

2. Schmuth M, Haqq CM, Caims WJ, Holder JC, Dorsam S, Chang S, Lau P,
Fowler AJ, Chuang G, Moser AH, Brown BE, Mao-Qiang M, Uchida Y,
Schoonjans K, Auwerx J, Chambon P, Willson TM, Elias PM and Feingold KR
(2004) Peroxisome proliferator-activated  receptor  (PPAR)-beta/delta
stimulates differentiation and lipid accumulation in keratinocytes. J. Invest.
Dermatol. 122: 971-983

3. Westergaard M, Henningsen J, Svendsen ML, Johansen C, Jensen UB,
Schroder HD, Kratchmarova |, Berge RK, Iversen L, Bolund L, Kragballe K and
Kristiansen K (2001) Modulation of keratinocyte gene expression and
differentiation by PPAR-selective ligands and tetradecylthioacetic acid.
J. Invest. Dermatol. 116: 702-712

4. Di-Poi N, Tan NS, Michalik L, Wahli W and Desvergne B (2002) Antiapoptotic
role of PPARS in keratinocytes via transcriptional control of the Akt1 signaling
pathway. Mol. Cell. 10: 721-733

5. Peters JM, Lee SS, Li W, Ward JM, Gavrilova O, Everett C, Reitman ML,
Hudson LD and Gonzalez FJ (2000) Growth, adipose, brain and skin alterations
resulting from targeted disruption of the mouse peroxisome proliferator-
activated receptor §(d). Mol. Cell. Biol. 20: 5119-5128

6. Michalik L, Desvergne B, Tan NS, Basu-Modak S, Escher P, Rieusset J, Peters
JM, Kaya G, Gonzalez FJ, Zakany J, Metzger D, Chambon P, Duboule D and
Wahli W (2001) Impaired skin wound healing in peroxisome proliferator-
activated receptor (PPAR)alpha and PPARbeta mutant mice. J. Cell. Biol. 154:
799-814

7. Cheng L, Ding G, Qin Q, Huang Y, Lewis W, He N, Evans RM, Schneider MD,
Brako FA, Xiao Y, Chen YE and Yang Q (2004) Cardiomyocyte-restricted
peroxisome proliferator-activated receptor-delta deletion perturbs myocardial
fatty acid oxidation and leads to cardiomyopathy. Nat. Med. 10: 1245-1250

8. Wang YX, Lee CH, Tiep S, Yu RT, Ham J, Kang H and Evans RM (2003)
Peroxisome-proliferator-activated receptor delta activates fat metabolism to
prevent obesity. Cell 113: 159-170

9. Kim DJ, Akiyama TE, Harman FS, Burns AM, Shan W, Ward JM, Kennett MJ,
Gonzalez FJ and Peters JM (2004) Peroxisome proliferator-activated receptor
beta (delta)-dependent regulation of ubiquitin C expression contributes to
aftenuation of skin carcinogenesis. J. Biol. Chem. 279: 23719-23727

10. Harman FS, Nicol CJ, Marin HE, Ward JM, Gonzalez FJ and Peters JM (2004)
Peroxisome  proliferator-activated  receptor-delta  attenuates  colon
carcinogenesis. Nat. Med. 10: 481-483

11. Matsuura H, Adachi H, Smart RC, Xu X, Arata J and Jetten AM (1999)
Correlation between expression of peroxisome proliferator-activated receptor

Cell Death and Differentiation

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

28.

24.

25.

26.

217.

28.

29.

30.

31.

beta and squamous differentiation in epidermal and tracheobronchial epithelial
cells. Mol. Cell. Endocrinol. 147: 85-92

Dlugosz AA and Yuspa SH (1994) Protein kinase C regulates keratinocyte
transglutaminase (TGK) gene expression in cultured primary mouse epidermal
keratinocytes induced to terminally differentiate by calcium. J. Invest. Dermatol.
102: 409-414

Jetten AM and Harvat BL (1997) Epidermal differentiation and squamous
metaplasia: from stem cell to cell death. J. Dermatol. 24: 711-725

Hennings H, Michael D, Cheng C, Steinert P, Holbrook K and Yuspa SH (1980)
Calcium regulation of growth and differentiation of mouse epidermal cells in
culture. Cell 19: 245-254

Bloch A (1989) Growth and differentiation signals as determinants of cancer cell
proliferation. Adv. Enzyme Regul. 28: 359-374

Wei H and Frenkel K (1992) Suppression of tumor promoter-induced oxidative
events and DNA damage in vivo by sarcophytol A: a possible mechanism of
antipromotion. Cancer Res. 52: 2298-2303

Sznaidman ML, Haffner CD, Maloney PR, Fivush A, Chao E, Goreham D,
Sierra ML, LeGrumelec C, Xu HE, Montana VG, Lambert MH, Willson TM,
Oliver Jr WR and Sternbach DD (2003) Novel selective small molecule agonists
for peroxisome proliferator-activated receptor delta (PPARdelta)-synthesis and
biological activity. Bioorg. Med. Chem. Lett. 13: 15171521

Chawla A, Lee CH, Barak Y, He W, Rosenfeld J, Liao D, Han J, Kang H and
Evans RM (2003) PPAR\{delta\} is a very low-density lipoprotein sensor in
macrophages. Proc. Natl. Acad. Sci. USA 100: 1268-1273

Hanley K, Jiang Y, He SS, Friedman M, Elias PM, Bikle DD, Williams ML and
Feingold KR (1998) Keratinocyte differentiation is stimulated by activators of
the nuclear hormone receptor PPARalpha. J. Invest. Dermatol. 110: 368-375
Mao-Qiang M, Fowler AJ, Schmuth M, Lau P, Chang S, Brown BE, Moser AH,
Michalik L, Desvergne B, Wahli W, Li M, Metzger D, Chambon PH, Elias PM
and Feingold KR (2004) Peroxisome-Proliferator-Activated Receptor (PPAR)-
gamma Activation Stimulates Keratinocyte Differentiation. J. Invest. Dermatol.
123: 305-312

Komuves LG, Hanley K, Lefebvre AM, Man MQ, Ng DC, Bikle DD, Williams ML,
Elias PM, Auwerx J and Feingold KR (2000) Stimulation of PPARalpha
promotes epidermal keratinocyte differentiation in vivo. J. Invest. Dermatol.
115: 353-360

Tyner AL and Fuchs E (1986) Evidence for posttranscriptional regulation of the
keratins expressed during hyperproliferation and malignant transformation in
human epidermis. J. Cell Biol. 103: 1945-1955

Roop DR, Huitfeldt H, Kilkenny A and Yuspa SH (1987) Regulated expression
of differentiation-associated keratins in cultured epidermal cells detected by
monospecific antibodies to unique peptides of mouse epidermal keratins.
Differentiation 35: 143-150

Dlugosz AA, Glick AB, Tennenbaum T, Weinberg WC and Yuspa SH (1995)
Isolation and utilization of epidermal keratinocytes for oncogene research.
Methods Enzymol. 254: 3-20

Michalik L, Desvergne B and Wahli W (2004) Peroxisome-proliferator-activated
receptors and cancers: complex stories. Nat. Rev. Cancer 4: 61-70

Burstein HJ, Demetri GD, Mueller E, Sarraf P, Spiegelman BM and Winer EP
(2003) Use of the peroxisome proliferator-activated receptor (PPAR) gamma
ligand troglitazone as treatment for refractory breast cancer: a phase Il study.
Breast Cancer Res. Treat. 79: 391-397

Kulke MH, Demetri GD, Sharpless NE, Ryan DP, Shivdasani R, Clark JS,
Spiengelman BM, Kim H, Mayer RJ and Fuchs CS (2002) A phase Il study of
troglitazone, an activator of the PPARgamma receptor, in patients with
chemotherapy-resistant metastatic colorectal cancer. Cancer J. 8: 395-399
Matsusue K, Peters JM and Gonzalez FJ (2004) PPARS/o potentiates PPARy-
stimulated adipocyte differentiation. FASEB J. 18: 1477-1479
Hough-Monroe L and Milstone LM (1991) Quantitation of cross-linked protein:
an alternative to counting cornified envelopes as an index of keratinocyte
differentiation. Anal. Biochem. 199: 25-28

Bility MT, Thompson JT, McKee RH, David RM, Butala JH, Vanden Heuvel JP
and Peters JM (2004) Activation of mouse and human peroxisome proliferator-
activated receptors (PPARs) by phthalate monoesters. Toxicol. Sci. 82:
170-182

Kim DJ, Murray IA, Burns AM, Gonzalez FJ, Perdew GH and Peters JM (2005)
Peroxisome proliferator-activated receptor-f/6 (PPARS/d) inhibits epidermal
cell proliferation by down-regulation of kinase activity. J. Biol. Chem. 280:
9519-9527



