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Abstract
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Recent studies suggest that peroxisome proliferator-activated receptor gamma (PPARγ) agonists
may have cancer chemopreventive activity. Other studies have shown that loss of epidermal
PPARγ results in enhanced chemical carcinogenesis in mice via unknown mechanisms. However,
ultraviolet B (UVB) exposure represents the primary etiological agent for skin cancer formation
and the role of PPARγ in photobiology and photocarcinogenesis is unknown. In previous studies,
we demonstrated that UVB irradiation of cells results in the formation of oxidized
glycerophosphocholines that exhibit PPARγ ligand activity. We therefore hypothesized that
PPARγ would prove to be a chemopreventive target in photocarcinogenesis. We first showed that
UVB irradiation of mouse skin causes generation of PPARγ agonist species in vivo. We then
generated SKH-1 hairless, albino mice deficient in epidermal Pparg (Pparg−/−epi) using a
cytokeratin 14 driven Cre-LoxP strategy. Using a chronic model of UVB photocarcinogenesis, we
next showed that Pparg−/−epi mice exhibit an earlier onset of tumor formation, increased tumor
burden, and tumor progression. Increased tumor burden in Pparg−/−epi mice was accompanied by
a significant increase in epidermal hyperplasia and p53 positive epidermal cells in surrounding
skin lacking tumors. Following acute UVB irradiation, Pparg−/−epi mice exhibited an
augmentation of both UVB-induced caspase 3/7 activity and inflammation. Increased apoptosis
and inflammation was also observed following treatment with the PPARγ antagonist GW9662.
With chronic UVB irradiation, Pparg−/−epi mice exhibited a sustained increase in erythema and
transepidermal water loss relative to wildtype littermates. This suggests that PPARγ agonists could
have possible chemopreventive activity in non-melanoma skin cancer.
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INTRODUCTION
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Non-melanoma skin cancer (NMSC) is the most common malignancy in humans, with more
than 90% of NMSCs attributed to chronic UVB exposure from the sun1. During the first 24
hours following an acute UVB exposure, the cutaneous response is marked by epidermal
apoptosis, edema, erythema, and an inflammatory cell infiltration (sunburn reaction) that is
followed by epidermal hyperplasia2. Chronic and repetitive UV exposure results in
accumulating mutation burden from DNA damage (both from direct photodamage and
oxidative DNA damage), chronic inflammation, and sustained hyperplasia that eventually
results in cutaneous neoplasia3.
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Peroxisome proliferator-activated receptors (PPARs) are ligand-activated nuclear hormone
receptors that require heterodimerization with the retinoid X receptor (RXR) for
transcriptional activity. Three isoforms of PPAR have been identified, PPARα, PPARβ/δ
and PPARγ, all of which are expressed in human and mouse epidermis4–7. While the three
PPAR isoforms exhibit overlapping functional roles, they exhibit distinct ligand binding
specificity. The PPARγ isoform is best known for its role in regulating glucose and lipid
homeostasis8. Thus, synthetic thiazolidinedione (glitazone) class PPARγ ligands (e.g.
rosiglitazone, pioglitazone) are used as oral anti-diabetic medications. As with other
pharmacologic receptor agonists, PPARγ ligands have demonstrated off-target effects
independent of PPARγ9. The ability to differentiate between PPARγ-dependent and
independent effects is improved by studies using the PPARγ inhibitor 2-chloro-5nitrobenzanilide (GW9662)10, 11.
In addition to their role as an anti-diabetic agents, PPARγ agonists have also been reported
to suppress tumor proliferation or survival, prompting studies to determine whether
glitazones have anti-neoplastic activity. Unfortunately, these agents have largely been
ineffective as chemotherapeutic agents in existing tumors9, 12. However, studies in mice and
humans suggest that PPARγ agonists may prove more useful for cancer chemoprevention in
various tissues8, 12. However, there is limited and conflicting evidence that PPARγ is
important in NMSC formation. While knockout mouse models for PPARγ have been shown
to exhibit enhanced chemical carcinogenesis13, 14, pharmacological studies using glitazone
agonists fail to demonstrate a significant effect on both chemical and photocarcinogenesis15.
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In skin, PPARγ acts to stimulate keratinocyte proliferation, differentiation, epidermal lipid
synthesis and improve permeability barrier homeostasis16–18. PPARγ agonists have also
been shown to have anti-inflammatory activity in human and mouse skin, suppressing both
irritant and allergen-induced contact dermatitis and acting as potent anti-psoriatic
agents17, 19. However, there have been limited studies examining the role of PPARγ in
photobiology. We have previously demonstrated that UVB irradiation induces the
production of oxidized glycerophosphocholines (ox-GPCs) with potent PPARγ ligand
activity in epithelial cell lines10, 11. We therefore sought to determine the role of epidermal
PPARγ in photocarcinogenesis. Our studies provide evidence that epidermal PPARγ plays a
protective role in UVB-induced NMSC formation in mice.
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MATERIALS AND METHODS
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Reagents and Chemicals
All primers and RT-PCR reagents were purchased from SuperArray Bioscience Corp
(Frederick, MD). Ciglitazone and GW9662 (2-Chloro-5-nitrobenzanilide) were obtained
from Cayman Chemical (Ann Arbor, MI).
Animals
Hairless, albino, female SKH-1 mice were purchased from Charles Rivers Laboratories
(SKH1-Hrhr; Wilmington, MA). SKH-1 mice are hairless, albino immunocompetent mice
that are the standard mouse model for photobiology and photocarcinogenesis studies20.
Pparg−/−epi and WT sibling control mice (6th generation backcross into the SKH-1 strain)
were generated as detailed further (Supplemental methods). All mouse studies were
approved by the Indiana University-Purdue University at Indianapolis Animal Care and Use
Committee.
UVB treatments
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For chronic UVB treatments, mice were irradiated with one minimal erythemic dose (2240
J/m2) of UVB three times weekly using a bank of two Westinghouse FS40 sunlamps
(National Biological Corp., Twinsberg, OH). For acute UVB irradiations, the mice were
immobilized by intraperitoneal (ip) injection with Ketamine / Xylazine. The mice were then
irradiated with 1500 J/m2 of UVB. Approximately 65% of the output of these broad band
UV lamps is in the UVB range, with small amounts of UVC and the remaining output in the
UVA range21. The UV light was filtered through cellulose triacetate filter (Kodak,
Rochester, NY) to remove residual UVC. Further details of UVB treatments are described in
supplemental methods.
RNA isolation and PPARγ quantitative RT-PCR
Quantitative RT-PCR (qRT-PCR) was performed from RNA prepared from curetted
epidermal scrapings of mouse skin using primers specific to murine PPARγ and 18S
ribosomal RNA. Results were normalized using the ΔΔCt method22.
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Western blot analysis
To analyze the expression of PPARγ in the epidermis of WT or Pparg−/−epi mice, a
segment of mouse dorsal skin, stored in liquid nitrogen was scraped using dermal curette
and homogenized in RIPA buffer supplemented with 10 mM vanadate & 100µM PMSF.
After determining the protein content by Bradford assay, 40µg of total epidermal protein
was resolved in 10% SDS-polyacrylamide gels and transferred to a PVDF membrane.
Immunoblotting was done by overnight incubation with anti-PPARγ (#2443, Cell Signaling
Technology, Danvers, MA). The immunoreactive PPARγ protein was detected using the
enhanced chemiluminescence kit from Perkin-Elmer (Waltham, MA). The same membrane
was reprobed with anti–GAPDH antibody (#Sc-51905; Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA) as a control for equal protein loading.
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Lipid extraction and PPARγ activity measurement
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UVB-induced PPARγ ligand production was assessed in snap frozen scraped epidermal
tissue in which lipids were extracted by the method of Bligh and Dyer23. Lipid extract from
10 mg tissue was used to assess PPARγ ligand activity by PPRE-luciferase reporter assay in
KB cells as previously described10. For mice treated with vitamin C prior to UVB
irradiation and lipid extraction, the mice were switched to chow with or without 10 gram/kg
of vitamin C supplementation as previously described24.
GW9662 treatment
For PPARγ antagonist studies, the dorsal skin of SKH1 hairless mice was pre-treated with
cumulative topical doses of 1.5, 15 or 150 nmoles of GW9662 (24 hr) or 2.5 or 25 nmoles of
GW9662 (72 hrs) as detailed further in supplemental methods. For systemic GW9662
application, the mice were injected ip with 1 or 5 mg/kg GW9662 in sterile PBS 5 hours
prior to UVB irradiation.
Tumor counting and classification
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Tumors were monitored weekly and durable tumors were counted that exceeded 1 mm in
greatest diameter. UVB irradiations ended at 24 weeks and the mice were euthanized at 25
weeks due to significant tumor burden in the Pparg−/−epi mice. Formalin-fixed paraffinembedded (FFPE) hematoxylin and eosin stained sections were assessed for tumor
histologic type. The tumors were classified as papillomas (grades 1–3), micro invasive
squamous cell carcinomas (MISCC) (stages 1–3), invasive squamous cell carcinomas and
anaplastic /spindle cell variants using a modification of a previously reported classification
scheme as detailed further in supplemental methods20.
Caspase-3/7 activity assay
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Mice irradiated with 1500 J/m2 of UVB were sacrificed at 24 hours. Whole dorsal skin was
scraped using dermal curette and homogenized in hypotonic extraction buffer containing 25
mM HEPES, 5 mM MgCl2, 1 mM EGTA, 1 mM pefabloc, 1 µg/ml protease inhibitors
leupeptin, aprotinin and pepstatin. The samples were centrifuged and supernatants were
collected. After measuring protein content, 0.5 mg of total protein in 100 µl was added to
each well of a 96 well ELISA plate followed by adding 100µl of caspase-3/7 glo reagent
(Promega, Madison WI) and incubated for 1 hour in dark prior to measurement using a
SpectraMax L Luminescence microplate reader (Molecular Devices, Sunnyvale CA).
Immunohistochemical staining for activated caspase 3
FFPE sections of mouse epidermis were deparaffinized and rehydrated. Heat-induced
antigen retreival was done using Borg Decloaking Solution (Biocare Medical, Concord, CA)
in a programmable pressure cooker for 15 minutes. Immunolabeling was done using a 1:100
dilution of rabbit anti-human cleaved caspase-3 (Biocare Medical) followed by detection
using a Mach 3 kit alkaline phosphatase conjugate kit followed by Vulcan Fast Red
chromophore (Biocare Medical). The slides were then counter-stained with hematoxylin.
Apoptotic cell counting was done using strict morphologic criteria. This included strong
cytoplasmic staining for activated caspase 3 with evidence of a pyknotic or fragmented

Int J Cancer. Author manuscript; available in PMC 2014 December 31.

Sahu et al.

Page 5

nucleus using the hematoxylin counterstain. Areas of apparent staining without observable
nuclei were not counted.
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Skin thickness determination
The skin thickness was measured along at spinal midline of snap frozen dorsal epidermis
using a digital caliper as described in the figure legend (figures 5A–D).
MPO assay
MPO activity was measured using supernatants from homogenates obtained from 10 mm2
sections of whole skin tissue essentially as described by Hatton and colleagues25. The data
are expressed as mean units of MPO activity normalized by total protein content per
experimental group.
Immunofluorescent labeling for p53 and Ki-67
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FFPE sections were deparaffinized and heat induced antigen retrieval performed using 0.01
M citrate buffer, pH 6.0 with 75% (p53) or 90% (Ki67) glycerol in a pressure cooker for 15
minutes. Immunolabeling was done using monoclonal rabbit anti- Ki-67 (Clone SP6,
Thermo Fisher Scientific, Fremont, CA) (1:200) or rabbit polyclonal anti-p53 (NCL-p53cm5P, Leica Microsystems, Buffalo Grove, IL) (1:10,000). Primary antibodies were
incubated overnight at 4°C in a humidified chamber. Co-labeling was then done for 2 hours
at room temperature in the dark using a 1:200 dilution of a FITC-conjugated mouse
monoclonal pan-cytokeratin antibody (clone PCK-26, GeneTex Inc., Irvine, CA). This was
followed by the addition of Alexa Fluor 594 goat anti-rabbit secondary antibody
(Invitrogen) at a 1:500 dilution for 1 hour at RT in the dark. Nuclei were then counterstained
with DAPI (1:1000). For each mouse, five 200× images were analyzed per section in
blinded fashion. Tissue cytometry of epifluroescent images was then performed as described
in greater detail in the supplemental methods using Tissue Quest software (Tissue Gnostics
USA, Los Angeles, CA).
TEWL and erythema measurements
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Transepidermal water loss and erythema were measured using a Multi-Probe Adapter fitted
with either TM300 Tewameter® or Mexameter® MX18 probes (Courage + Khazaka
electronic GmbH, Köln, Germany).
Statistical analysis
Data was plotted using GraphPad Prism 5.0. and statistics performed using a statistical
significance cutoff of p < 0.05.

RESULTS
UVB irradiation induces PPARγ ligand activity in SKH-1 mouse epidermis
Given that germline deletion of Pparg in mice is lethal26, we utilized a cytokeratin 14driven CRE-Lox strategy to generate mice with epidermal keratinocyte specific loss of
PPARγ expression (Pparg−/−epi). To verify deletion of PPARγ in epidermal keratinocytes,
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mRNA and protein isolated from epidermal scrapings of WT and Pparg−/−epi mice were
used for quantitative RT-PCR (Fig 1A) and immunoblot (Fig 1B). For these studies, we used
RNA and protein isolated from epidermal scrapings from Pparg−/−epi and WT mice. In
figure 1A, we show that Pparg−/−epi mice exhibit a marked reduction in PPARγ expression
relative to WT littermates. Complete loss of PPARγ expression was not expected, as the
epidermis contains other cell types (e.g. Langerhans cells, melanocytes) in which the
cytokeratin 14 is not expressed. At the protein level, PPARγ protein was detected in the
epidermal scrapings of WT, but not Pparg−/−epi mice (Fig 1B).
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Since we have previously demonstrated that UVB irradiation of cell lines produces oxidized
lipids with PPARγ ligand activity, we first verified that UVB irradiation of mouse skin
would also result in the generation of lipid species having PPARγ agonist activity. As seen
in figure 1C, lipid extracts from irradiated mouse skin resulted in approximately 30%
maximal PPARγ luciferase activity relative to the positive control PPARγ agonist
ciglitazone (CIG). In contrast, non-UVB irradiated mouse epidermal lipid extracts (SHAM)
showed no significant PPARγ ligand activity. Vitamin C supplementation has been shown to
block the production of ox-GPCs with platelet activating factor receptor activity in mice24.
Insofar as we have previously demonstrated that ox-GPCs in UVB-irradiated membrane
lipids also harbor PPARγ ligand activity, we next verified that PPRE-luciferase activity was
abolished in the lipid extracts of mice fed with a diet supplemented with the antioxidant
vitamin C (Fig 1C). This supports the idea that UVB-induced oxidation of cellular lipids
represents the source of PPARγ ligand activity. Given that PPARβ/δ has been reported to be
expressed at high levels in keratinocytes4, 5, we also examined whether the PPRE-luciferase
activity detected using our KB cell reporter system could be detecting PPARβ/δ rather than
PPARγ ligand activity. Thus, we determined whether our KB cell PPRE-luciferase reporter
assay could detect PPARβ/δ activity. As shown in figure 1D, the PPARβ/δ agonist
GW501516 failed to elicit a PPRE-luciferase response. In contrast, the PPARγ agonist
ciglitazone was effective in eliciting luciferase activity. Thus, given that the KB cell PPREluciferase reporter system is insensitive to PPARβ/δ ligand activation, it appears unlikely
that this model is detecting PPARβ/δ, rather than PPARγ ligand activity.
Photocarcinogenesis is augmented in Pparg−/−epi mice relative to wildtype littermate
controls
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In figure 2A, we show that loss of epidermal PPARγ results in accelerated tumorigenesis,
with 100% tumor incidence occurring 5 weeks earlier in Pparg−/−epi mice when compared
with WT mice (week 17 versus week 22). Using survival curve analysis, the median period
in which the mice remained tumor-free was 15.5 weeks for the Pparg−/−epi mice and 18
weeks for the WT mice. Pparg−/−epi mice also had a marked increase in tumor multiplicity
(figure 2B), with nearly 2.8-fold more tumors observed at 25 weeks. This increase in
photocarcinogenesis was readily apparent in Pparg−/−epi mice upon visual (figures 2E & F)
or microscopic inspection (figures 2G & H). The presence of large fields of adjacent tumors
seen in figs 2E & G created difficulty in counting tumors in non-immobilized mice, thus
weekly counting was suspended after week 22 of the study until the mice were euthanized at
week 25, when the tumors were counted and the tumor size measured just prior to skin
excision. Pparg−/−epi mice also exhibited increased tumor progression to a malignant
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phenotype (Table 1). Less than 7% of all tumors in WT mice were malignant (MISCC, SCC,
or anaplastic/spindle cell) compared with 24.54% of Pparg−/−epi mice.
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Insofar as tumors appear earlier and exhibit a greater propensity for progression to malignant
lesions, it is surprising that this was not accompanied by an increase in mean tumor size for
Pparg−/−epi mice, but rather a decrease in the overall size of tumors (Fig 2C). This was seen
as an increase in the number of small (< 2 mm) and medium sized tumors (2–8 mm) in the
Pparg−/−epi mice, but a similar number of large tumors (> 8 mm) (Fig 2D). When analyzing
only larger tumors (>8 mm), there was no significant difference in average tumor size
between the WT & Pparg−/−epi mice (data not shown). Thus, the increased numbers of
tumors in the Pparg−/−epi mice were largely due to a disproportionate increase in small
tumors and a relative reduction in intermediate and large tumors when normalized to the
total tumor count (supplemental fig 1). Grossly, this is seen in figs 2E as large fields of small
adjacent papillomas surrounding larger papillomas, MISCC and SCC in the Pparg−/−epi
mice while WT mice exhibit primarily isolated small and intermediate sized papillomas in
similar proportions. Collectively, the overall increase in the number of tumors and the
increased propensity for tumors to progress to malignancy would tend to support a role for
epidermal PPARγ in regulating UVB-induced initiating events rather than a strong role in
promoting tumor growth.
Increased tumor burden is associated with in increased hyperplasia and an increase in
p53 immunopositive keratinocytes in tumor free areas
A sustained hyperplastic response is observed in both human and murine epidermis and is
thought to be an important determinant of UVB-induced tumor promotion27. After 24 weeks
of UVB treatment, we euthanized the mice 1 week later and selected areas of skin without
visible tumors for an assessment of proliferation (Ki67 immunolabeling). We show that
Ki67 immunolabeling was significantly increased in chronically irradiated Pparg−/−epi mice
relative to WT mice (figure 3A and supplemental figure 2).
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Although p53 is normally not detectable by immunolabeling studies, p53 is readily
detectable in cells with stabilizing mutations of p53 or cells with elevated p53 expression
secondary to DNA damage signaling25, 28. Clusters of p53+ keratinocytes within the
epidermis are also indirect evidence of proliferation-induced clonal expansion. In figure 3B
and supplemental figures 3 & 4, we show that p53+ keratinocytes are significantly increased
in the epidermis of chronically irradiated Pparg−/−epi mice. The increased proliferation and
p53 immunopositivity could simply reflect a "field carcinogenesis" effect due to increased
UVB-induced mutation burden. This idea is supported by the large numbers of microscopic
tumors observed in Pparg−/−epi mice (Fig 2G). However, the increase in p53+ cells and
increased proliferation seen in Pparg−/−epi mice could also support a role for epidermal
PPARγ in suppressing the clonal expansion of initiated cells.
Increased caspase 3/7 activity is observed in Pparg−/−epi mice relative to WT sibling
controls following a single dose of UVB irradiation
UVB-induced apoptosis serves as a protective response to protect the keratinocyte from
initiating mutations. Increased apoptosis can also herald a defect in DNA repair processes.
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We were therefore interested in determining whether loss of epidermal PPARγ alters the
acute UVB-induced apoptotic response. In SKH-1 mice, apoptosis has been shown to peak
at 24 hours following an acute UVB exposure2. In figure 3C, we show caspase 3/7 activity is
increased in epidermal scrapings of WT mice 24 hours after UVB irradiation. Importantly,
Pparg−/−epi mice exhibit a marked augmentation of UVB-induced caspase 3/7 activity. We
also show that topical or systemic treatment with the specific PPARγ antagonist, GW9662,
also resulted in a dose-dependent augmentation of UVB-induced apoptosis (figure 3D).
Finally, we next examined whether epidermal PPARγ expression was necessary for the
increase in UVB-induced caspase 3 activity seen in GW9662 treated mice. However, there
was no significant difference in the UVB-induced increase in apoptosis 24 hours after UVB
irradiation in Pparg−/−epi mice treated with 150 nM GW9662 (data not shown (n=3 mice
per group); p=0.6233, 2-tailed t-test.)
Pparg−/−epi mice exhibit increased inflammation in response to acute UVB exposure and
an augmented erythema response to chronic UVB exposure
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Previous studies have documented anti-inflammatory activity for PPARγ in skin17, 19.
Moreover, recent studies have demonstrated that UVB-induced inflammation provides a
tumor promoting environment25. We therefore examined whether loss of epidermal PPARγ
would alter acute and chronic UVB-induced inflammation.
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For the acute studies, non-irradiated and UVB treated WT and Pparg−/−epi mice were
sacrificed at 24 & 72 hours post irradiation. Loss of epidermal PPARγ resulted in a
statistically significant UVB-induced increase in skin thickness relative to WT sibling
controls at both 24 (Fig 4A: 1.55-fold increase) & 72 hours (Fig 4B: 1.69-fold increase). We
next examined whether treatment with the PPARγ antagonist GW9662 would reproduce the
results obtained in the knockout mouse model. In figures 4C & D, we show that topical
treatment with GW9662 also resulted in increased skin thickness at both 24 and 72 hours
following UVB irradiation. To verify that epidermal PPARγ expression was necessary for
the increase in skin thickness seen in GW9662-treated mice, we next showed that the UVBinduced increase in skin thickness at 24 hours was not altered in Pparg−/−epi mice treated
with 150 nM GW9662 (data not shown (n=3 mice per group); p=0.1609, 2-tailed t-test.) We
then examined whether loss of epidermal PPARγ altered UVB-induced granulocyte-derived
myeloperoxidase (MPO) activity29. After subtracting for baseline MPO activity found in
non-irradiated genotype control mice we found that the UVB-induced increase in MPO
activity was significantly greater in Pparg−/−epi mice relative to WT mice at both 24 hours
(figure 4E: 1.65-fold increase) and 72 hours (figure 4F: 2.96-fold increase). In non-irradiated
control mice, there was no significant difference in MPO activity between WT and Pparg−/
−epi mice (Mean and SD of 0.020 ± 0.0019 and 0.021 ± 0.0018 for WT and Pparg−/−epi
mice respectively)). We next verified that the increase in MPO activity in Pparg−/−epi mice
corresponded with increased inflammatory infiltrate observed microscopically (figure 4G).
One of the hallmarks of inflammation is increased blood supply that is detected as an
erythema response in the skin. To assess chronic inflammation induced by repetitive UVB
irradiation, we next measured the level of erythema from week 7 to 13 in irradiated and nonirradiated epidermis of WT and Pparg−/−epi mice (figure 4H). After subtracting basal
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erythema in the non-irradiated genotype control mice, it was observed that Pparg−/−epi
exhibited a more robust erythema reaction to chronic UVB irradiation than their WT sibling
controls.
Pparg−/−epi mice demonstrate a functional disruption of differentiation following chronic
UVB irradiation
Chronic UVB treatment is known to disrupt normal barrier function leading to increased
transepidermal water loss (TEWL)30. Thus, we examined whether loss of epidermal PPARγ
altered the epidermal barrier function of the skin following chronic UVB treatment. As seen
in figure 5A, mice lacking epidermal PPARγ showed a significant increase in TEWL at 7 to
13 weeks of chronic UVB irradiation. Interestingly, as shown in figures 2E and F, mice with
loss of epidermal PPARγ also exhibited a dramatic hyperkeratotic phenotype after repetitive
UVB exposures. This was noted as a grossly visible scaling. Some degree of scaling was
noted in all 16 Pparg−/−epi mice while only 7 of 15 WT sibling controls exhibited
noticeable scaling (p=0.0008, two-sided Fisher’s Exact Test). After visually scoring the
degree of hyperkeratosis, Pparg−/−epi mice had an 8-fold greater average score compared
with WT sibling controls (figure 5B).
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DISCUSSION
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In this report, we provide evidence that epidermal PPARγ acts to suppress UVB-induced
tumor formation and tumor progression. Moreover, epidermal PPARγ regulates UVBinduced apoptosis and also acts to suppress acute and chronic UVB-induced inflammation
and erythema. Pparg−/−epi mice also exhibited a marked increase in p53+ cells and
epidermal proliferation in response to chronic UVB irradiation. Finally, loss of epidermal
PPARγ disrupts normal epidermal differentiation following chronic UVB treatment,
resulting in marked hyperkeratosis and an impaired barrier function. These findings are
particularly important as we have previously reported that UVB-induced oxidative stress
results in the formation of oxidized glycerophosphocholines with PPARγ ligand activity
(Zhang et al., 2005, 2006; Konger et al., 2008). Consistent with our previous findings, we
demonstrate that UVB-irradiation of SKH-1 hairless mouse epidermis also resulted in the
production of PPARγ agonist activity. Insofar as UVB exposure the major etiologic factor
for cutaneous carcinogenesis, our data firmly implicates epidermal PPARγ as a key
chemopreventive target for non-melanoma skin cancer. Interestingly, recent studies suggest
that PPARβ/δ activation also protects mice against cutaneous carcinogenesis31. Thus, while
our KB cell PPRE-luciferase model is not suitable for PPARβ/δ agonist studies, future
studies examining whether UVB-induces PPARβ/δ agonists would be of interest.
The idea that epidermal PPARγ acts to suppress photocarcinogenesis is supported by two
previous studies using a gene knock-down or knockout approach in mice. In these studies,
loss of epidermal PPARγ or hemizygous germ-line deletion of Pparg resulted in increased
cutaneous susceptibility to chemical carcinogenesis13, 14. Sustained epidermal hyperplasia is
a hallmark of UVB and other tumor promoting agents32. Importantly, we show that
increased susceptibility to photocarcinogenesis in Pparg−/−epi mice is accompanied by
increased hyperplasia and increased p53+ positivity in epidermal keratinocytes. This is
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consistent with the idea that PPARγ acts to suppress UVB-induced tumor promotion and
clonal expansion of initiated cells. This idea is supported by chemical carcinogenesis studies
by Indra and colleagues13. In these studies, the investigators utilized a tamoxifen-inducible
conditional knockout mouse model to verify a role for epidermal PPARγ in phorbol estermediated tumor promotion. Importantly, a similar increase in tumor multiplicity was
observed when tamoxifen was added either prior to the addition of the initiating agent
(DMBA) or 7 weeks later during the early stages of phorbol ester treatment. Nevertheless, it
is unclear whether this increase in proliferation results from loss of direct PPARγ-mediated
keratinocyte growth suppression or indirectly through increased inflammation. Indeed,
chronic dermal inflammation is thought to serve as a fertile mitogenic environment for the
overlying epidermis33, 34. Given additional studies showing that Pparg−/−epi mice did not
demonstrate a significantly different hyperplastic response to acute UVB irradiations (data
not shown), our data would tend to favor the idea that the increased hyperplasia in
chronically irradiated Pparg−/−epi mice is dependent on increased inflammation.
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While the above discussion details the evidence favoring a protective role for PPARγ in
photocarcinogenesis, there is also evidence to the contrary. PPARγ ligand studies in mice
failed to support a role for PPARγ as a chemopreventive target for both chemical and UVBinduced NMSC formation15. The authors attributed this lack of response to low PPARγ
expression in mouse epidermis15. However, the authors of this study also indicate that this
negative data could be due to off-target pharmacologic effects of the glitazone class of
PPARγ ligands15, 35. Alternatively, our group's demonstration that UVB is a potent inducer
of PPARγ ligand formation suggests the possibility that endogenous PPARγ ligand
production could be mitigating the effects of exogenous ligand application. In addition, He
et al initiated treatment with systemic PPARγ agonist (rosiglitazone) after 15 weeks of UVB
irradiation, at the time that tumors first began to appear15. This treatment strategy is better
designed to assess the ability of systemic rosiglitazone to serve as either a chemotherapeutic
agent or to suppress later stages of tumor promotion. This strategy would fail to suppress
early events in UVB-induced tumorigenesis. Finally, it is also possible that genetic loss of
function models may overstate the importance of PPARγ to epidermal photobiology. PPARγ
deficiency could potentially result in adaptive responses that serve as countermeasures for
the loss of critical PPARγ functions. However, this is unlikely, as the acute UVB-induced
increase in apoptosis and inflammation seen in Pparg−/−epi mice were also seen in SKH-1
mice treated with a PPARγ antagonist.
UVB is readily absorbed by DNA resulting in DNA lesions. Damaged cells counter this
insult with a DNA damage response that includes DNA repair, senescence, or apoptosis36.
In the setting of intact DNA repair, apoptosis thus serves a protective mechanism in
preventing initiating mutations by clearing cells with incompletely repaired DNA damage.
However, as seen in mouse models of Xeroderma pigmentosum, increased apoptosis may
also be an indication that there is a disruption of normal DNA repair37. In our studies, we
show that loss of epidermal PPARγ results in increased caspase 3/7 activity following an
acute UVB irradiation. Our observation that loss of epidermal PPARγ results in augmented
UVB-induced tumorigenesis suggests that our observed increase in the UVB-induced
apoptotic response may indicate a defect in DNA repair. In support of this idea, a recent
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report indicated that mice with loss of the PPARγ heterodimerization partner RXRα exhibit
not only increased apoptosis, but also increased DNA damage in response to UVB
exposure38. It should be noted that loss of either epidermal PPARγ or RXRα were
previously shown to augment DMBA/PMA-induced tumorigenesis13. Moreover, in a mouse
model of steatohepatitis the PPARγ agonist pioglitazone was shown to suppress oxidative
DNA damage39. Pioglitazone was also shown to promote the expression of specific DNA
glycosylases (Ogg1, MutY) that are necessary for oxidized DNA damage repair39. Moreover,
it has been shown that Xeroderma pigmentosum (XP)-D mutations are associated with
disruption of PPARγ transcriptional activity40. Thus, it is not unreasonable to presume that
since DNA repair signaling regulates PPARγ activity, that PPARγ may in turn act to impact
DNA repair. Finally, studies by Nicol et al showed that mice with hemizygous germline loss
of PPARγ had increased susceptibility to cutaneous tumor formation following a 6 week
treatment with the initiating agent DMBA14. Importantly, this treatment was not followed by
application of a tumor promoter, suggesting that PPARγ acts early to suppress carcinogeninduced mutations.
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Chronic inflammation is a fertile environment for neoplastic development and promotes
oxidative DNA damage in overlying epithelium34, 41, 42. Thus, our data indicating that loss
of epidermal PPARγ also resulted in increased acute inflammation and chronic erythema
responses could provide an alternative explanation for the observed susceptibility to
photocarcinogenesis. An anti-inflammatory role for PPARγ in skin is supported by previous
studies showing that PPARγ activators inhibit cutaneous inflammation induced by PMA and
oxazalone43. Furthermore, activation of PPARγ has been reported to be useful for the
treatment of inflammatory skin diseases such as atopic dermatitis and psoriasis44, 45.
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Finally, in addition to changes in UVB-induced apoptosis and inflammation, we also find
that Pparg−/−epi mice exhibit a significant increase in TEWL along with a striking increase
in hyperkeratosis in response to chronic UVB treatments. These data indicate that epidermal
PPARγ plays an important role in maintaining the permeability barrier function of the skin.
This conclusion is supported by studies demonstrating that PPARγ activation up-regulates
lipids associated with the epidermal lipid barrier18, 46 and also regulates the production of
key proteins (e.g. fillagrin, involucrin and loricrin) that are associated with cornified
envelope formation16, 43, 47, 48. In addition, a recent study in human skin demonstrated that
PPARγ expression appears to be regulated inversely with TEWL49. In this study, a
hydrocarbon moisturizer cream that resulted in increased TEWL resulted in decreased
PPARγ expression. In contrast, a complex cream that resulted in decreased TEWL resulted
in increased PPARγ expression.
In conclusion, we show that acute UVB-irradiation of the epidermis results in the production
of PPARγ ligands and that the subsequent activation of epidermal PPARγ likely plays an
important role in suppressing photocarcinogenesis. The mechanisms for this anti-cancer
activity likely reside in the ability of epidermal PPARγ to regulate UVB-induced apoptosis
and possibly DNA repair, to suppress cutaneous inflammatory responses, and to regulate
epidermal differentiation.
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The studies in this manuscript utilize a conditional knockout mouse model that provides
important and novel evidence that epidermal PPARγ acts to suppress
photocarcinogenesis. Other major findings include evidence that loss of epidermal
PPARγ is accompanied by changes in the acute UVB-induced apoptotic response and
increased photo-inflammation. These new data indicate for the first time that PPARγ may
act to regulate photocarcinogenesis by regulating both initiating and/or tumor promoting
events in the epidermis.
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Figure 1. Validation of Pparg−/−epi mice and demonstration that UVB irradiation generates
PPARγ agonist formation in mouse epidermis that is blocked by the antioxidant Vitamin C
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(A) To assess PPARγ expression in SKH-1 mice with loss of epidermal PPARγ and wild
type controls, quantitative real time RT-PCR was done for murine PPARγ from the RNA
extracted from scraped epidermis and normalized to 18S RNA. Results represent the mean
and SD. ** p<0.01, 2-sided t-test. (B) Immunoblot of PPARγ protein expression in one WT
and two Pparg−/−epi mice using protein extracted from epidermal scrapings. GAPDH
protein expression is shown to control for protein loading. The image is representative of
two separate experiments from 2 mice of each genotype. (C) Mice were switched to chow
with or without 10 g/kg vitamin C (Vit C) for 10 days. The mice were then UVB-irradiated
(1500J/m2) or left un-irradiated for sham control. One hour after UVB irradiation, lipid
extracts were prepared from scraped epidermis and PPRE-luciferase activity determined in
duplicate or triplicate for each lipid preparation using KB epidermoid carcinoma cells
overexpressing a PPRE-luciferase (Luc) reporter. A β-galactosidase (β-Gal) plasmid was
utilized to normalize for transfection efficiency. The PPARγ agonist, ciglitazone (CIG; 2
µM) was used as a positive control. Data are represented as mean luciferase values
normalized with β-Gal activity. Results represent the mean±SD of lipid extracts from 3–10
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different mice per treatment group. Lipid extracts from UVB irradiated mice on normal
chow and ciglitazone induced a significant increase in PPRE-Luc activity (one-sample ttest); UVB-treated epidermal lipid extracts had significantly greater PPRE-Luc activity
compared with Sham controls or UVB-irradiated mice treated with Vit C (2-tailed t-test).
(D). KB cells transfected with a PPRE-Luc reporter and a β-Gal reporter were treated with
either CIG, or the PPARβ/δ agonist GW501516 at concentrations of 1 and 10 µM. Data
represents 3 separate experiments done in duplicate or triplicate wells for each experimental
condition. Only CIG induced a significant increase in PPRE-Luc activity (one-sample t-test).
* p < 0.05 and ** p<0.01.
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Figure 2. Loss of epidermal PPARγ results in earlier onset of tumors and increased tumor
burden in a photocarcinogenesis model of murine non-melanoma skin cancer
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SKH-1 mice with epidermal specific loss of PPARγ (Pparg−/−epi) (n=16) and their wildtype
(WT) control littermates (n=15) were irradiated with 2240 J/m2 UVB, 3 times weekly for 24
weeks and euthanized 1 week later. (A) UVB-induced tumors occur earlier in mice lacking
epidermal PPARγ. The percent of mice remaining tumor-free at each week of the study were
plotted using a survival curve comparison. The data shows earlier onset of first tumor
formation and earlier onset to 100% of mice with tumors in Pparg−/−epi mice relative to WT
control mice. **, p<0.01; Log-rank (Mantel-Cox) Test. (B) The mean tumor number per
mouse (tumor multiplicity) is shown. Tumor multiplicity was significantly greater in Pparg
−/−epi mice relative to WT mice from weeks 17–25 by 2-sided t-test analysis (*, p<0.05; **,
p<0.01; ***, p<0.001). (C). The mean and SEM of the average tumor size per mouse for
each genotype is shown. Tumor size was measured as the greatest diameter of each tumor. *,
p<0.05; 2-tailed t-test. (D). Tumor size distribution showing the total number of small (< 2
mm), intermediate (2–8 mm) and large tumors (> 8 mm) observed for each genotype (All
measured as greatest diameter). **, p=0.0024, Chi-square. (E) Photographs of representative
Pparg−/−epi and (F) WT mice that were euthanized at 25 weeks following chronic UVB
irradiation. Field view of digitally stitched 40× photomicrographs of a representative H&E
stained skin sections obtained from a (G) Pparg−/−epi mice and (H) a WT mice. Bar = 1
mm.
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Figure 3. Pparg−/−epi mice exhibit increased proliferation (Ki67) and increased numbers of p53+
cells following chronic irradiation and increased apoptosis following acute irradiation

Pparg−/−epi and WT mice were irradiated for 24 weeks as described in figure 3 and
euthanized 1 week later. Skin sections lacking observable tumors were obtained and
subjected to immunofluorescent staining for Ki67 (A) and p53 (B). As described in
Methods, the sections were also immunolabeled with FITC-conjugated pan-cytokeratin
antibodies to define epidermal keratinocytes. Data shown is the percentage of pancytokeratin positive cells that were immunoreactive for Ki67 or p53. Results represent the
mean and SEM of 3 non-irradiated genotype controls, 6 Pparg−/−epi mice, and 7 WT mice
for both Ki67 & p53 immunlabeling. Greater than 16,000 pan-cytokeratin + cells were
analyzed from each UVB-irradiated genotype for Ki67 analysis while greater than 34,000
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cells were analyzed from each irradiated genotype for the p53 analysis. *, p<0.05; 2-sided ttest. (C) Pparg−/−epi and WT mice were irradiated with 1500 J/m2 UVB or left unirradiated. After 24 hrs, the mice were euthanized and the dorsal skin was excised. Caspase
3/7 activity was measured from protein lysates (0.5 mg) extracted from scraped epidermis
using a fluorogenic assay kit. Data are the mean ± SD. (†) Statistically different from WT
Sham treatment group; (§) statistically different from WT+UVB treatment group. *p<0.05;
*** p<0.001; 2-sided t-test. (D) SKH-1 mice were treated topically or systemically (ip) with
GW9662 (GW) as described in Methods and irradiated with 1500 J/m2. After 24 hrs, the
dorsal skin was excised, fixed in 10% buffered formalin and paraffin-embedded.
Immunohistochemistry was then performed for activated caspase 3. Ten random 200× fields
were counted in blinded slides. Results represent the mean and SEM. The inset shows a
representative image of a typical cell morphology (arrow) used to count apoptotic cells that
were immunopositive for activated caspase 3.
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Figure 4. Pparg−/−epi mice and GW9662 treated SKH-1 mice exhibit increased skin thickness
and MPO activity following acute UVB-irradiation and increased erythema following chronic
irradiation
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Pparg−/−epi and WT mice were sham or UVB-irradiated (1500 J/m2). After (A) 24 or (B) 72
hours, the mice were euthanized and the dorsal epidermis excised and bisected at the midline
overlying the spinal column. After snap freezing in liquid nitrogen, the skin thickness (mm)
was measured using digital calipers at 5 different locations. Results represent the mean
±SEM. (C & D) SKH-1 mice were treated topically with GW9662 at the indicated
cumulative doses as described in Methods. Skin thickness was measured at 24 hours (C) and
72 hours (D). (E & F) Following irradiation of Pparg−/−epi mice and WT controls, mice
were euthanized at 24 hours (E) and 72 hours (F) and a section of the skin was used to
measure myeloperoxidase (MPO) activity normalized by protein concentration (mg). Data
are the mean ± SD and are represented as the change in skin thickness and MPO activity
after subtracting the skin thickness or the MPO activity of non-irradiated control groups
relative to WT or vehicle control groups. (G) Pparg−/−epi or WT mice were euthanized 24
hrs after irradiation with 1500 J/m2 UVB and the dorsal epidermis was fixed in 10%
buffered formalin. Hematoxylin & eosin stained sections from non-irradiated (Sham) and
UVB-irradiated WT and Pparg−/−epi were blinded and a dermal inflammation score (1+–
4+) was assigned to each slide. The results represent the mean±SD of the inflammation
score for each group (n=3–6 mice as noted in the figure) after subtracting the non-irradiated
inflammation score from the relevant genotype controls. (†) Statistical difference between
non-irradiated (sham) and UVB-treated Pparg−/−epi mice; (§) statistical difference between
UVB-treated Pparg−/−epi mice and UVB-treated WT mice. *p<0.05; **, p<0.01; ***
p<0.001; 2-sided t-test. (H) Pparg−/−epi mice and their wild type (WT) littermates were
UVB-irradiated thrice weekly with 1 MED of UVB and the irradiated skin was assessed for
erythema on a biweekly basis starting from week 7 to week 13. Data are represented as
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change in erythema score of Pparg−/−epi and WT mice from pre-UVB baseline. Results
represent the mean±SD of 14 WT and 16 Pparg−/−epi mice. * p<0.05 between WT and
Pparg−/−epi mice, 2-way ANOVA.
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Figure 5. Pparg−/−epi mice exhibit increased increased TEWL and increased hyperkeratosis in
response to chronic UVB-irradiation

(A) Pparg−/−epi mice and their wild type littermates were UVB-irradiated thrice weekly
with 1 MED of UVB and transepidermal water loss (TEWL, g/h/m2) was measured on a
biweekly basis starting from week 7 to week 13. Data are represented as change in TEWL in
Pparg−/−epi and WT mice corrected from pre-UVB baseline. Results represent the 2-way
ANOVA test from 14 WT and 16 Pparg−/−epi mice. *** p<0.0001 between WT and Pparg
−/−epi mice, 2-way ANOVA. (B) At the end of the experiment (25 weeks), hyperkeratosis
was assessed on the UVB-irradiated dorsal skin of WT and Pparg−/−epi mice in blinded
fashion using a hyperkeratosis (scaling) score. We scored the hyperkeratosis on a scale of 0–
10 (0 = no gross scaling, 1 = minimal visible scaling, 5 = marked scaling covering
approximately 50% of the dorsal epidermis, 10= severe scaling involving nearly the entire
dorsal epidermis). Results represent the mean±SD of WT (n=14) and Pparg−/−epi (n=16)
mice. *** p<0.0001, 2-sided t-test.
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0.97

4.13

5.58

93.2

% of
Total

55.67 ± 22.72

0.07 ± 0.26

0.2 ± 0.77

0.73 ± 1.79

0.87 ± 1.30

3.27 ± 2.46

6.47 ± 3.23

10.6 ± 4.53

44.1 ± 21.27

Avg ± SD

NA

0.11

0.34

1.26

1.59

6.16

11.76

18.15

75.46

% of
Total

Pparg−/−epi mice

0.0013

0.315

0.6721

0.381

0.053

0.0001

<0.0001

<0.0001

0.022

pvaluea

Significance of the difference in mean tumor number of Pparg−/−epi mice compared with WT mice, 2-tailed t-test.

a

0

0.36 ± 0.63

Anaplastic SCC

0.29 ± 0.47

0.14 ± 0.36

Stage 3

Spindle Cell

0.29 ± 0.47

Stage 2

Invasive SCC

1.21 ± 1.12

1.64 ± 1.15

MISCC (All stages)

Stage 1

27.43 ± 14.83

Avg ± SD

WT mice

Papilloma

Tumor Type

Tumor Classification /
Stage

After 24 weeks of UVB-irradiation (2240J/m2), WT and Pparg−/−epi mice were euthanized 1 week later (Week 25) and whole dorsal skin was excised
and formalin fixed. After hematoxylin & eosin staining, the assessment of tumor histopathologic type were done by a dermatopathologist. Results are
shown as the average number of tumors per mouse ± standard deviation (SD). Results are also shown as the percent of the total numbers of tumors
observed.

Table 1
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Assessment of epidermal tumors in WT and Pparg−/−epi mice
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