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Abstract
The incidence of nonmelanoma skin cancer (NMSC) has been increasing worldwide. Most studies have highlighted the
importance of cancer-associated fibroblasts (CAFs) in NMSC progression. However much less is known about the
communication between normal fibroblasts and epithelia; disruption of this communication affects tumor initiation and the
latency period in the emergence of tumors. Delineating the mechanism that mediates this epithelial–mesenchymal
communication in NMSC could identify more effective targeted therapies. The nuclear receptor PPARβ/δ in fibroblasts has
been shown to modulate adjacent epithelial cell behavior, however, its role in skin tumorigenesis remains unknown. Using
chemically induced skin carcinogenesis, we showed that FSPCre-Pparb/dex4 mice, whose Pparb/d gene was selectively
deleted in fibroblasts, had delayed emergence and reduced tumor burden compared with control mice (Pparb/dfl/fl). However,
FSPCre-Pparb/dex4-derived tumors showed increased proliferation, with no difference in differentiation, suggesting delayed
tumor initiation. Network analysis revealed a link between dermal Pparb/d and TGF-β1 with epidermal NRF2 and Nox4. In
vitro investigations showed that PPARβ/δ deficiency in fibroblasts increased epidermal Nox4-derived H2O2 production,
which triggered an NRF2-mediated antioxidant response. We further showed that H2O2 upregulated NRF2 mRNA via the B-
Raf-MEK1/2 pathway. The enhanced NRF2 response altered the activities of PTEN, Src, and AKT. In vivo, we detected the
differential phosphorylation profiles of B-Raf, MEK1/2, PTEN, Src, and AKT in the vehicle-treated and chemically treated
epidermis of FSPCre-Pparb/dex4 mice compared with that in Pparb/dfl/fl mice, prior to the first appearance of tumors in
Pparb/dfl/fl. Our study revealed a role for fibroblast PPARβ/δ in the epithelial–mesenchymal communication involved in
cellular redox homeostasis.

Introduction

Skin cancer is one of the most common malignancies
affecting humans worldwide. Furthermore, the incidence of
nonmelanoma skin cancer (NMSC), comprising of basal
cell of carcinoma and squamous cell carcinoma (SCC), has

been increasing worldwide [1]. The development of NMSC
is not a cell-autonomous process. Tumor-associated stromal
cells in the reactive tumor microenvironment (TME) are
now recognized as an important modulator and even a
driver of tumorigenicity [2, 3]. Cancer-associated fibro-
blasts (CAFs), which differ from normal fibroblasts, are the
dominant stromal cells within the TME of many tumors [4].
These CAFs reinforce the pro-tumorigenic communication
with adjacent tumor cells, exacerbating the hallmarks of
cancer and accelerating tumor malignancy [2, 3]. Recent
transcriptional profiling of CAFs from clinical cutaneous
SCCs revealed a unique signature profile of nuclear hor-
mone receptors (NRs) [3, 5]. The study showed that tar-
geting specific NRs in CAFs with cognate ligands as
concurrent therapy can inhibit the emergence of chemore-
sistant tumors [3]. To date, most studies have focused on
CAFs in the TME of preexisting tumors. However much
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less is known about the communication between normal
fibroblasts and epithelia, whose disruption affects tumor
initiation and the latency period in the emergence of tumors.
Delineating the specific mechanism that mediates this
epithelial–mesenchymal communication that contributes to
NMSC could identify more effective targeted therapies to
inhibit and/or prevent this disease.

Peroxisome proliferator-activated receptors (PPARs) are
NRs that have attracted attention due to their crucial role in
lipid homeostasis and tissue repair. PPARs are highly
amenable for therapeutic intervention because their activ-
ities can be directly modulated by agonists and antagonists
[6]. The PPARβ/δ isotype has been implicated in NMSC
development, but its functions remain controversial as both
oncogenic and tumor-suppressive roles have been reported
[7–10]. Using chemically induced skin carcinogenesis, Kim
et al. showed that Pparb/dex8 (deleted exon 8) knockout
mice developed an increasing number of skin tumor [10].
PPARβ/δ was also reported to promote Hras-induced
senescence and tumor suppression by repressing AKT
activation [11]. In contrast, Pparb/dex4 (deleted exon 4)
knockout mice developed fewer and smaller tumors when
challenged with UV [9]. The study showed that UV induced
PPARβ/δ activity, which increased Src kinase and EGFR/
Erk1/2 activities, resulting in increased expression of
epithelial-to-mesenchymal transition markers. This dis-
crepancy has been attributed to several differences,
including tumor initiation procedures, genetic disruption
strategies of the Pparb/d gene, and the genetic background
of the mouse [7, 8]. Importantly, these studies used whole-
body Pparb/d knockout mice, thus the contribution of
fibroblast PPARβ/δ in NMSC was not investigated.

Evidence for a role for fibroblast PPARβ/δ in skin phy-
siology is emerging. Fibroblast PPARβ/δ has been shown to
curb excessive epidermal proliferation during wound heal-
ing via the production of a secreted IL-1 receptor antagonist
[12]. Wang et al. showed that ligand-activated fibroblast
PPARβ/δ reduced oxidative stress in the diabetic wound
microenvironment via the upregulation of Gpx1 and cata-
lase, thus facilitating wound healing [13]. Recently, Sng
et al. showed that the skin of FSPCre-Pparb/dex4 mice, a
fibroblast-selective deletion of the Pparb/d gene, recapitu-
lated various aspects of the fibroproliferative II subtype of
human scleroderma, which involves the upregulation of
leucine-rich alpha-2-glycoprotein-1 (Lrg1) by fibroblast
PPARβ/δ that in turn acts in an autocrine and paracrine
manner to modulate tissue-specific TGFβ1 responses [14].
However, the role of fibroblast PPARβ/δ in skin carcino-
genesis remains unknown. Given that stromal fibroblasts
have a significant influence on skin cancer initiation and
development, we investigated the role of fibroblast PPARβ/
δ in chemically induced skin carcinogenesis in FSPCre-
Pparb/dex4 and wild-type Pparb/dfl/fl mice. Our findings

revealed that a reduced activation of epidermal NRF2 by
fibroblast PPARβ/δ resulted in increased skin tumor load.

Materials and methods

Cell culture and siRNA knockdown

Primary keratinocytes and fibroblasts were isolated and
cultured as previously described [3, 15]. Co-cultures of
keratinocyte and fibroblast were conducted as described
[12]. Fibroblasts were transfected with SMARTpool
small interfering RNAs (siRNAs) targeting either Pparb/d,
Nox4, or LRG1 using DharmaFECT1 according to manu-
facturer’s recommendation (Dharmacon, USA) [4]. Co-
transfection of Pparb/d siRNA and Pparb/d expression
plasmids (Addgene, USA) was performed using Lipo-
fectamine 2000 (Invitrogen, USA) according to manu-
facturer’s protocol.

ARE-luciferase reporter assay

The activity of NRF2 in the cells was determined using
antioxidant response element (ARE) luciferase reporter
vector (BPSBiosciences, USA). This reporter contains a
firefly luciferase gene under the control of multimerized
ARE responsive elements located upstream of a minimal
promoter. Cells were transfected using FugeneHD accord-
ing to manufacturer’s recommendation (Promega, USA).
Reporter activity was measured using Dual-Glo Luciferase
Assay System (Promega, USA).

RNA extraction, reverse transcription, and
quantitative real-time PCR (qPCR)

Total RNA was extracted using TRIzol® Reagent followed
by the PureLink™ Micro-to-Midi Total RNA Purification
System according to the manufacturer’s protocol (Invitro-
gen, USA). Total RNA was quantified based on the A260/
A280 absorbance using the Nanodrop ND1000 (Thermo
scientific, USA). Total RNA was reversed transcribed using
iScript Reverse Transcription Supermix for RT-PCR (Bio-
Rad, USA). qPCR was performed as previously described
[16] using the respective primers (Tables S1–S3).

Immunoblotting

Cells were lysed using ice-cold M-PER Mammalian Protein
Extraction Reagent (Thermo Scientific, USA). Total protein
lysates were resolved using 10% SDS-PAGE and electro-
transferred onto Immobilon-FL PVDF membrane (Merck
Millipore, USA). Membranes were blocked with 1×
Odyssey Blocking buffer (LI-COR Biotechnology, USA)
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for 1 h at room temperature. The membrane was then
incubated overnight at 4 °C with the indicated primary
antibodies in 1× Odyssey Blocking buffer containing 0.05%
Tween-20: NOX4 (sc-21860), PPARβ/δ (sc-1987), Erk1/2
(sc-94), phospho-Erk1/2 (sc-16982), and β-tubulin (sc-
9104) from Santa Cruz Biotechnology Inc. (USA), NRF2
(D1Z9C), PTEN (9552S), Src (2108S), B-Raf (D9T6S),
MEK1/2 (L38C12), phospho-PTEN (9551S), phospho-Src
(6943S), phospho-B-Raf (Ser445), and phospho-MEK1/2
(Ser217/221) (41G9) from Cell Signaling Technology
(USA), and LRG1 (ab178698) from Abcam (UK). Mem-
branes were washed thrice with TBST (50 mM Tris–HCl,
pH 7.6, 150 mM NaCl, 0.05% Tween-20), and incubated
with appropriate IRDye®680- or 800-conjugated anti-IgG
secondary antibodies in 1× Odyssey Blocking buffer con-
taining 0.05% Tween-20 and 0.01% SDS for 1 h at room
temperature. Protein bands were revealed using the Odys-
sey®CLx Infrared Imaging System, and signals were
quantified using ImageStudio Software (LI-COR
Biotechnology, USA).

Immunostaining

Five micrometre thick paraffinized sections were depar-
affinized in xylene for 20 min and hydrated through a gra-
ded alcohol series. The hydrated sections were washed with
1× PBS buffer. Antigen retrieval was conducted in the GTC
Buffer (0.01 mM guanidine hydrochloride, 0.01 mM
ammonium thiocyanate, 25% glycerol, pH 6.0) using the
Aptum Biologics 2100 Antigen Retriever. The sections
were blocked with 3% normal goat serum for an hour. Anti-
cytokeratin 1 (CK1, Abcam, UK) antibody was added to the
sections and incubated 4 °C overnight. The following day,
the sections were washed with PBS and incubated cognate
secondary antibodies (Thermo Scientific, USA). Next, the
sections were washed with PBS buffer, and the procedure
was repeated with the anti-cytokeratin 8 antibody (CK8,
Abcam, UK). Finally, the sections were washed, counter-
stained with Hoechst dye for nuclei, and imaged using
JuLI™ Stage Real-Time Cell History Recorder. Immuno-
fluorescent staining for Ki67 was performed as above with
some modifications. Antigen retrieval was done in sodium
citrate buffer (10 mM sodium citrate, 0.05% Tween, pH 6.0)
and the sections were blocked using 1% bovine serum
albumin. All immunostaining performed without primary
antibodies served as negative controls. For hematoxylin and
eosin (H&E) staining, the sections were washed in PBS
buffer and stained with H&E as recommended by the
manufacturer (Sigma-Aldrich, USA). The sections were
dehydrated and mounted using the Eukitt® Quick-hardening
Mounting Medium. Images of the sections were captured
with the Zeiss Axio Scan.Z1 and analyzed with the Zen-Lite
software.

PEG-switch assay

PEG-switch assay was performed as previously described
[4]. Cells were lysed using M-PER mammalian protein
extraction reagent (Thermo Fisher Scientific, Waltham,
MA, USA). Oxidized thiols were reduced using DTT and
alkylated using 2 mM PEG-maleimide with 0.5% SDS for
2 h at room temperature. The alkylation reaction was
quenched using 100 mM Tris–HCl buffer pH 6.8, 4% SDS,
20% glycerol, and 0.01% bromophenol blue and 100 mM
maleimide and the samples were resolved by SDS-PAGE
and subjected to immunoblot. Oxidatively modified PTEN
and Src were analyzed as previously described [17, 18]. The
separated proteins were subjected to immunoblot analysis
using antibodies against PTEN and Src.

Extracellular H2O2 and intracellular ROS
measurement

Extracellular H2O2 and intracellular ROS were measured as
previously described [13, 19]. The specificity of the assay
for H2O2 was verified with catalase, and the degradation of
H2O2 or inhibition of the assay system by the sample was
analyzed by determining the recovery of exogenously added
H2O2.

Chemical-induced skin carcinogenesis

Male 6-week old FSPCre-Pparb/dex4 and Pparb/dfl/fl mice of
C57BL/6 background were used for this study [14, 20].
Chemical-induced skin carcinogenesis was performed in a
double-blinded manner as previously described [21].
Briefly, mice were shaved with surgical clippers 2 days
before topical initiation of the back with 200 µL of acetone
containing 100 nmol of 7,12-dimethylbenz[a]anthracene
(DMBA). One week after initiation, mice were promoted
thrice weekly with 30 mg benzoyl peroxide (BP). The
average number of dorsal skin tumors was recorded at 1-
week intervals from 10th to 19th-week post treatment. Skin
tumors were harvested at 19 weeks. The tumor size was
calculated using the modified ellipsoid formula: ½ (length ×
width2). The greatest longitudinal diameter (length) and the
greatest transverse diameter (width) of each tumor was
determined using a digital caliper. The size for each tumor
was classified under three categories: <5 mm3 (small), 5–10
mm3 (medium), and >10 mm3 (large). Each tumor from
FSPCre-Pparb/dex4 and Pparb/dfl/fl mice measured and
categorized accordingly in a double-blinded manner. Out-
liers were identified using interquartile range method and
excluded from analysis. Animal studies were approved by
Institutional Animal Care and Use Committee of Nanyang
Technological University Singapore (ARF-SBS/NIE-
A0112AZ, A0216AZ, A0324, and A0321).
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Statistical analysis

Unless mentioned otherwise, animal sample size was
determined by power analysis, statistical differences were
evaluated with two-tailed Mann–Whitney U-test or one-way
analysis of variance test with SPSS software where appro-
priate. P values < 0.05 indicate statistical significance.

Results

Fibroblast PPARβ/δ increased skin tumor load

FSPCre-Pparb/dex4 and wild-type Pparb/dfl/fl mice were
subjected to the two-stage chemical-induced skin

carcinogenesis regimen. The deletion of Pparb/d in the
fibroblasts was confirmed by genotyping and western blot
analysis (Fig. S1A, B). The number and volume of tumors
were monitored weekly throughout the regimen. Palpable
tumors were observed after 10–12 weeks of treatment in
Pparb/dfl/fl mice compared with 12–15 weeks in FSPCre-
Pparb/dex4 mice (Fig. 1a). All Pparb/dfl/fl mice developed
tumors by week 10, whereas tumors were observed in all
FSPCre-Pparb/dex4 mice at week 13 (Fig. 1b). We segre-
gated the tumor numbers by volume, small (<0.005 cm3),
medium (0.005–0.01 cm3), and large (>0.01 cm3) after
19 weeks of treatment. The FSPCre-Pparb/dex4 mice
developed fewer and smaller tumors compared with Pparb/
dfl/fl mice (Figs. 1c, S1C, and S2). Immunofluorescence
staining for Ki67, a proliferation marker, revealed a higher

Fig. 1 Reduced skin tumor load in FSPCre-Pparb/dex4 mice. a
Graph showing the mean number of tumors in FSPCre-Pparb/dex4

(open circle) and Pparb/dfl/fl (solid circle) mice starting from week 10
post tumor initiation. b Graph showing the percentage of FSPCre-
Pparb/dex4 (open circle) and Pparb/dfl/fl (solid circle) mice that
developed palpable tumors after chemical-induced skin carcinogen-
esis. The duration of tumor emergence in FSPCre-Pparb/dex4

(median= 12.5 weeks) and Pparb/dfl/fl (median= 9 weeks) mice was
evaluated with the log-rank test. ***p < 0.001. c Box-and-whisker plot
showing the distribution of tumor number and size in FSPCre-Pparb/
dex4 (white) and Pparb/dfl/fl (gray) mice. Three categories were used for
tumor volume classification: small (<5 mm3), medium (5–10 mm3),

and large (>10 mm3). Outliers were identified by using the interquartile
range and presented as black dots. The table below shows the weight
(mean ± s.d.) of the tumors for each category. Data are represented as
mean ± s.d. from n= 15–18 mice. *p < 0.05, ***p < 0.001. d Repre-
sentative images of normal skin, hyperplastic skin, and tumors from
FSPCre-Pparb/dex4 and Pparb/dfl/fl mice. Dual immunofluorescence
staining was performed for CK1 (red) and CK8 (green). The nuclei
were counterstained with DAPI (blue). The same sections were used
for hematoxylin and eosin (H&E) staining. Proliferation marker
Ki67 staining was performed with other sections from the same
biopsies. Scale bar: 100 μm.
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number of Ki67-positive cells in FSPCre-Pparb/dex4-
derived tumors than in Pparb/dfl/fl-derived tumor biopsies
(Figs. 1d and S1D). We utilized CK1 and CK8 to distin-
guish the stage of tumor differentiation. CK1 expression is
elevated in the hyperplastic epidermis, and the loss of CK1
combined with an aberrant increase in CK8 is characteristic
of the progression of mouse skin papilloma to SCCs [22].
As expected, CK1 was expressed in normal and hyper-
plastic skin from both genotypes. Regardless of tumor size,
no difference in CK8 expression between tumors from
Pparb/dfl/fl and FSPCre-Pparb/dex4 mice was observed,
indicating that PPARβ/δ deficiency in fibroblasts does not
affect tumor differentiation (Fig. 1d). Taken together, our
observations suggest an impaired tumor initiation, resulting
in a longer latency period in the emergence of tumors in
FSPCre-Pparb/dex4 mice.

PPARβ/δ deficiency in fibroblasts increased
epidermal Nox4 and NRF2 expression

To decipher the underlying mechanism for the delayed
emergence of tumors in FSPCre-Pparb/dex4 mice, we
interrogated the intrinsic networks that underlie differen-
tially regulated genes using the gene expression microarray
data of FSPCre-Pparb/dex4 and Pparb/dfl/fl epidermis and
dermis (GSE71419). Using the Ingenuity Pathway Analy-
sis, a gene connectivity network grouped diseases and
functions into broad categories, with connective tissue
development having the largest coverage, followed by
organismal injury and abnormalities and cellular movement
(Fig. 2a). A core network linked dermal Pparb/d and TGF-
β1 with epidermal NRF2 (nuclear factor erythroid 2-related
factor 2) and Nox4 (NADPH oxidase-4) signaling (Fig. 2a,
b).

Our analysis revealed a hitherto unknown connection
linking Pparb/d, NRF2, and Nox4, thus, we focused our
investigation on this new network. We detected higher
Nox4 and NRF2 in the epidermis of FSPCre-Pparb/dex4

mice than in that of Pparb/dfl/fl mice (Fig. 3a). We also
detected higher extracellular H2O2 in conditioned medium
from primary FSPCre-Pparb/dex4 keratinocyte cultures than
from Pparb/dfl/fl keratinocyte cultures, and this effect could
be eliminated by exogenous catalase (Fig. 3b). These
changes were consistent with higher intracellular ROS as
indicated by the higher mean CellRox fluorescence readings
in keratin-positive cells from the dorsal skins of FSPCre-
Pparb/dex4 than in those from Pparb/dfl/fl mice (Fig. 3c). A
higher basal NRF2 activity, determined using an ARE-
luciferase reporter transactivation assay, was also observed
in keratinocytes cocultured with primary fibroblasts from
FSPCre-Pparb/dex4 mice than those from Pparb/dfl/fl mice
(Fig. 3d). We also detected higher mRNA levels of NRF2,
along with NRF2-regulated antioxidant enzymes in the

FSPCre-Pparb/dex4 epidermis compared with the Pparb/dfl/fl

epidermis (Fig. 3e). To understand how ROS, specifically
H2O2, increased the mRNA level of NRF2 mRNA, we
subjected primary human keratinocytes to a kinase inhibitor
screen and examined NRF2 expression at 4 h post H2O2

stimulation. We observed that kinase inhibitors against the
B-Raf and MEK kinases could attenuate H2O2-mediated
upregulation of NRF2, suggesting that B-Raf-MEK path-
way is involved in the transcription of NRF2 (Fig. 3f).
Western blot analyses confirmed the increase in the phos-
phorylation levels of B-Raf, MEK1/2, and ERK1/2 upon
H2O2 exposure (Fig. 3g). The increase in NRF2 mRNA was
unlikely due to autoregulation as its increase occurred
before NRF2 upregulated its target genes such as NQO1
and GPX1 (Fig. S3A).

Consistent with the above observation, we observed
higher Nox4 and NRF2 expression in human keratinocytes
(Kers) cocultured with human dermal fibroblasts whose
endogenous PPARβ/δ was suppressed by siRNA (FsiPparb/d)
than in control fibroblasts (Fscrambled). The overexpression of
PPARβ/δ in FsiPparb/d fibroblasts reduced Nox4 and NRF2
expression (Figs. 3h and S3B, C). In summary, PPARβ/δ
deficiency in fibroblasts increased Nox4 expression and
triggered an enhanced antioxidant NRF2 response in the
adjacent epidermis.

TGF-β1 elevated Nox4 expression in keratinocytes
and was attenuated by LRG1

The epithelial–mesenchymal communication between der-
mal Pparb/d and TGF-β1 has been previously reported [14].
PPARβ/δ in fibroblasts upregulates the expression of Lrg1,
which attenuates epidermal and dermal responses to
TGFβ1. We investigated the potential contribution of TGF-
β1 signaling, which was a key player in our IPA analysis, to
the increased epidermal expression of Nox4 and NRF2. We
showed that the expression of Nox4 (Fig. 4a) and the
activity of NRF2 (Fig. 4b) were stimulated by TGF-β1 in
Pparb/dfl/fl keratinocytes. The FSPCre-Pparb/dex4 keratino-
cytes showed a higher basal ARE-dependent luciferase
activity that was further increased by exogenous TGF-β1
(Fig. 4b). PPARβ/δ transcriptionally upregulates the
expression of LRG1 in fibroblasts [14]. LRG1 attenuates
TGF-β1 signaling in the skin and lung to suppress fibrosis
[14, 23]. We observed that recombinant LRG1 dose-
dependently attenuated the expression of Nox4 and the
activity of the reporter luciferase. The suppression of
endogenous Nox4 (siNox4) or the exposure to the anti-
oxidant N-acetyl-cysteine (NAC) attenuated ARE-
dependent luciferase activity (Fig. 4b).

Cocultured of Kers with FsiPparb/d or FsiLRG1 and treatment
with exogenous LRG1 reduced the expression of Nox4 and
NRF2 in Kers (Figs. 4c and S3D). This observation
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suggests that LRG1-TGF-β1 signaling is involved in reg-
ulating Nox4 and NRF2 expression in keratinocytes. In
human Kers cocultured with FsiPparb/d, the mRNA levels of
several antioxidant enzymes were also elevated (Fig. 4d),
but the intracellular ROS level remained higher than that in
Kers cocultured with Fscrambled (Fig. 4e). These results are

consistent with our coculture experiment of keratinocytes
with primary fibroblasts from either Pparb/dfl/fl or FSPCre-
Pparb/dex4 mice (Fig. 3c, e). Human keratinocytes treated
with TGF-β1 alone showed a mild increase in Nox4 and
NRF2 expression accompanied by an increase in the
expression of antioxidant enzymes (Fig. S3E), indicating

Fig. 2 Pathway analysis and gene connectivity network. a A gene
connectivity network links Pparb/d, Nox4, NRF2 (also known as
NFE2L2), and TGF-β1 signaling with the indicated diseases and
functions. Twelve molecules with significant fold change (>1.5 times)
and confidence (p < 0.05) identified from the microarray were con-
nected to these signaling networks. Activating (green), deactivating

(red), and inconclusive (gray) effects on the various functions are
indicated. Arcs surrounding the gene network group diseases and
functions into broad categories that include connective tissue devel-
opment, cancer and free radical scavenging. b Diseases and functions
are tabulated and arranged into categories based on their p value. The
molecules responsible for each disease and function are also indicated.
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that NRF2 is a downstream mediator of TGF-β1. The
observed upregulation of Nox4 and NRF2 was attenuated
by LRG1 (Fig. 4f). Notably, the increase in NRF2, but not
Nox4, was abolished by NAC suggesting that NRF2

expression was dependent on Nox4-derived H2O2 (Fig. 4f).
Nox4 increases oxidative stress by producing H2O2 [24],
whereas an increased NRF2 response elevates the expres-
sion of many antioxidant genes [25]. To understand the
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relationship between Nox4 and NRF2, we examined the
effect of wild-type Nox4 and various Nox4 mutants on
NRF2 expression and activity. The ectopic expression of
wild-type Nox4 and the H2O2-producing Nox4ΔD-loop
mutant increased NRF2 expression and activity (Fig. 4g, h).
In contrast, the overexpression of the Nox4ΔB-loop mutant,
which is defective in H2O2 production, stimulated neither
NRF2 expression nor NRF2 activity (Fig. 4g, h). In sum-
mary, we showed that PPARβ/δ-deficient fibroblasts
increased Nox4 expression in adjacent keratinocytes which
involved paracrine LRG1/TGF-β1 signaling. The elevated
epidermal Nox4 increased intracellular oxidative stress that
triggered an enhanced NRF2 response as indicated by the
higher expression of antioxidant/detoxification genes in the
epidermis.

Differential phosphorylation kinetics of B-Raf,
MEK1/2, PTEN, Src, and AKT prior to tumor
formation

The epidermis of FSPCre-Pparb/dex4 has an enhanced
NRF2 response. The inhibition of either B-Raf or MEK1/2
kinases attenuated the mRNA expression of NRF2 via
H2O2. To gain further insight into the mechanism in vivo,
we examined the expression of B-Raf, MEK1/2, and

NRF2 in the epidermis of vehicle- or DMBA/BP-treated
Pparb/dfl/fl and FSPCre-Pparb/dex4 mice between weeks 4
and 8, prior to the emergence of palpable tumors at week 10
post treatment in Pparb/dfl/fl mice. The expression profiles
of phospho-B-Raf and phospho-MEK1/2 were elevated
in the epidermis of vehicle-treated FSPCre-Pparb/dex4

mice, concomitant with the higher expression of NRF2,
when compared with cognate Pparb/dfl/fl mice (Fig. 5a). The
expression of phospho-B-Raf, phospho-MEK1/2, and
NRF2 increased more rapidly in DMBA/BP-treated
FSPCre-Pparb/dex4 mice than in Pparb/dfl/fl mice (Fig. 5a).
Together with the in vitro data, this observation indicates
that the upregulation of NRF2 mRNA is mediated via the B-
Raf-MEK1/2 pathway.

The higher intracellular ROS in Pparb/dfl/fl modifies the
activities of tumor suppressors or oncogenes. Direct oxi-
dative modification of products of tumor suppressors or
oncogenes can have a direct impact on tumor formation.
Previous studies showed that oxidation increases the
autophosphorylation of PTEN and Src, which attenuates the
tumor-suppressive catalytic activity of PTEN [18, 26] and
triggers the oncogenic functions of Src [17, 27]. PTEN and
Src have been implicated in SCC formation [28, 29]. To this
end, we examined the oxidative state of the tumor sup-
pressor PTEN and oncogenic Src in FSPCre-Pparb/dex4 and
-Pparb/dfl/fl mice. The PEG-switch assay is a semi-
quantitative method for measuring target reversible cysteine
oxidation in complex protein mixtures derived from tissue
or cultured cells [30]. Quantification of pegylated PTEN
and Src against the reduced form showed a significant
increase in PTEN and Src oxidation, indicating reduced
PTEN and enhanced Src activities in Pparb/dfl/fl keratino-
cytes compared with FSPCre-Pparb/dex4 keratinocytes
(Fig. S3F).

We propose that the difference between the phosphor-
ylation levels of PTEN and Src between FSPCre-Pparb/dex4

and Pparb/dfl/fl mice also contributes to the delayed emer-
gence of tumors in the former. There was no significant
difference in the phosphorylation levels of PTEN and Src in
the epidermis of vehicle-treated FSPCre-Pparb/dex4 and
Pparb/dfl/fl mice (Fig. 5a), suggesting that these pathways
may not be responsible for the already elevated NRF2 levels
in FSPCre-Pparb/de4 mice (Fig. 5a). We observed a pro-
gressive increase in phosphorylated PTEN and Src in the
epidermis of Pparb/dfl/fl mice upon DMBA/BP treatment,
indicating that the altered activities of PTEN and Src pre-
ceded the emergence of tumors (Fig. 5a). Phosphorylation
of PTEN at Ser380 suppresses its activity by controlling its
recruitment into the PTEN-associated complex as well as its
stability [31, 32]. With reduced PTEN activity, we observed
higher levels of phosphorylated AKT in the epidermis of
Pparb/dfl/fl mice than in the epidermis of FSPCre-Pparb/dex4

mice. This observation is consistent with the higher tumor

Fig. 3 Elevated Nox4 stimulates NRF2-related responses to reduce
epidermal ROS. a Representative immunoblots of Nox4 and NRF2 in
epidermis from FSPCre-Pparb/dex4 and Pparb/dfl/fl mice. Densito-
metric quantification plots are shown (top panel). β-tubulin served as a
housekeeping protein from the same samples. b Extracellular H2O2

levels in FSPCre-Pparb/dex4 and Pparb/dfl/fl keratinocytes. Extra-
cellular H2O2 was detected by the Amplex Red Assay and normalized
to cell number. c Histogram shows the mean intracellular ROS
(CellRox fluorescence readings) in cytokeratin-positive cells from the
skin of FSPCre-Pparb/dex4 (red) and Pparb/dfl/fl skin (gray). d Fold
change in ARE-dependent luciferase activities in keratinocytes
cocultured with primary fibroblasts from FSPCre-Pparb/dex4 or Pparb/
dfl/fl mice. For the reporter assay, firefly luciferase activity was nor-
malized to Renilla luciferase activity. e Relative mRNA levels of the
indicated antioxidant genes in the epidermis from FSPCre-Pparb/dex4

and Pparb/dfl/fl mice. Ribosomal protein L27 was used as a house-
keeping gene. f Relative mRNA level of NRF2 in human primary
keratinocytes treated with vehicle and kinase inhibitors against B-Raf
and MEK1/2 at 4 h post H2O2 stimulation. Ribosomal protein L27 was
used as a housekeeping gene. g Representative immunoblots of total
and phosphorylated B-Raf, MEK1/2, and ERK1/2 in human kerati-
nocytes treated with H2O2 (left panel). A densitometric quantification
plot is shown (right panel). Total B-Raf, MEK1/2, and ERK1/2 as
cognate normalizing proteins were from the same samples. h Repre-
sentative immunoblots of Nox4 and NRF2 in human keratinocytes
(Kers) cocultured with either dermal human fibroblasts knockdown of
Pparb/d (FsiPparb/d) or scrambled siRNA (Fscrambled) (bottom panel). β-
tubulin served as housekeeping protein and was from the same sam-
ples. A densitometric quantification plot is shown (top panel). Data are
represented as the mean ± s.d. For a and d–h, n= 3 independent
experiments. For b, c, n= 5 independent experiments.
*p < 0.05, **p < 0.01 and n.s. denotes non-significant.
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burden in Pparb/dfl/fl than FSPCre-Pparb/dex4 (Fig. 5a). In
contrast, the increase in phosphorylated PTEN and Src
in the epidermis of FSPCre-Pparb/dex4 was muted and was
only significant compared with the cognate vehicle

control from week 6 onwards (Fig. 5a). Taken together,
the late tumor emergence and reduced tumor load in
FSPCre-Pparb/dex4 mice compared with Pparb/dfl/fl mice
can be attributed in part to altered NRF2, B-Raf, MEK1/2,
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PTEN, Src, and AKT activation profiles during tumor
initiation.

Discussion

CAFs are the major cell population within the tumor stroma
and are involved in cancer progression [2]. Emerging stu-
dies have shown that concurrent therapies targeting CAFs
increase the efficacy of conventional anticancer che-
motherapeutics [3]. NRs have surfaced as ideal drug targets
because their activity is precisely modulated by the binding
of small lipophilic molecules. In this context, PPARβ/δ is of
great interest because it has been implicated in a variety of
diseases, such as cardiovascular diseases and diabetes.
However, the biological function of PPARβ/δ in NMSC
remains controversial, due in part to a poor understanding of
the role of fibroblast PPARβ/δ in NMSC [7]. Furthermore,
previous studies mainly focused on CAFs in preexisting
tumors [5], rather than in the epithelial–mesenchymal
communication between normal fibroblasts and epithelia,
whose disruption facilitates tumor development.

We observed delayed emergence and reduced tumor
burden in FSPCre-Pparb/dex4 mice compared with Pparb/

dfl/fl mice using a chemically induced skin carcinogenesis
model. However, FSPCre-Pparb/dex4-derived tumors
showed increased proliferation, with no difference in dif-
ferentiation compared with similarly sized Pparb/dfl/fl-
derived tumors, suggesting a delayed tumor initiation. The
underlying mechanism involves enhanced epidermal NRF2
and Nox4 expression, which is in line with a previous study
that reported a protective effect of NRF2 against UV-
induced cutaneous SCCs [33]. In contrast, the tumor-
promoting activity of NRF2 in virus-induced skin tumor-
igenesis has been reported [34]. The mixed evidence sug-
gests a complex and context-dependent role of NRF2 in
tumor progression. In our study, the activation of NRF2 and
Nox4 integrates into the PPARβ/δ and LRG1-TGFβ1 net-
works (Fig. 5b). Fibroblast PPARβ/δ transcriptionally
upregulates the expression of LRG1, which enhances
TGFβ1 signaling in adjacent epidermis [14]. We showed
that the expression of Nox4 was stimulated by TGF-β1 and
that PPARβ/δ-deficient fibroblasts also triggered an
enhanced NRF2-mediated response, which was dependent
on Nox4-derived H2O2, i.e., oxidative stress. We showed
that H2O2 rapidly upregulated NRF2 mRNA via the B-Raf-
MEK1/2 pathway. The enhanced NRF2-related response
altered the intracellular ROS that modulate the activities of
tumor suppressor PTEN, oncogene Src, and AKT. These
findings supported a pro-tumorigenic role for fibroblast
PPARβ/δ.

Although the genetic background, knockout mouse
model, and tumor induction protocol were different, our
experimental outcome was consistent with the outcome of
the UV-induced skin carcinogenesis protocol performed on
full-body hairless SKH1/Pparb/dex4 mice. The induction of
skin cancer by DMBA/BP involves molecular mechanisms
that are different from those associated with skin cancer that
is attributable to chronic UV exposure [35, 36]. These
independent studies have underscored a pro-tumorigenic
role for PPARβ/δ in skin cancers. Lending support, the
long-term treatment of mice with the PPARβ/δ agonist
GW501516 caused rapid induction of cancers in several
organs [37]. Our findings were at odd with cancer studies
using whole-body Pparb/dex8 mice, whose Pparb/d gene
was inactivated by insertion of the phosphoribosyltransfer-
ase II gene at the last exon. It has been proposed that whole-
body Pparb/dex8 displays a hypomorphic phenotype, i.e., a
partial loss of function of PPARβ/δ [7, 8, 38]. There are also
some limitations to our study; we did not explore other
tumor induction protocols such as UV irradiation or use
FSPCre-Pparb/dex4 mice from a different genetic back-
ground. It is conceivable that different mouse strains may
exhibit different phenotypic severities or outcomes owing to
differences in vulnerabilities to oxidative stress and carci-
nogens. FSP1 is a key marker of a specific subset of mac-
rophages in the liver during fibrosis and injury, although no

Fig. 4 Fibroblast PPARβ/δ modulates epidermal Nox4 via LRG1-
TGFβ1 signaling. a Relative mRNA (top panel) and protein (bottom
panel) levels of Nox4 in Pparb/dfl/fl keratinocytes treated with either
TGFβ1 or LRG1 proteins. Representative immunoblot for Nox4 is
shown. β-tubulin served as a housekeeping protein from the same
samples. A densitometric quantification plot is shown. b Fold change
in ARE-dependent luciferase activities in FSPCre-Pparb/dex4 and
Pparb/dfl/fl keratinocytes treated with either TGFβ1 (10 ng/mL) or
LRG1 (50–100 ng/mL). Keratinocytes whose endogenous Nox4
expression was suppressed by siRNA were denoted by siNox4. Anti-
oxidant NAC was used at 500 µM. For the reporter assay, firefly
luciferase activity was normalized to Renilla luciferase activity. c
Representative immunoblots of Nox4 and NRF2 in human keratino-
cytes (Kers) cocultured with either dermal human fibroblasts knock-
down of Pparb/d (FsiPparb/d) or LRG1 (FsiLRG1) (bottom panel). β-
tubulin served as housekeeping protein and was from the same sam-
ples. A densitometric quantification plot is shown (top panel). d
Relative mRNA levels of the indicated antioxidant genes in Kers
cocultured with FsiPparb/d or Fscrambled. Ribosomal protein L27 was used
as a housekeeping gene. e Mean intracellular ROS level in Kers
cocultured with either FsiPparb/d (red) or Fscrambled (gray). The histogram
shows mean CellRox fluorescence readings in keratinocytes. f Relative
mRNA levels of Nox4 and NRF2 in Kers treated with either TGFβ1,
LRG1, or NAC. Ribosomal 18S was used as a housekeeping gene. g
Representative immunoblots of Nox4 and NRF2 in primary wild-type
mouse keratinocytes transfected with various Nox4 mutants. Densi-
tometric quantification plots are shown (right panel). β-tubulin served
as a housekeeping protein from the same samples. h Fold change in
ARE-dependent luciferase activities in mouse keratinocytes over-
expressing wild-type, Nox4ΔD-loop, and Nox4ΔB-loop Nox4
mutants. Empty vector served as the control. For the reporter assay,
firefly luciferase activity was normalized to Renilla luciferase activity.
All data are represented as the mean ± s.d. For a and e, n= 5 inde-
pendent experiments. For b–d and f–h, n= 3 independent experi-
ments. **p < 0.01.
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report has described confounding issues in other organs
[39]. Based on existing technology, it is not possible to
achieve pure fibroblastic gene deletion or any tissue-specific
deletion with absolute certainty. In addition, we were unable
to generate an epidermis-specific NRF2 and fibroblast-
specific PPARβ/δ double conditional knockout based on
current Cre-lox technology alone. Nevertheless, to the best
of our knowledge, this is the first study to examine the role
of fibroblast PPARβ/δ in NMSC.

Despite a delay in tumor initiation, FSPCre-Pparb/dex4

mice had higher tumor cell proliferation than FSPCre-
Pparb/dfl/fl mice. The long-term effect of such enhanced
tumor cell proliferation on cancer progression suggests a
possible dual role in initiation and progression. TGFβ and
NRF2 signaling have been reported to play dual roles in
tumorigenesis, differing in tumor initiation and progression
[40, 41]. Given that fibroblast PPARβ/δ activates epidermal
NRF2 via TGFβ signaling, it is conceivable that fibroblast

PPARβ/δ may similarly exhibit dichotomous roles. On the
one hand, PPARβ/δ deficiency in fibroblasts led to reduced
oxidative stress in the epidermis, delayed tumor initiation,
and reduced tumor burden in FSPCre-Pparb/dex4 mice. On
the other hand, tumors from FSPCre-Pparb/dex4 mice has a
higher number of proliferating Ki67-positive cells. Similarly,
the proliferation of human skin cancer cells was reduced
when cocultured with fibroblasts overexpressing PPARβ/δ
[3]. The mechanism underlying this dichotomy remains
unclear, but it tempting to speculate that it could be related to
the transformation from normal fibroblasts to CAFs. It was
shown that the acquisition of an oxidative, CAF-like state by
normal fibroblasts could be achieved by chronic exposure to
oxidative stress and attenuated TGF-β signaling [4]. Our
study showed that a deficiency in PPARβ/δ in fibroblasts
disrupted normal epithelial–mesenchymal communication
and enhanced the antioxidant/detoxification response to
delay NMSC development.

Fig. 5 Protein expression profiles of NRF2, B-Raf, MEK1/2,
PTEN, Src, and AKT in the epidermis of FSPCre-Pparb/dex4 and
Pparb/dfl/fl mice. a Representative immunoblots of NRF2, total and
phosphorylated B-Raf, MEK1/2, PTEN, Src, and AKT in the epi-
dermis of vehicle control- and DMBA/BP-treated FSPCre-Pparb/dex4

and Pparb/dfl/fl mice between weeks 4 and 8 (top panel). Densitometric
quantification plots are shown (bottom panel). Total B-Raf, MEK1/2,
PTEN, Src, and AKT served as cognate normalizing controls from the
same samples. Values are represented as the mean ± s.d. from n= 3
independent experiments. *p < 0.05 and **p < 0.01 compared with

vehicle-control treatment of the same week. b Schematic illustration of
the mechanism. Fibroblast PPARβ/δ increases the expression of LRG1
[14]. Secreted LRG1 attenuates TGF-β1 signaling, which is required
for the upregulation of Nox4 in keratinocytes. Less Nox4-derived
H2O2 production reduces the NRF2 expression and response, and
consequently reduces the expression of antioxidant/detoxification
genes and increases intracellular ROS. Higher levels of phosphory-
lated PTEN, Src, and AKT were present in the epidermis of Pparb/dfl/fl

mice compared with FSPCre-Pparb/dex4 mice and contributed to the
earlier appearance of tumors.
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Data availability

The datasets for microarray analysis during the current
study are available through the Gene Expression Omnibus
Series accession number GSE71419. The data in Fig. S4 are
in whole based upon data generated by the TCGA Research
Network (http://cancergenome.nih.gov/).
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