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Hair follicle morphogenesis depends on a delicate balance between cell proliferation and apoptosis, which
involves epithelium-mesenchyme interactions. We show that peroxisome proliferator-activated receptor beta/
delta (PPARB/S) and Aktl are highly expressed in follicular keratinocytes throughout hair follicle develop-
ment. Interestingly, PPARB/3- and Aktl-deficient mice exhibit similar retardation of postnatal hair follicle
morphogenesis, particularly at the hair peg stage, revealing a new important function for both factors in the
growth of early hair follicles. We demonstrate that a time-regulated activation of the PPARB/d protein in
follicular keratinocytes involves the up-regulation of the cyclooxygenase 2 enzyme by a mesenchymal paracrine
factor, the hepatocyte growth factor. Subsequent PPARB/6-mediated temporal activation of the antiapoptotic
Akt1 pathway in vivo protects keratinocytes from hair pegs against apoptosis, which is required for normal hair
follicle development. Together, these results demonstrate that epithelium-mesenchyme interactions in the skin
regulate the activity of PPARB/6 during hair follicle development via the control of ligand production and
provide important new insights into the molecular biology of hair growth.

Hair follicles (HFs) are cutaneous appendages exerting
many important functions in mammals, including thermoreg-
ulation, skin protection, and social interaction. Like tooth and
feather development, HF morphogenesis is governed by com-
plex bidirectional epithelium-mesenchyme interactions be-
tween epithelial keratinocytes and underlying dermal cells of
the mesenchymal condensations. In particular, early develop-
mental steps involve three signals that lead to (i) the thickening
of the epithelial surface (first dermal signal), (ii) the formation
of the dermal papilla (first epithelial signal), and (iii) the down-
growth of follicular epithelial cells (hair peg) into the dermis
(second dermal signal) (31). The whole process of HF devel-
opment has been divided into eight consecutive stages, which
tightly depend on the balance in keratinocytes between apo-
ptosis and proliferation (27). Once formed, HFs continuously
cycle through periods of intensive growth (anagen), apoptosis-
driven regression (catagen), and resting (telogen).

Although the molecular nature of the inductive signals that
underlie the formation of the HF is largely unknown, distinct
signaling molecules, such as B-catenin, T-cell factor (TCF),
Sonic hedgehog (SHH), and hepatocyte growth factor (HGF),
have been implicated at various stages of HF development
(31). In addition, many members of the nuclear receptor fam-
ily, including the estrogen (NR3A), vitamin D (NR1I), and
retinoid receptors (NR1B and NR2B), have been identified as
important modulators of skin as well as HF development and
homeostasis, both in humans and mice (1, 23). Recent reports
also suggest a role for peroxisome proliferator-activated recep-
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tor (PPAR) in fetal epidermal development, particularly ker-
atinocyte and sebocyte differentiation in rodents (5, 29, 39).

The subfamily of PPARs comprises three isotypes, PPAR«
(NR1C1), PPARB/® (NR1C2; called PPARB below), and
PPARy (NRI1C3), that regulate gene transcription upon li-
gand-induced activation (hypolipidemic drugs, polyunsatu-
rated fatty acids, or cyclooxygenase [ COX]-derived prostaglan-
dins) and heterodimerization with the retinoid X receptor
(RXR) (NR2B) (9). Each PPAR exhibits a specific tissue dis-
tribution and performs distinct roles in lipid metabolism, in-
flammation, diabetes, and cancer (20, 30). We have shown
previously that all three PPAR isotypes, and predominantly
PPARp, are expressed in the differentiating epidermis and
HFs during embryonic skin development in rats and mice (5,
29). Interestingly, PPAR expression specifically disappears
from the interfollicular epidermis after birth and becomes un-
detectable in the adult, whereas it remains highly expressed in
postnatal and adult HFs (29). The expression and activation of
PPARR is rapidly stimulated in the adult interfollicular epi-
dermis by inflammatory stimuli like tumor necrosis factor al-
pha during skin injury (41). In accordance, delayed wound
closure was observed in PPARB-mutant female mice, largely
due to an altered balance between proliferation and apoptosis
as well as to defects in cell adhesion and migration of PPARB-
mutant keratinocytes (10, 29).

The specific expression of PPAR in the differentiating HF
already from the early embryonic stages pointed to a possible
role of PPARR in the control of HF development. In favor of
this, PPAR ligands were already reported to increase the sur-
vival of human HFs in culture (3). In addition, we previously
demonstrated that PPARR activates the Akt signaling pathway
in keratinocytes (11), which was recently shown to affect hair
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follicle growth (36, 40). Despite the high expression of PPARB
in follicular keratinocytes throughout the whole process of HF
morphogenesis, we provide evidence that PPARR is important
specifically at the developmental stage of hair peg elongation.
Most interestingly, we show that the time-dependent activation
of PPARR in HF keratinocytes involves mesenchyme-secreted
HGF, which up-regulates the expression of the COX-2 enzyme
in keratinocytes, likely leading to the production of PPARB
ligands. We further show that PPARP protects elongating HFs
from apoptosis in vivo, predominantly via the temporal activa-
tion of the Aktl signaling pathway, which plays a key role in
the maturation of hair pegs. Such insights into the mesen-
chyme-epithelium control of PPARB activation in follicular
keratinocytes and antiapoptotic role of Aktl in HF morpho-
genesis in vivo are crucial to the molecular understanding of
HF growth.

MATERIALS AND METHODS

Reagents. The COX-2 inhibitor (NS-398, no. 349254) and the Akt inhibitor
(C30Hs30,¢, no. 124005) were from Calbiochem. Recombinant HGF was from
Sigma. 5-bromo-4-chloro-3-indolyl phosphate—nitroblue tetrazolium chloride al-
kaline phosphatase substrates and BrdU were from Roche. All cell culture media
and supplies were obtained from Sigma, except the keratinocyte serum-free
medium KSFM (Invitrogen). All antibodies were purchased from Santa Cruz
Biotechnology, except anti-PPARB (Affinity Bioreagent), anti-Aktl, anti-phos-
pho-Aktl, anti-glycogen synthase kinase 3B (anti-GSK3p), anti-phospho-
GSK3, anti-Bad, anti-phospho-Bad, anti-FKHR, anti-phospho-FKHR (Cell
Signaling), anti-PDK1 (Transduction Laboratories), and anti-B-tubulin (Pharm-
ingen).

Cell culture and transient transfections. Mouse primary keratinocytes were
isolated from the epidermis as reported by Hager et al. (14) with the following
modifications. The epidermis was separated from the dermis following overnight
incubation at 4°C in 2.5 U of dispase/ml. The epidermis was placed in a 50-ml
centrifuge tube with 10 ml of culture medium (KSFM), and the tube was given
50 shakes. Keratinocytes were resuspended in KSFM containing 0.05 mM Ca>*
and 0.1 ng of epidermal growth factor/ml and were seeded at 10° cells per cm?.
Mouse skin organ cultures were performed as followed: 8-mm punch biopsies
isolated from the back skin of 1-day-old pups (P1) were transferred to culture
inserts (3 WM pore) of a two-chamber tissue culture system (BD Biosciences).
Skin explants were cultured at the air-liquid interface in Dulbecco’s modified
Eagle medium supplemented with 10% normal or delipidated fetal calf serum, 50
pg of vitamin C/ml and 5 pg of gentamicin/ml. After an overnight incubation,
explants were treated with the indicated activator or inhibitor or with vehicle for
48 h. Transient transfection assays in keratinocytes were performed using the
Superfect reagent (QIAGEN) and luciferase activity (Promega) was measured
according to the manufacturers’ instruction. The proximal 2-kb mouse COX-2
promoter region was subcloned into the pGL2 luciferase vector (Promega). The
mouse PPARB promoter (41) and peroxisome proliferator response element
(PPRE) reporter constructs (10) were described previously.

In situ hybridization, Western blotting, and immunohistochemistry. Digoxi-
genin-labeled riboprobes were obtained by in vitro transcription, with mouse
PPARB A/B domain cDNA as a template, and in situ hybridization was done as
described in Michalik et al. (29). For Western blotting, protein extracts were
made in ice-cold lysis buffer (20 mM Na,H,PO,, 250 mM NaCl, Triton X-100,
1%, sodium dodecyl sulfate, 0.1%). Equal amounts of protein extracts (20 pg)
were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
electrotransferred onto polyvinylidene difluoride membranes. Membranes were
processed as described by the manufacturer (Cell Signaling), and proteins were
detected by chemiluminescence (Pierce). To verify the linearity of the chemilu-
minescent signals obtained, Western blots were also performed using increasing
amounts of input proteins (10, 20, and 40 wg). All primary antibodies were used
at a dilution of 1:1,000, except for anti-integrin-linked kinase (ILK) and anti-f-
tubulin (1:2,500). Immunofluorescent staining (Akt1-S473-P, 1:200; Aktl-
T308-P, 1:100; GSK3B-S9-P, 1:50; fluorescein isothiocyanate-conjugated immu-
noglobulin G secondary antibody, 1:200) was performed as described by the
manufacturer (Cell Signaling). Colorimetric immunostaining (PPARB, 1:200;
COX-2, 1:25) was carried out using the ABC-peroxidase method (Vector Lab-
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oratories) and revealed using diaminobenzidine with (PPARB) or without
(COX-2) metal enhancer (Sigma).

Proliferation and apoptotic assays. The number of proliferative and apoptotic
keratinocytes in the PPARB™* and PPARB ™/~ epidermis and HFs was ana-
lyzed on longitudinal cryosections through the developing skin (35). To detect
the proliferative cell nuclear antigen (PCNA) proliferative marker, tissue sec-
tions were incubated at 95°C in 0.01 M citric acid (pH 6.0) for 20 min, followed
by a 30-min cooldown. Sections were treated with 5% bovine serum albumin in
phosphate-buffered saline for 1 h at room temperature to reduce nonspecific
staining and then with primary antibodies (1:50) overnight at 4°C. For BrdU
labeling, mice were injected subcutaneously with BrdU (50 g per gram of body
weight) and sacrificed 2 h later. Skin samples were incubated for 90 min with an
anti-BrdU monoclonal antibody conjugated with peroxidase (Roche). Colori-
metric immunostaining was revealed using diaminobenzidine with (PCNA) or
without (BrdU) metal enhancer. The sections were counterstained with hema-
toxylin-eosin. The apoptotic keratinocytes were detected using the terminal de-
oxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL)
assay according to the manufacturer’s protocol (Roche). Briefly, cryosections
were fixed in 4% formaldehyde for 20 min at room temperature, washed, and
then permeabilized (Triton X-100, 0.1%, sodium citrate, 0.1%) for 2 min on ice.
The fragmented DNA was labeled using fluorescent nucleotides, and slides were
subsequently counterstained with DAPI (4',6’-diamidino-2-phenylindole) for mi-
croscopic observation.

Quantitative histomorphometry. The percentage of HFs in different stages of
morphogenesis was assessed according to accepted morphological and histolog-
ical criteria by using longitudinal cryosections (35). To precisely identify the
substages of HF development, histochemical detection of endogenous alkaline
phosphatase activity, as a sensitive marker of the developing dermal papilla, was
performed using 5-bromo-4-chloro-3-indolyl phosphate—nitroblue tetrazolium
chloride substrates (35). The percentage of HFs in defined stages of morpho-
genesis was evaluated, and hair morphogenesis mean stages (hair scores) were
calculated accordingly. At least 600 to 800 HFs from four different PPARB™/* or
PPARB ™/~ mice or 500 to 600 HFs from three different Akt1*/~ or Aktl™/~
mice of defined age were analyzed. For analysis on organ culture, four skin
biopsies of each experimental group were investigated. Skin thickness was as-
sessed on hematoxylin—eosin-stained cryosections by using the ImageJ free soft-
ware. The independent Student’s ¢ test for unpaired samples was used for all
statistical analyses.

RESULTS

PPARS is highly expressed in the keratinocytes of develop-
ing hair follicles. The persistence of PPARB expression at the
mRNA level in postnatal HFs while it was disappearing from
the interfollicular epidermis (29) suggested that PPARB might
play an important role in HF morphogenesis. Therefore, we
first performed a detailed analysis of the expression of PPARB
in the developing skin of mice from embryonic day (E)16.5 to
postnatal day (P)10, by in situ hybridization (Fig. 1A) and
immunohistochemistry (Fig. 1B), with the skin of mutant
PPARB /™ mice as a negative control (Fig. 1B). The PPARB
protein was found to be abundant in the basal layer of the
embryonic interfollicular epidermis and in follicular keratino-
cytes, with lower expression in the dermal fibroblasts. Further-
more, PPARB was mainly detected in the nuclear compart-
ment (Fig. 1). During HF induction (E14.5 to E16.5), PPARB
was expressed in follicular epithelial precursors, which appear
first as placodes in the otherwise uniform surface epithelium.
During subsequent downgrowth of the nascent HFs into the
dermis (Fig. 1) (P1), PPARPB became highly expressed in hair
germs (developmental stage 2; see Fig. 10) and elongated hair
pegs (stages 3 to 4). By P4, PPARB mRNA and protein ex-
pression decreased in the interfollicular epidermis, consistent
with previous observations (29), and became mainly restricted
to the outer root sheath (ORS) and hair matrix cells (Fig. 1)
(P10). However, PPARB was absent in the developing and
mature dermal papilla (Fig. 1) (P1 to P10).

Altogether, the high expression of PPARB in defined epi-
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FIG. 1. Expression of PPAR in the developing hair follicle. (A) Cryosections of mouse PPARB*/* dorsal skin from E16.5 and from P1 to P10
were stained with hematoxylin-eosin (HE) or were processed for the detection of PPARP by in situ hybridization (ISH). (B) The detection of
PPARR at the protein level was performed in PPARB™* and PPARB ™/~ skin by immunohistochemistry (IHC). PPARB is expressed in the
interfollicular epidermis (EP) and hair placodes (PL) of stage 1 HFs, in elongating hair germs (HG) and hair pegs (HP) of early HFs (stages 2
to 4), and in the ORS, hair matrix (HM), and sebaceous gland (SG) cells of mature PPARB*/* HFs. No staining was observed in the dermal papilla

fibroblasts (DP). Magnification bars, 50 wm.

thelial follicular compartments throughout HF morphogenesis
suggests a so-far-unidentified function of PPARP in the con-
trol of HF maturation that is characterized by expansive tissue
growth.

PPARP regulates postnatal hair follicle morphogenesis. To
explore the functional role of PPARP during HF morphogen-

esis, we studied the dynamic of HF development in the back
skin of age-matched wild-type (WT) PPARB*'" and
PPARB /™ mice (K. Nadra et al., submitted for publication)
(29) by quantitative histomorphometry. As shown in Fig. 2A
(top panel), HFs from E16 to P1 were similarly developed in
PPARB ™/~ mice and WT controls, indicating that PPARR is
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FIG. 2. Retardation of postnatal hair follicle development in PPARB-null mice. (A) The hair score (top panel) and the total number of HFs
per millimeter of epidermis length (hair follicle density; bottom panel) were evaluated by quantitative histomorphometry in PPARB wild-type
(PPARB™'") and PPARB knockout (PPARB /") mice at the indicated embryonic or postnatal developmental age. (B) Representative staining of
endogenous alkaline phosphatase activity in dermal papilla cells (top panel) and detailed analysis of the percentage of HFs at distinct stages of
morphogenesis (bottom panel) in PPARB*/* and PPARB ™/~ skin at day P4 are given. Arrowheads indicate the persistence of early HFs in the
PPARB '~ skin. (C) Skin sections from four different PPARB™* and PPARB ™/~ mice at P4 were stained with hematoxylin-eosin (left panels).
The thickness of total skin and hypodermis were determined at the indicated mouse developmental age by quantitative histomorphometry (right
panel). The independent Student’s ¢ test was used to assess the statistical significance of phenotype differences between the PPARB genotypes
(PPARB ™" versus PPARB /") (¥, P < 0.05; *, P < 0.01). Magnification bars, 50 wm.

dispensable for the initiation of HF development. Interest-
ingly, follicular growth was significantly delayed in PPARB ™/~
mice by P4, as reflected by the lower hair score (Fig. 2A, top
panel). Indeed, PPARB-mutant skin displayed a reduced num-
ber of HFs at the advanced stages of morphogenesis (HF
developmental stages 4 to 7; see Fig. 10), with a corresponding

increase in the number of early hair germs and hair pegs
(stages 2 to 3) that are characterized by the presence of mes-
enchyme at their base (Fig. 2B). Furthermore, as another im-
portant indicator of retarded HF development in PPARB ™/~
mice, a significant decrease in the thickness of skin hypodermis
was observed from P4 onwards, reflected by a reduced overall
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FIG. 3. Activation of PPARRB accelerates hair follicle development in skin organ culture. (A) Total cellular proteins from PPARB™" and
PPARB '~ skin explants treated (L-165041) every 24 h for 2 days with 5 .M of PPARB ligand L-165041 or not treated (dimethyl sulfoxide; vehicle)
were used for Western blot analysis. Changes, indicated below each band, represent the mean of two independent experiments. 3-Tubulin was used
as internal control. The apparent molecular mass is indicated for each protein. (B) Longitudinal cryosections from four different PPARB™'* and
PPARRB /" skin explants treated (L-165041) or not treated (vehicle) were stained for endogenous alkaline phosphatase activity as a marker for the
developing dermal papilla and counterstained with hematoxylin-eosin. Magnification bars, 50 pwm. (C) The hair scores (left panel) and the

percentage of HFs at distinct stages of morphogenesis (right panel) were determined by quantitative histomorphometry in PPARB

1+ and

PPARB ™/~ skin explants treated or with L-165041 or not treated. Independent Student’s ¢ test: *, P < 0.05; *x, P < 0.01.

skin thickness (Fig. 2C). However, no significant difference in
the total number of HFs was found between PPARB ™/~ and
WT skin (Fig. 2A, bottom panel), which is consistent with the
absence of defects during HF induction. Interestingly, HF de-
velopment was still delayed at P7 in PPARB '~ skin, but the
first hair coat of the mice appeared indistinguishable from that
of WT mice at P10, presumably because other mechanisms
regulating HF formation compensate for the lack of PPARB
(Fig. 2A).

To further demonstrate the biological significance of these
observations, we next assessed the effect of the synthetic
PPARB ligand L-165041 on HF development in PPARB™/*
and PPARB ™/~ skin organ culture. As shown in Fig. 3A,
PPARB ™" explants treated with the PPAR agonist showed
an increase in the expression of the two PPARP target genes,
3-phosphoinositide-dependent kinase 1 (PDK1) and ILK (11).
Interestingly, treatment of PPARB™/* skin with L-165041 sig-
nificantly accelerates HF development, as reflected by the

higher hair morphogenesis score (Fig. 3B and C). In addition,
the stimulatory effect of L-165041 on HF growth is PPARB
dependent, as it was not observed in the PPARB ™/~ explants
(Fig. 3C).

Together, these results demonstrate that PPARB does not
significantly affect embryonic development of mouse skin but
regulates postnatal HF growth shortly after its induction, by
controlling hair peg maturation into the dermis.

Increased apoptosis in early hair follicles of PPARB-defi-
cient skin. HF morphogenesis depends on a delicate balance
between cell proliferation and apoptosis (27). To elucidate the
function of PPARR in the control of hair growth, apoptosis and
proliferation indexes were assessed during HF morphogenesis
by using TUNEL, as well as immunodetection of the PCNA
and bromodeoxyuridine (BrdU).

As shown in Fig. 4A, proliferative PCNA and BrdU staining
were homogeneously distributed in early hair germs and hair
pegs (P1) and became restricted to ORS and hair matrix cells
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FIG. 5. PPARP modulates the Aktl signaling pathway in mouse postnatal skin. (A) Western blot assays were carried out using equal amounts
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~ (—/—) mouse skin tissues at the indicated postnatal days (P1 to P10). A representative

experiment is shown. Changes, indicated below each band, represent the mean of three independent experiments, after normalization to the
PPARB ™" at P1. B-Tubulin was used as internal control. The apparent molecular mass is indicated for each protein. (B) The expression of various
actors of the Aktl pathway was assessed by Western blots as described in panel A, and equal protein loading was confirmed using Coomassie blue
staining of blots (Coomassie blue). To verify the linearity of the signals, Western blots were also performed using increasing amounts of input
proteins (10, 20, and 40 wg) from PPARB /" mouse skin at P4 (P4, +/+; right panel). (C) Quantification of relative PDK1/ILK and phosphorylated

Akt1 protein expression in postnatal skin from P1 to P10 in PPARB™* and PPARB ™/~

A by using the indicated antibodies.

of HFs by P4. Quantitative analysis of PCNA- and BrdU-
positive cells revealed a slight decrease (10 to 20%) in the
number of proliferative keratinocytes between PPARB-null
and WT pups in early HFs at P4 (stages 1 to 4), with no
significant difference in the interfollicular epidermis (Fig. 4B).
Throughout HF morphogenesis, TUNEL-positive cells were
absent during the first stages of HF development (stages 1 to 4)
and appeared only in the inner root sheath and ORS of mature
PPARB ™" HFs (Fig. 4A) (P4). In contrast, increased apopto-
sis was seen in developing HFs of PPARB ™/~ skin at P4, with
the appearance of TUNEL-positive keratinocytes in early HFs
(Fig. 4A and B) (stages 1 to 4). No significant difference was
observed in the proportion of apoptotic cells restricted to up-
per suprabasal layers of the interfollicular epidermis (Fig. 4B).

Consistent with the antiapoptotic role of PPAR previously
reported in cell culture (11), the balance between proliferation
and apoptosis is altered during the development of PPARB ™/~
HFs in vivo. Indeed, the rate of apoptosis associated with early
postnatal HF development is enhanced in the absence of

mice. (D) Western blot assays were performed as in panel

PPARPB and may explain, at least in part, the delayed HF
morphogenesis observed in PPARB-null mice.

B-Catenin/TCF and Sonic hedgehog expression is not af-
fected in PPARB-null skin. To further explore the molecular
mechanisms by which PPARR acts in regulating HF growth, we
studied the expression of B-catenin/TCF and SHH signaling
molecules that are essential for HF induction and early devel-
opment (31).

From P1 to P10, no difference between PPARB™* and
PPARB /™ mouse skin was observed in the expression levels of
B-catenin and of two members of the TCF family present in
HFs, LEF1 and TCF3 (Fig. SA). We next assessed the expres-
sion of SHH, an important actor in both the formation of
dermal papilla and the proliferation of hair pegs following HF
induction, a developmental phase which coincides with delayed
HF development in PPARB-null skin (Fig. 2). No significant
difference in biologically active SHH (SHH-N) protein expres-
sion through postnatal skin development was observed be-
tween PPARB*'* and PPARB ~/~ mice, whereas inactive full-
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length protein (SHH) was decreased by ~2-fold in the
PPAR-deficient skin (Fig. 5A).

These findings are consistent with the absence of defect at
the time of HF induction in PPARB-null skin and suggest that
B-catenin/TCF and SHH are not the underlying cause of pre-
mature apoptosis observed in PPARB-null follicular keratino-
cytes.

Activation of the Aktl signaling pathway by PPAR is nec-
essary for the development of hair follicles. We previously
reported that PPARB- and Aktl-null mice share many similar
phenotypes, suggesting a broad action of PPARB via Aktl on
several biological processes, in addition to skin wound healing
(10). Interestingly, impaired skin development with defects in
HF growth has recently been reported in Aktl/Akt2 double-
knockout (DKO) animals (36). Thus, we examined the expres-
sion of various actors of the Aktl pathway during postnatal HF
development, by using quantitative Western blot assays (Fig.
5B). In WT skin, Western blot analysis revealed an up-regu-
lation from P1 to P4 of the two PPARR target genes PDK1 and
ILK, and as a consequence, an increased phosphorylation of
Aktl at T308 (Akt1-T308-P) and S473 (Akt1-S473-P), respec-
tively (Fig. 5B). High expression of these proteins persisted
throughout P7 but declined when HF morphogenesis was com-
pleted (P10). Interestingly, the expression profiles of PDK1,
ILK, and phosphorylated Aktl were delayed and peaked at P7
in the PPARB™/~ mice compared to the WT controls (Fig.
5C), probably due to the activity of other regulators of ILK
and/or PDK1 expression which remain to be identified. The
reduced Aktl activity in PPARB-null skin at P4 was reflected
by lower phosphorylated Bad (Bad-S112-P), forkhead in rhab-
domyosarcoma (FKHR-S256-P), and glycogen synthase ki-
nase-38 (GSK-3B-S9-P) levels, without changes in their total
protein expression levels (Fig. 5D). Bad/FKHR and GSK-38
are major direct targets of Aktl and are involved in its anti-
apoptotic and proliferative activities, respectively (6). Further-
more, a decrease in the expression of cyclin D1, whose turn-
over is regulated by GSK-3B, was observed at P4 in PPARB ™/~
compared to PPARB™/* skin (Fig. 5D), and this may explain
the slight decrease in proliferation observed in early
PPARB /~ HFs (Fig. 4B).

Immunofluorescence analysis of phosphorylated active Aktl
distribution showed a predominant expression of Akt1-T308-P
and Akt1-S473-P in both follicular and interfollicular keratin-
ocytes of the developing skin (Fig. 6A). Similar to PPARRB
expression in the developing HF (Fig. 1), phosphorylated Aktl
was high in elongating hair germs and hair pegs (Fig. 6A) (P4)
and became confined to ORS keratinocytes of the mature HFs
(P7 to P10). However, active Aktl was below detection levels
in dermal papilla cells (Fig. 6A) (P4 to P10). Interestingly,
whereas the expression of Akt1-S473-P was only confined to
basal interfollicular keratinocytes, Akt1-T308-P was also de-
tected in the first suprabasal layers of the interfollicular epi-
dermis (Fig. 6A), possibly forming a gradient of Akt activity in
the epidermis. Similar immunofluorescence assays performed
in PPARB /™ skin revealed a reduced staining of both Aktl-
T308-P and Akt1-S473-P at P4 in many keratinocytes of HFs
(Fig. 6B). Consistent with Aktl-mediated phosphorylation of
GSK-3, the expression of GSK-33-S9-P overlapped with that
of phosphorylated Akt1 in elongating hair pegs, with a parallel
decreased staining in PPARB ™/~ skin at P4 (Fig. 6B). In ad-
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dition, GSK-3B-S9-P was also observed in hair shaft precursors
of differentiating HFs (Fig. 6B), where the Wnt pathway has
been shown to be activated (31).

Altogether, these results indicate that PPARP, phosphory-
lated Aktl, and phosphorylated GSK-38 strictly colocalize in
the epithelial compartment of early HFs and that the delayed
activation of Aktl at P4 in PPARB ™/~ skin correlates with
increased apoptosis and slightly reduced proliferation ob-
served in vivo in developing HFs.

Aktl1 activity is required for hair peg elongation during hair
follicle development. Since PPARP exerts its antiapoptotic ef-
fects via the Aktl signaling pathway in primary keratinocytes
(11), we next compared the dynamic of HF development in
Aktl™~ and Aktl heterozygous (Akt1*/™) control skin (45),
to ensure the same genetic background, at days P1 and P4.
Similar to HF development in PPARB-null mice (Fig. 2), fol-
licular growth was significantly delayed in Aktl™'~ skin at P4
(Fig. 7A), as reflected by the reduced hair score (Aktl ™/~
versus Akt1™/7: 3.82 + 0.10 versus 4.70 = 0.19) (Fig. 7B, left
panel). Indeed, Aktl-null skin displayed an increased propor-
tion of underdeveloped HFs (Fig. 7B, right panel) that was
associated with a dramatic decrease in hypodermis thickness
(Fig. 7C), when compared to the Aktl*/~ control.

To further demonstrate the role of the Aktl pathway in HF
growth, we next assessed the effect of a specific Akt inhibitor
(C50Hs50y,) in skin organ culture. To mimic the absence of
Aktl activation at P4 observed in PPARB ™/~ animals (Fig.
5C), skin explants were taken after HF induction from the back
skin of P1 mice and were cultured until P4 in the absence or
presence of the inhibitor. As shown in Fig. 8A, explants treated
with the Akt inhibitor showed a significant decrease in phos-
phorylated Aktl protein levels, which was translated into re-
duced GSK-38 phosphorylation and cyclin D1 expression. Fur-
thermore, and as recently observed with other Akt inhibitors,
S473 phosphorylation was inhibited to a greater extent than
T308, probably due to a better recovery of the T308 phosphor-
ylation site (7). Interestingly, inhibition of Akt activity in
PPARB ™" explants strongly delayed HF morphogenesis, as
reflected by the reduced hair score (Fig. 8B, left panel). The
effect of the Akt inhibitor was weaker in PPARB ™/~ explants
(Fig. 8B), because PPARp-deficient skin already exhibits low
active Aktl. Indeed, similar to the PPARB-null skin, explants
treated with the Akt inhibitor displayed a higher proportion of
underdeveloped HFs (stages 2 to 3) (Fig. 8B, right panel).
Importantly, a 1.4- to 1.6-fold decrease and a strong 6- to 7-fold
increase in the percentage of proliferating and apoptotic ker-
atinocytes, respectively, were observed in early HFs of Akt
inhibitor-treated PPARB™/* explants (Fig. 8C).

These results demonstrate that the temporal control of the
activity of Aktl is crucial for normal development of early HFs.
Thus, an absence of PPARB-mediated activation of the anti-
apoptotic Akt1 signaling pathway in the PPARB-null follicular
keratinocytes provides an explanation for the delayed HF mor-
phogenesis.

COX-2-dependent activation of PPAR in elongating hair
pegs. We revealed here that despite the high expression of
PPARB in the early epithelial precursors at the time of HF
induction, its role becomes important specifically at later stage
of hair peg maturation. This suggests that the timely ligand-
dependent activation of PPARP in developing hair pegs may
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FIG. 6. Phosphorylated Akt1 is expressed in the epithelial compartment of developing hair follicles. (A) The spatiotemporal expression pattern
of phosphorylated Aktl at both T308 (Akt1-T308-P) and S473 (Akt1-S473-P) in the developing postnatal mouse skin (P1 to P10) was assessed by
immunofluorescence. Phosphorylated Akt1 colocalizes with PPARR in hair placodes (PL), hair germs (HG), and hair pegs (HP) of developing HFs
at early stages (P1 to P4), and then became restricted to ORS keratinocytes of mature HFs (ORS; P7to P10), with no detectable expression in hair
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FIG. 7. Retardation of hair follicle development in Aktl-knockout mice. (A) Representative staining of endogenous alkaline phosphatase in
Aktl heterozygous (Aktl™ ") and Aktl-knockout (Aktl /") skin at P1 (left panels) and P4 (right panels) are given. Arrowheads indicate the
persistence of early HFs in the Aktl ™/~ skin. (B) The hair scores (left panel) and detailed analysis of the percentage of HFs at distinct stages of
morphogenesis (right panel) in three different Aktl™~ and Aktl/~ skin were assessed by quantitative histomorphometry at the indicated
developmental age. (C) Skin sections of Akt1"™~ and Aktl™/~ mice at P4 were stained with hematoxylin-eosin (left panels), and the thickness of
total skin and hypodermis were determined by histomorphometry (right panel). Independent Student’s ¢ test: *, P < 0.05; #*, P < 0.01.
Magnification bars, 50 pm.

be coordinated with the temporal activation of an associated described as potent PPARR ligands (24, 43), has recently been
cascade, which may be triggered by the second dermal signal shown to be expressed and active in the developing HF (33).
(31). Consistent with the latter report, the expression of COX-2 was

The COX-2 enzyme, whose prostaglandin products were high in hair germs and hair pegs of early HF stages, as well as

matrix (HM; P10) and dermal papilla cells (DP; P10). (B) Skin sections of PPARB*/* and PPARB '~ mice were compared at P4 for the presence
of phosphorylated Aktl and phosphorylated GSK-3B at S9 (GSK-3B-S9). Reduced immunostaining of phosphorylation sites of both Aktl and
GSK-3p was observed in follicular keratinocytes of PPARB ™~ skin (asterisks). Arrowheads indicate the expression of GSK-3B-S9 in the hair shaft
precursors (precortex region) of differentiating HFs. Cell nuclei were counterstained with DAPI. Magnification bars, 50 pm.
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in sebaceous gland cells of mature HFs (Fig. 9A, top panels).
Most interestingly, the expression of COX-2 was up-regulated
during skin development from P1 to P4 (Fig. 9A, bottom
panel), recapitulating the PPARB-mediated Aktl activation
profile (Fig. 5C). To further assess a possible contribution of
COX-2 to HF development, we examined the effect of COX-2
inhibition on skin organ culture. Treatment of WT postnatal
skin explants with the specific COX-2 inhibitor NS-398 signif-
icantly delayed early HF morphogenesis in a dose-dependent
manner and at similar stages as in PPARB-null skin (Fig. 9B
and C). These results were reminiscent of the delayed HF
morphogenesis observed in PPARB- and Aktl-null skin. They
are consistent with a model in which COX-2 modulates
PPARR activity in the developing HF, possibly by the produc-
tion of specific PPARR ligands.

Paracrine effect of HGF on COX-2 expression and PPAR
activity in keratinocytes. COX-2 expression is stimulated by a
wide variety of cytokines and growth factors, including HGF in
cancer cells (46). Most interestingly, this paracrine factor has
been identified as a second dermal signal that leads to HF
elongation (31). Indeed, HGF is expressed specifically in der-
mal papilla fibroblasts, whereas its receptor, Met, is expressed
in the follicular epithelium. Moreover, HGF expression peaks
during the initial phases of HF growth and was shown to
accelerate HF morphogenesis at P3 (26).

To study the effect of HGF on COX-2 and PPARR expres-
sion in keratinocytes, transient transfections were done using
the proximal mouse promoter of both COX-2 and PPARB
genes. As shown in Fig. 9D, HGF increased the activity of the
COX-2 promoter in a dose-dependent manner but did not
affect PPARP promoter activity. In agreement with this result,
treatment of PPARB™* and PPARB ™/~ primary keratino-
cytes with HGF induced COX-2 protein expression (Fig. 9D).
In parallel, we showed that HGF increased the protein levels
of ILK, PDKI1, and phosphorylated Aktl in PPARB*'* cells
(Fig. 9E). Importantly, the effect of HGF was strongly dimin-
ished in both PPARB ™/~ cells and PPARB ™™ cells pretreated
with the COX-2 inhibitor, suggesting that the HGF-mediated
activation of the Aktl pathway is dependent on both PPARP
and COX-2 (Fig. 9E). To further demonstrate that PPARR is
activated by HGF-induced COX-2 expression, transactivation
studies were done with reporter constructs containing PPREs
from the PDKI and ILK genes (10). As shown in Fig. 9F, HGF
increased the luciferase activity through these PPREs by ~2-
fold. Interestingly, this reporter activation was blocked by the
COX-2 inhibitor, suggesting that HGF-mediated PPARP ac-
tivation in HF keratinocytes is dependent on COX-2.

Altogether, these results demonstrate that HGF activates
PPARB in a COX-2-dependent manner in keratinocytes,
which in turn stimulates the Aktl pathway through up-regula-
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tion of its two target genes PDKJ and ILK. This pathway finally
protects hair pegs from premature apoptosis during early HF
morphogenesis, thus allowing for normal HF development
(Fig. 10).

DISCUSSION

The results herein show that PPARB and Aktl are highly
expressed in follicular keratinocytes throughout the whole pro-
cess of HF morphogenesis, from hair placodes to mature HFs
(Fig. 10B). Interestingly, deletion of PPAR in mice is associ-
ated with a significant retardation in HF development specif-
ically from the hair peg stage, mainly due to premature in-
creased apoptosis of follicular keratinocytes. The antiapoptotic
function of PPARR is mediated via a temporally coordinated
activation of the Aktl signaling pathway in developing HFs,
revealing a new important function of Aktl in the maturation
of hair pegs. Most importantly, we show that mesenchyme-
secreted HGF is a likely signal that leads to the timely activa-
tion of PPARP in early HFs, via the induction of COX-2
expression, and hence production of PPARP ligands (Fig.
10C). Unlike proinflammatory stimuli which up-regulate both
the expression of PPARB and production of its ligands (41),
epithelium-mesenchyme interactions appear to be involved
only in the latter, which leads to ligand-dependent activation of
PPARP already present at high levels.

PPARP is a nuclear receptor with a novel function in hair
follicle development. Several members of the nuclear hormone
receptor family have been identified as important modulators
of skin and HF development and homeostasis. The well-stud-
ied nuclear receptors in HFs are the vitamin D and retinoid
receptors (1). However, thyroid and glucocorticoid hormones
have also been shown to affect hair growth in rodents and
humans. Herein, we identified PPAR as an additional nuclear
receptor regulating HF development. Interestingly, condi-
tional deletion in the skin of RXRa, the most abundant het-
erodimeric partner of PPARs in keratinocytes, resulted in a
similar delay in postnatal HF development, supporting the
participation of PPARB and RXRa heterodimers in the reg-
ulation of HF morphogenesis (23). In the same report, RXRa
was also found to regulate the initiation of the anagen phase
during HF cycling, as a heterodimer of the vitamin D receptor.
However, according to the role of PPARB during HF morpho-
genesis, one cannot exclude that PPARB may also be involved
in HF cycling. In support of this, many growth modulators that
regulate HF development have also been shown to control the
cyclic activity of postnatal HFs.

The antiapoptotic role of PPAR contributes to efficient
hair follicle development. The mammalian HF is a complex
organ that comprises several cell types from various embryo-

AKktl in the presence of the Akt inhibitor was observed by using immunofluorescence staining (right panel). (B) Longitudinal cryosections of four
different PPARB™* and PPARB ™/~ skin explants treated (Akt inhibitor) with the Akt inhibitor or not treated (vehicle) were stained for
endogenous alkaline phosphatase activity as a marker for the developing dermal papilla and counterstained with hematoxylin-eosin (left top
panels). The hair scores (left bottom panel) and the percentages of HFs at distinct stages of morphogenesis (right panel) were determined by

quantitative histomorphometry. (C) Representative staining for PCNA (proliferation marker) and TUNEL (apoptotic marker) in PPARB

+/* skin

explants treated (Akt inhibitor) with the Akt inhibitor or not treated (vehicle) are given (right panel). Percentages of PCNA- and TUNEL-positive
cells were quantified among the population of follicular keratinocytes localized in early HFs (stages 1 to 4; left panel). Independent Student’s ¢ test:

#, P < 0.05; ##, P < 0.01. Magnification bars, 50 pm.
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logical origins, keratinocytes, melanocytes, and specialized fi-
broblasts (dermal papilla cells). Like other ectodermal deri-
vates, HF development in embryonic skin is governed by
epithelium-mesenchyme interactions (31). Following HF in-
duction (first dermal signal), HF precursors emerge first as
placodes in the uniform epithelium surface. Once placodes
form, epithelial signals pass from the placodes to the underly-
ing dermis, causing the clustering of a group of cells (mesen-
chymal condensation) that will form the dermal papilla. A
second dermal signal from the dermal condensate to the fol-
licular epithelium directs the proliferation and downgrowth of
epithelial cells (hair pegs) into the dermis. Finally, cell differ-
entiation in the developing HF leads to the formation of the
typical structures of mature HFs, like root sheaths, hair matrix,
hair shafts, and sebocytes (Fig. 10A).

Analysis of PPARB expression during murine HF morpho-
genesis revealed its specific expression in the epithelial com-
partment at early stages of development, from hair placodes to
hair pegs (stages 1 to 4). From stage 5, PPARP expression
progressively disappears from the interfollicular epidermis, as
previously described (29), and becomes restricted to ORS and
matrix cells of mature HFs (Fig. 10B). A similar expression
pattern was reported in the epithelial compartment of human
anagen HFs, although PPAR expression was also located in
dermal papilla cells (3). We demonstrate here that deletion of
PPARP in mice leads to a significant transient retardation in
HF morphogenesis, associated with a thinner subcutaneous fat
layer in newborn mice. Interestingly, the latter phenotype was
also described in PPARB-null adult mice (2). Despite the early
expression of PPARPB in the epithelial HF precursors, HF
development initiates correctly in PPARB-null animals, sug-
gesting that the initial signaling events (epidermal thickening
and dermal papilla formation) in folliculogenesis are indepen-
dent of PPARRB. However, subsequent hair peg elongation into
the dermis was delayed, as a consequence of premature in-
creased apoptosis in follicular keratinocytes of PPARB-defi-
cient skin. Interestingly, delayed HF morphogenesis resulting
from aberrant apoptosis in keratinocytes was previously re-
ported in E2F1-transgenic mice (37) and in Noggin-knockout
mice (4), emphasizing the importance of regulated apoptosis
during HF development.

Importance of the Aktl pathway in vivo during hair peg
maturation. During HF morphogenesis, the elongation of hair
pegs is largely due to proliferation of epidermal cells. Although
little is known about the regulation of this growth, recent
evidence suggests that SHH plays an important role. SHH is
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expressed in epidermal cells as they invaginate into the dermis,
and developing HFs from SHH-null mice exhibit reduced pro-
liferation and fail to progress beyond the hair germ stage (31).
However, SHH expression and the proliferative index of hair
pegs are only slightly altered in PPARB ™/~ skin. In agreement
with our earlier report on wound healing (10), we show that
during HF morphogenesis, PPAR activation protects the ker-
atinocytes from apoptosis through activation of the Akt1 path-
way. Indeed, active Aktl precisely colocalizes with PPARP in
the epithelial compartment of growing HFs (Fig. 10B) and
deletion of PPARB or Aktl in mice leads to a similar retarda-
tion in HF morphogenesis from the hair peg stage. This newly
identified function of Aktl during HF development is consis-
tent with impaired HF morphogenesis at early stages recently
observed in Aktl/2 DKO mice (36). It’s interesting that the
phenotype of these DKO mice appears more severe than sin-
gle-gene deletion, suggesting partial redundancy of functions
between the Akt family members in the skin. In agreement
with the role of the phosphatidylinositol-3-kinase (PI3K)/Akt1
pathway in HF development, growth factor receptors that sig-
nal through PI3K, including the epidermal growth factor re-
ceptor, have already been strongly implicated in HF growth
(15, 34). Most interestingly, keratinocyte-specific deletion of
PTEN, a negative regulator of the PI3K/Akt pathway whose
expression is repressed by PPARP (11), resulted in accelerated
HF morphogenesis in newborn mice (40). Furthermore, the
deletion of the murine serum- and glucocorticoid-regulated
kinase 3 (SGK-3), which is closely related to the Akt kinases,
resulted in a defect in postnatal HF morphogenesis from P4
(28). Finally, no defect in HF growth could be reported in mice
deficient of one of the Akt targets FKHR or GSK-3B, because
of the embryonic lethality at early developmental stages of
these deletions (13, 17). Interestingly, others have shown that
the overexpression of a dominant-negative GSK-33 in mam-
mary epithelium results in the transdifferentiation into hair
follicle-like structures, which expressed high levels of hair-
specific keratin markers (32).

Finally, adhesion and extracellular matrix molecules are
known to regulate tissue morphogenesis and are necessary for
normal follicular development. In accordance with a possible
implication of PPARP in cell adhesion and migration pro-
cesses (10), it is tempting to make a parallel between the
altered HF morphogenesis described upon deletion of B1-
integrin (38) or laminin-10 (22) and our observations on de-
layed HF development in PPARB-null mice, which occurs at
similar stages.

NS-398 (NS). Delayed HF morphogenesis was observed in explants treated with NS-398, as reflected by the decrease of the hair morphogenesis
score in a dose-dependent manner. Independent Student’s ¢ test: *, P < 0.05; #*, P < 0.01. Magnification bars, 50 wm. (D) Mouse keratinocytes
were transfected with a luciferase reporter construct with or without (control) the proximal promoter of the COX-2 (COX-2 prom.) or PPARB
(PPARR prom.) genes. The transfected cells were allowed to recover for 24 h and were then treated for another 24 h with 20 or 50 .M HGF (top
panel) or not treated (vehicle). The relative n-fold induction in treated versus untreated cells was calculated after normalization to 3-galactosidase
activity. Values are means of at least three independent experiments. In the bottom panel, Western blot assays were carried out using total cellular
proteins extracted from primary keratinocytes derived from PPARB*'* and PPARB ™/~ mice and treated for 24 h with 20 or 50 pM of HGF or
not treated (—). (E) Analysis of the Aktl pathway by Western blotting was performed in primary keratinocytes derived from PPARB™* and
PPARB /™ mice, treated for 24 h with 20 or 50 pM of HGF or not treated (—), in the absence (—) or presence (+) of 10 uM NS-398 (NS; left
panel). Changes, indicated below each band, represent the mean of three independent experiments, after normalization to the untreated
PPARB ™" or PPARB/". (F) Mouse keratinocytes were transfected with luciferase reporter constructs containing or not containing (control) two
copies of ILK or PDK1 PPREs and treated (+) or not treated (—) with 20 puM HGF and/or 10 uM NS-398 (NS). Results represent means of three
independent experiments and are expressed as relative n-fold induction.
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FIG. 10. Model for the anti-apoptotic role of PPARB during hair follicle morphogenesis. (A) Schematic representation of murine HF
development. The developmental stage of HF morphogenesis is indicated according to Paus et al. (35). EP, epidermis; PL, hair placode; MC,
mesenchymal condensation; HG, hair germ; HP, hair peg; DP, dermal papilla; HM, hair matrix; PC, precortex; HS, hair shaft. (B) Summary of
the distribution of PPARP and phosphorylated Aktl during HF development. Colocalization of both proteins was consecutively observed in the
hair placode, hair germ, hair peg, and outer root sheath of the developing HF, whereas dermal papilla was negative. Differences in protein
expression levels are reflected by color intensity. (C) Model for the role of PPARB during HF development. The first two signals (gray arrows)
leading consecutively to placode thickening (first dermal signal, stage 1) and dermal papilla formation (first epithelial signal, stage 2) are likely to
involve B-catenin/LEF1 and SHH signaling pathways, respectively. The exact nature of the second dermal signal leading to hair peg elongation is
not known, but it may involve HGF and its receptor Met, which are expressed in dermal condensate and hair peg, respectively. The paracrine factor
HGF activates PPARB in a COX-2-dependent manner in the proliferating hair pegs, leading to activation of the Aktl signaling pathway and
protection of follicular keratinocytes against premature apoptosis. Proliferative and apoptotic cells, as revealed by PCNA and TUNEL staining,
are shown in green and red, respectively.
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The activity of PPAR( in hair follicle keratinocytes requires
COX-2 expression and HGF production. Distinct growth fac-
tors and prostaglandin types have been described as regulators
of HF development and cycling in humans (19). In addition,
the COX-2 enzyme, which catalyzes the formation of prosta-
glandins from arachidonic acid, was shown to affect HF growth
in mice (21). Recently, COX-2 expression and activity have
also been associated with early HF morphogenesis around the
hair peg stage (33). In this report, transgenic COX-2 overex-
pression in the skin with the keratin 5 promoter induced a
precocious entry of growing HFs into the first catagen stage
after birth. However, it did not affect early HF morphogenesis,
which is consistent with the late appearance of keratin 5 ex-
pression in the ORS of developing HFs. We demonstrate here
that, in contrast, COX-2 activity is necessary for early HF
development in organ culture. Most likely COX-2 acts through
the production of ligands that stimulate PPARP activity in
follicular keratinocytes. Similar activation of PPARB by
COX-2 eicosanoid products has already been implicated in
embryo implantation, colorectal cancer, and vascular functions
(24). Another piece of evidence supporting the importance of
COX-2 activity for PPARP function in the skin is their over-
lapping expression patterns. Indeed, besides the colocalization
of COX-2 and PPARB in early HFs and embryonic interfol-
licular epidermis, they both disappear in normal adult epider-
mis and are rapidly reactivated following tetradecanoyl phor-
bol acetate application, skin wounding, hair plucking, or
carcinogenesis (21, 29). In accordance with our observations
on the antiapoptotic role of PPARR, different COX-2-derived
products, including PGI2 and PGE2 prostaglandins, were
shown to increase cell survival in a PPARB-dependent manner
both in vitro and in vivo (8, 16, 43). Furthermore, COX-2 has
also been reported to suppress apoptosis in lung cancer cells by
activating the Akt-dependent pathway (25). However, it is also
possible that other enzymes participate in PPAR activation in
elongating hair pegs. For example, lipoxygenases have also
been located in early HFs (12) and lipoxygenase-derived eico-
sanoids were shown to activate PPAR in human keratinocytes
(44). Nevertheless, the fact that the COX-2 inhibitor affects
HF maturation underscores the importance of COX-2-con-
trolled ligand production in PPARP activation during HF
growth.

We reveal here that HGF, which is produced by dermal
papilla cells during early HF development, induces COX-2
expression in keratinocytes, leading to the activation of
PPARP and subsequent stimulation of the Aktl pathway at a
specific stage of HF development (Fig. 10C). However, in
contrast to tumor necrosis factor alpha, or other inflammatory
cytokines that regulate both PPARR expression and activation,
the role of HGF seems restricted to PPARR activation. HGF
is a versatile modulator of cell proliferation, migration, differ-
entiation and apoptosis, and has been implicated in the control
of epithelium-mesenchyme interactions in a wide range of
mammalian tissues. In addition to HF development, an impor-
tant role of HGF was also attributed in the morphogenesis of
other ectodermal derivates such as teeth, feather and mam-
mary glands, and may therefore also require PPARP activity.
In addition, the ability of HGF to indirectly modulate PPARR
activity may have significant impact on other processes where

PPARB/3 IN HF DEVELOPMENT 1711

both proteins have been involved, like placental organogenesis
(10, 42) and tissue wound healing (18, 29).

Altogether, this work demonstrates that epithelium-mesen-
chyme interactions control PPAR functions by modulating its
activity during HF morphogenesis, and increases our current
knowledge of molecular signaling pathways involved in the
control of HF growth.
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