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Dermal B-catenin activity in response to epidermal Wnt
ligands is required for fibroblast proliferation and hair

follicle initiation

Demeng Chen', Andrew Jarrell!, Canting Guo’, Richard Lang? and Radhika Atit'34*

SUMMARY

Dermal fibroblasts are required for structural integrity of the skin and for hair follicle development. Uniform Wnt signaling
activity is present in dermal fibroblast precursors preceding hair follicle initiation, but the functional requirement of dermal Wnt
signaling at early stages of skin differentiation and patterning remains largely uncharacterized. We show in mice that epidermal
Wnt ligands are required for uniform dermal Wnt signaling/B-catenin activity and regulate fibroblast cell proliferation and
initiation of hair follicle placodes. In the absence of dermal Wnt signaling/B-catenin activity, patterned upregulation of epidermal
B-catenin activity and Edar expression are absent. Conversely, forced activation of B-catenin signaling leads to the formation of
thickened dermis, enlarged epidermal placodes and dermal condensates that result in prematurely differentiated enlarged hair
follicles. These data reveal functional roles for dermal Wnt signaling/B-catenin in fibroblast proliferation and in the epidermal

hair follicle initiation program.
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INTRODUCTION

The dermis contributes to the structural integrity and function of
skin. Dermal fibroblasts in the dermis are crucial for hair follicle
formation and wound healing (Millar, 2002). Dermal fibroblasts
orchestrate the physiology of the skin by communicating with other
resident cell types, including epidermal keratinocytes, vascular
endothelial cells and neurons (Ansel et al., 1996; Detmar, 1996;
Werner and Smola, 2001). Mammalian dermal fibroblasts are
derived from multiple embryonic tissues: the head dermis derives
from neural crest and paraxial mesoderm, the dorsal dermis
originates from somitic mesoderm, and the ventral dermis arises
from lateral plate mesoderm (Atit et al., 2006; Ohtola et al., 2008;
Tran et al., 2010; Yoshida et al., 2008). Between E10.5 and E12.5,
loose mesenchyme cells migrate to the subectodermal region and
become specified to dermal fibroblast precursors (Atit et al., 2006;
Dhouailly et al., 2004; Ohtola et al., 2008; Tran et al., 2010). The
dermal fibroblast precursors then differentiate into matrix-secreting
dermal fibroblasts or dermal condensate, dermal papillac and
dermal sheath cells that are induced by the developing hair follicle
(Dhouailly et al., 2004; Reynolds and Jahoda, 1991).

Hair follicle development is initiated at E13.5 in the epidermis and
requires input from dermal fibroblast progenitors (Millar, 2002).
Heterotransplant assays suggest that the dermis provides the first
signal to initiate the formation of patterned epidermal thickenings
that will become hair follicle placodes (Hardy, 1992). However, the
exact nature of this ‘first dermal signal’ and whether this signal is
uniform or patterned are unknown. Between E13.5 and E14.5 in the
mouse embryo, reciprocal signaling from the placodes leads to
aggregation of underlying dermal fibroblast progenitors into dermal
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condensates (Hardy, 1992). Dermal condensates/dermal papillae
provide the necessary signals for proliferation, downgrowth and
regeneration of hair follicular epidermal cells (Horne et al., 1986;
Jahoda et al., 1984; Jahoda et al., 1993).

Canonical Wnt/B-catenin signaling may have early and diverse
roles in hair follicle-associated and interfollicular dermal
fibroblasts. Wnt ligands are lipid-modified extracellular
glycoproteins that require the activity of wntless (Evi or GPR177)
protein (Wls) for secretion (Banziger et al., 2006; Bartscherer et al.,
2006; Goodman et al., 2006; Grigoryan et al., 2008). Extracellular
Whnt proteins bind to Frizzled receptors and low-density related
lipoproteins (LRPs) in the target cell membrane and stabilize the
intracellular transducer -catenin, which then translocates into the
nucleus and binds to TCF/Lef family transcription factors to
activate the expression of cell type-specific target genes (van
Amerongen and Nusse, 2009).

The dorsal neural tube provides a signal, which can be substituted
by Wntl, to induce the specification of dermal progenitors from the
medial dermomyotome in the chick embryo (Olivera-Martinez et al.,
2001). Several canonical Wnt ligands, such as Wntl, Wnt3a, Wnt4
and Wnt6, are expressed uniformly throughout dorsal surface
epithelium, preceding feather/hair placode formation, in chick and
mouse embryos (Andl et al., 2002; Chang et al., 2004; DasGupta and
Fuchs, 1999; Reddy et al., 2001; Rodriguez-Niedenfuhr et al., 2003;
Wagner et al., 2000). At E14.5, the second wave of epidermal Wnt
ligand expression of Wnt10b, Wntl0a, Wnt7a and Wnt7b occurs as
patterned upregulation in hair follicle placodes (Reddy et al., 2001).
Wnt5a, Wntl0a and Wntll mRNAs are expressed in the upper
dermis or dermal condensate at E14.5 (Reddy et al., 2001). The
secreted Wnt inhibitors Dkk1 and Dkk4 are expressed in the dermis
surrounding the dermal condensate and in the epidermis hair follicle
preplacode, respectively, at E14.5 (Andl et al., 2002; Bazzi et al.,
2007). Overexpression of Dkk1 in the epidermis leads to complete
lack of hair follicle formation (Andl et al., 2002), whereas
overexpression of Dkk4 causes malformed secondary hair follicles
without affecting the primary follicles (Cui et al., 2010). Canonical
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Wnt signaling reporter mice show activity throughout the upper
dermis, four to six cell layers below the epidermis, from E11.5 to
E15.5. From E13.5 onwards, elevated Wnt reporter expression can
be seen in hair follicle placodes and in the hair follicle-associated
dermal condensates (DasGupta and Fuchs, 1999; Zhang et al., 2009).
However, the source of the Wnt ligands for dermal Wnt signaling/B-
catenin activity remains to be defined by tissue-restricted and cell
type-specific deletion of all Wnt ligands. It has been hypothesized
that dermal Wnt signaling/B-catenin activity is the initiation cue for
hair follicle development (Millar, 2002; Schmidt-Ullrich and Paus,
2005). In the absence of appropriate embryonic dermal fibroblast-
specific spatiotemporal genetic tools, the function of dermal Wnt
signaling/B-catenin activity in fibroblast differentiation and hair
follicle initiation remains to be identified.

To address these questions, we utilized tissue-specific genetic
manipulation of Wis and B-catenin (Ctnnb1) activity preceding hair
follicle initiation at E13.5. We show that after fibroblast cell fate
selection, dermal B-catenin activity levels regulate the proliferation
of embryonic fibroblast progenitors and dermal thickness. We also
find that uniform dermal B-catenin activity in the upper dermis is
in response to epidermal Wnt ligands and is required upstream of
all the earliest known events in hair follicle placode initiation. Our
data reveal that dermal Wnt signaling/B-catenin activity is
necessary for hair follicle initiation.

MATERIALS AND METHODS

Generation and genotyping of mouse lines

EnlCre (Kimmel et al., 2000), HoxB6CreERT' (Nguyen et al., 2009),
K14Cre (Dassule et al., 2000), ROSA26R (Soriano, 1999), Wntless"**
(Carpenter et al., 2010), B-catenin™* (Brault et al., 2001), B-catenin®/
(Harada et al., 1999) and TCF/Lef-lacZ (Liu et al., 2003) were genotyped
from ear punch biopsy as previously reported. To stabilize -catenin in
ventral dermal progenitors, tamoxifen dissolved in corn oil (20 mg/ml,
Sigma-Aldrich) was delivered by gavage to pregnant mice carrying E9.5-
11.5 embryos with HoxB6CreER/A; R26R/+; B-catenin™"* alleles at 3
mg/40 g bodyweight. All embryos were harvested and processed for
cryosectioning as previously described (Atit et al., 2006; Ohtola et al.,
2008). For each experiment, at least three to five mutants with littermate
controls from one to three litters were analyzed. All animal procedures
were performed under the approval of Case Western Reserve University
TACUC committee.

Histology, in situ hybridization, immunohistochemistry and
quantitative PCR

Whole-mount and section X-Gal staining, whole-mount and section in situ
hybridization and immunohistochemistry were performed as described
previously (Andl et al., 2002; Atit et al., 2006; Ohtola et al., 2008; Rivera-
Perez et al., 1999). In situ probes were: Axin2 from Addgene; Wnt10b from
Mayumi Ito (New York University); Twist2 (Dermol) from Eric Olson
(University of Texas Southwestern Medical Center); Wntll from Steve
Potter (Cincinnati Children’s Hospital Medical Center); Edar from Marja
Mikkola (University of Helsinki); collagen type I alpha 1 (Collal) from
Shunichu Murakami (Case Western Reserve University); DkkI from Sarah
Millar (University of Pennsylvania); and Lef/ from Fanxin Long
(Washington University in St Louis). In situ probes for bone morphogenetic
protein 4 (Bmp4), Bmp7, patched 1 (Ptcl), sonic hedgehog (Shh) and
fibroblast growth factor receptor 1 (Fgfir/) were from Gail Martin
(University of California, San Francisco). Antisense probe for Dkk4 was
generated by PCR using forward primer GCTATTTAGGTGACACTATAG
and reverse primer TTGTAATACGACTCACTATAGGGAGGGCT-
ACACAGTGAGAGCC.

For immunohistochemistry, primary antibodies against o--smooth muscle
actin (-SMA; Dako), Cre (Novagen), filaggrin (Covance), keratin 10
(Covance), keratin 14 (Covance), keratin 17 (Abcam), Sox9 (Chemicon),
Sox2 (Santa Cruz), Lefl (Cell Signaling Technology), PGP9.5 (Ultraclone)
and Pecam1 (BD), and AE13 antibody (Abcam) were used. For detection

of alkaline phosphatase activity, sections were fixed in acetone for 20
minutes on ice, rinsed twice with PBS, and then incubated with the
NBT/BCIP (Roche) substrate.

E14.5 dorsal dermis was obtained as previously described (Zhang et al.,
2008). RNA extraction was performed using Trizol (Invitrogen). cDNA
from total RNA was obtained using the High-Capacity cDNA Reverse
Transcription Kit (ABI). For quantitative PCR, TagMan primers (ABI,
Mm00509695 m1) were used following the manufacturer’s instructions.
Relative mRNA expression levels were calculated based on the AACt
method.

Cell survival, proliferation, quantification and statistical analysis
Cell survival was assayed by TUNEL staining using the TMR-Red Kit
according to the manufacturer’s instructions (Roche). Cryosections of
embryos were used for proliferation analysis (#=3-6 embryos, 12-20 fields
at 40X magnification for each genotype). A fixed area of the upper dermis
(190 um length X 25 wm height directly beneath epidermis) was used for
calculating cell density and proliferation index, as previously described
(Ohtola et al., 2008). For placode cell number and proliferation index of
the placode and dermal condensate, E14.5 skin was cryosectioned at 7-10
wm and processed for Dkk4 and Lefl mRNA in situ hybridization and
BrdU immunohistochemistry. The number of pixels covering the hair
follicle invaginated into the dermis was measured from photographs of
follicles at 40X magnification in the ventral skin at E15.5-17.5 (n=5
embryos) using ImagelJ software (NIH). For quantification of hair follicle
number and stage distribution across different time points, 30 low-
magnification fields of ventral skin sections were examined. Hair follicles
were staged as previously described (Paus et al., 1999). Statistical
significance was calculated using Student’s #-test.

RESULTS

Canonical Wnt signaling reporter is active in the
dermis and Wis is broadly expressed in the
epidermis prior to hair follicle initiation

We used TCF/Lef-lacZ reporter mice (Liu et al., 2003) to visualize
the spatiotemporal activation of canonical Wnt signaling/B-catenin
in the dermal fibroblasts (Fig. 1A-C). Similar to Conductin-lacZ
(conductin is also known as Axin2) reporter mice (Zhang et al.,

Fig. 1. Wnt signaling reporter activity and WIs protein expression
in embryonic mouse skin. (A-C) X-Gal staining of transverse sections
of dorsal skin at the forelimb level from Wnt reporter TCF-Lef/lacZ
embryos. (D-G) WIs protein expression in embryonic dorsal skin
revealed detectable expression in the epidermis, hair follicle placode,
hair follicle peg (peg) and dermal condensate (dc). Dashed lines indicate
the dermal-epidermal boundary. Dotted lines indicate the dermal
condensate boundary.
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2009), Wnt signaling activity was sustained in the upper dermal
progenitors between E12.5 and E14.5 in the TCF/Lef-lacZ reporter
mice (Fig. 1A-C) (Zhang et al., 2009). At E14.5, Wnt reporter
expression was prominent in the hair follicle placode and in the
underlying dermal condensate (Fig. 1C).

We examined expression of WIs protein by immunohistochemical
staining in dorsal skin between E12.5 and E15.5 during primary
(guard) hair follicle initiation. Wls protein was detectable in the
surface ectoderm between E12.5 and E15.5 as punctate cytoplasmic
staining and was enriched in the early developing hair follicle
placode (Fig. 1D-G). In the dermal layer, Wls protein expression was
detectable in the early dermal condensate starting at E14.5 (Fig. 1F).
The upper dermis and dermal condensate express Wnt5a, Wntl0Oa
and Wntll mRNA at E14.5 (supplementary material Fig. S4A)
(Reddy et al., 2001), but WIs protein expression was barely
detectable by immunohistochemistry in the remaining upper dermis
from E12.5-15.5 (Fig. 1D-G).

Sustained p-catenin activity leads to an increase in
dermal thickness and to proliferation of dermal
fibroblasts
It is not known whether activation of the Wnt signaling/B-catenin
pathway in vivo is sufficient to promote the dermal fibroblast
lineage. Owing to the embryonic lethality by E12.5 of mutants with
sustained B-catenin activity generated with the £nlCre line (Atit et
al., 2006; Ohtola et al., 2008), we generated HoxB6Cre-ERT /+
R26R/+; B-catenin®®"* mutant embryos (Brault et al., 2001;
Harada et al., 1999; Nguyen et al., 2009), in which a stabilized form
of B-catenin protein was induced in ventral dermal fibroblast
precursors between E10.5 and E12.5 (Fig. 2A-H; supplementary
material Fig. S1A,B, Fig. S2A-F). Wnt reporter activity and
expression of the Wnt target gene Axin2 (Jho et al., 2002) were
restricted to the upper dermis of the control embryo, whereas an
expanded domain of expression was observed in the lineage-labeled
cells in HoxB6Cre-ER"'/+; R26R/A+; B-catenin®™"* mutant
embryos at E13.5 (supplementary material Fig. S1C-F).
Histological analysis of ventral skin from E13.5-17.5 revealed a
thickened dermal layer in the mutant, with predominantly lineage-
marked B-gal® cells between the epidermis and sternum with
enlarged hair follicles (Fig. 2A-H,O; supplementary material Fig.
S2A-F). At E14.5-15.5, Fgfrl and Twist2 (Li et al., 1995) were
expressed in the upper dermis in control embryos, but had
expanded domains in the conditional B-catenin®®/"* mutant
embryos (Fig. 2I-L). At E17.5, Collal mRNA was detectable in
the ventral dermis of control embryos and in the thickened dermis
of activated B-catenin mutant embryos (Fig. 2M,N). We found a
significant increase in the proliferation index of dermal fibroblasts
in the upper dermis (Fig. 2P) in the activated B-catenin mutant
embryos compared with the control littermates at E14.5. Moreover,
there was a significant increase in cell density in the upper dermis
of mutant embryos compared with controls between E13.5 and
E15.5 (Fig. 2Q). Spatiotemporal activation of B-catenin activity in
the dermis was therefore sufficient to lead to an expanded domain
of canonical Wnt signaling-responsive fibroblast cells that
proliferate more than normal and contribute to a thickened dermis.

Sustained B-catenin activity in the developing
dermis leads to larger hair follicle placodes and
accelerated differentiation of hair follicles

In our analysis of activated mutant dermis, we found enlarged
hair follicles in regions of thickened dermis (Fig. 2C-H;
supplementary material Fig. S2A-F). We examined whether
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Fig. 2. Sustained B-catenin activity in dermal fibroblast
progenitors leads to an increase in dermal thickness and to the
proliferation of dermal fibroblasts. (A-N) X-Gal staining, Fgfr1,
Twist2 and Col7aT mRNA expression revealed thickened dermis in the
mutant compared with control mouse embryos. White dashed lines
demarcate the epidermal-dermal boundary and vertical bars indicate
the dermis region. Control and mutant skin sections were
photographed at the same magnification. (0-Q) Quantification of
dermal thickness (O), proliferation index (P) and cell density (Q) in

the upper dermis region showed significant increases in mutant
embryos compared with controls. Mean values with s.d. hf, hair
follicle.
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sustained activity of dermal B-catenin in the dermis alters hair
follicle patterning and differentiation. First, we performed
whole-mount in situ hybridization for mRNA expression of the
hair follicle preplacode marker Dkk4 (Bazzi et al., 2007) in the
HoxB6Cre-ERT'/+; R26R/+; B-catenin®"* mutant embryos at
El14.5 and whole-mount X-Gal staining for Wnt signaling
reporter activity in HoxB6Cre-ER™'/+; TCF/Lef-lacZ/+, PB-
catenin®G/"" mutant embryos at E15.5. We found an increase in
both the size and number of hair follicle placodes that led to a

perturbation of the evenly spaced hexagonal pattern and a
decrease in interfollicular distance (Fig. 3A-D). Next, we
performed section in situ hybridization for Dkk4 and Lef]
(DasGupta and Fuchs, 1999; Kratochwil et al., 1996) to quantify
the cell number in hair follicle placode and dermal condensate,
respectively (Fig. 4C,D, see Fig. 6G). The numbers of Dkk4-
expressing epidermal placode cells and Lef7-expressing dermal
condensate cells were higher in conditional B-catenin®C/"*
mutant embryos than in the controls (Fig. 3E,F). However, the
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Fig. 3. Increase in hair follicle placode size and number and accelerated differentiation in stabilized dermal B-catenin embryos.

(A-D) Whole-mount in situ hybridization for Dkk4 at E14.5 (A,B) and X-Gal staining of Wnt reporter activity in mouse ventral skin (C,D). Expanded
placodes in mutant embryos are indicated by arrows (B); the distance between placodes was decreased in the mutant skin (D, solid black lines).
(E,F) Increase in the number of cells in the Dkk4* and Lef1* domains in mutant embryos as compared with the control. (G,H) Quantification of hair
follicle area showed enlargement of hair follicle in mutant compared with control skin of age-matched littermate, and enlargement of mutant hair
follicle compared with stage-matched wild-type hair follicle. (I-L) K17 and Sox9 showed comparable expression in the outer root sheath (ORS) in
control and mutant skin. (M,N) AE13 immunoreactivity was absent in the control ventral skin, but was present in the enlarged follicles of the
mutant skin at E17.5. (O,P) Sox2 was present in the dermal condensate and papilla of the control and enlarged mutant hair follicles (arrows).
Numbers (1-4) specify developmental stages of hair follicles. Dashed line demarcates the dermal-epidermal boundary. Control and mutant skin

were photographed at the same magnification. Error bars indicate s.d.
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Fig. 4. Patterned but expanded expression of hair follicle placode
and dermal condensate markers in stabilized dermal B-catenin
mutant mouse embryos. (A-D) Compared with the control embryonic
skin, patterned expression of Dkk7 in the dermis surrounding the
follicle and Dkk4 in the preplacode was expanded in mutant skin.

(E-J) Expression of Bmp4, and of Ptch1 in the dermal condensate and
Shh in the epidermis was expanded in the mutant compared with the
control. (K,L) Wnt reporter activity in the placode was expanded in
mutant skin. Dashed line demarcates the dermal-epidermal border,
dotted curved lines outline the placode and dermal condensate
domain, and dotted vertical lines outline the preplacode domain.

increased size of epidermal placodes was not due to an increase
in the proliferation index in mutants at E14.5, as judged by BrdU
incorporation (51.04+8.93% in mutant versus 49.27+9.01% in
control; n=30 placodes from 4-6 embryos). Moreover, we found
that the proliferation index of the enlarged dermal condensate
was slightly lower in the mutants (22.36+9.87% versus
30.94+12.54% in control). Thus, the sustained activation of [3-
catenin activity in the developing dermis either indirectly or
directly promotes enlargement of dermal condensate and hair
follicle placodes.

To determine the progression of the phenotype, we first
characterized the stage distribution of hair follicles at different time
points between E13.5 and E17.5. No hair follicle placode formation
was detectable in the control or mutant ventral skin at E13.5 (Fig.
2A,B; supplementary material Fig. S1C,D; Table 1). At E14.5,
there was an increase of stage 1 hair follicles but no premature
progression of hair follicle placode differentiation in the mutant
embryos compared with controls (Fig. 2C,D; supplementary
material Fig. S2A,B; Table 1). By E15.5, the control had
predominantly stage 1 and 2 hair follicles, whereas mutants had a
greater number of follicles in stage 1 and 2 and some had

Table 1. Numbers and stages of hair follicles from E13.5 to
E17.5 in control HoxB6Cre-ERT'/+; R26R/+ and mutant
HoxB6Cre-ER"'/+; R26R/+; B-catenin®?)+ embryos

Number of hair follicles

Age/genotype Stage 1 Stage 2 Stage 3 Stage 4 Total
E13.5 control 0 0 0 0 0
E13.5 mutant 0 0 0 0 0
E14.5 control 64 0 0 0 64
E14.5 mutant 108 0 0 0 108
E15.5 control 42 43 3 0 88
E15.5 mutant 66 45 13 8 132
E17.5 control 72 183 24 0 279
E17.5 mutant 162 241 61 37 501

Hair follicles were counted from 30 fields at 4x magnification.

progressed to stage 3 and 4 (Fig. 2E,F; supplementary material Fig.
S2C,D; Table 1). Similarly, E17.5 mutant embryos had an
increased number of stage 1-3 hair follicles than controls and 7.4%
stage 4 follicles compared with none in the control (Fig. 2G,H;
supplementary material Fig. S2E,F; Table 1).

Mutant hair follicles were larger than those of the control at
E15.5-17.5 (Fig. 3G) and when compared with the stage 4 matched
control follicles (Fig. 3H). The enlarged follicles expressed markers
of hair follicle differentiation, such as keratin 17, and Sox9 for the
outer root sheath (McGowan and Coulombe, 1998; Vidal et al.,
2005), comparable to the control (Fig. 3I-L). Hair follicles in
control ventral skin lacked precortex keratins recognized by the
AE13 antibody in the stage 2 and 3 follicles (Fig. 3M) and AE13
immunoreactivity was first visible in stage 5 follicles at post-natal
day (P) 0 (Paus et al., 1999) (data not shown). By contrast, at
E17.5, we found clear AE13 immunoreactivity in the enlarged
stage 4 mutant follicles (Fig. 3N), demonstrating accelerated
maturation of hair follicles in the conditional B-catenin®/"*
mutant skin.

Although the cellular organization in the mutant hair follicle
seems abnormal, the nascent hair matrix cells interact comparably
to those of controls as visualized by the response to Wnt signaling
of Lefl protein expression (supplementary material Fig. S21J).
Similar to control skin, we found mature dermal papilla cells that
were Sox2 positive at E15.5 (Fig. 30,P) and alkaline phosphatase
positive at E17.5 (supplementary material Fig. S2M,N) in the
HoxB6Cre-ER" /+; R26R/+; B-catenin®"* mutant skin (Driskell
et al., 2009; Paus and Cotsarelis, 1999). We also found that the
large follicles were associated with dramatically enlarged dermal
papilla (Fig. 30,P; supplementary material Fig. S2M,N). Cell
adhesion as judged by histological morphology (Enshell-Seijffers
et al., 2010) of the dermal papilla cells appeared comparable in
control and mutant embryos (supplementary material Fig. S2E,F).
Dermal sheath formation detected by a-SMA staining was also
comparable in mutant and control hair follicles (supplementary
material Fig. S2K,L).

Taken together, these data demonstrate that sustained cell-
autonomous [-catenin activity in the dermis during skin
differentiation results in increased hair follicle size and number,
accelerated hair follicle differentiation and enlarged dermal papilla.

Sustained p-catenin activity in the dermis leads to
enlarged placode and dermal condensate domains
Next, we determined whether sustained activation of B-catenin in
the developing dermis leads to expansion of hair placode and
dermal condensate domain at the initiation stage. We analyzed
known components of the Wnt, Bmp and Hh pathways involved in
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hair follicle initiation events (Millar, 2002; Schmidt-Ullrich and
Paus, 2005) in both control and mutant embryos at E14.5. The
secreted Wnt inhibitor Dkkl! was expressed in the dermis
surrounding the hair follicle placodes and dermal condensate in
control ventral skin at E14.5 (Fig. 4A) (Andl et al., 2002).
Compared with control skin, we found expansion of the Dkkl
domain in the surrounding mesenchyme in response to sustained
activation of B-catenin in the dermis of the mutants (Fig. 4B). Dkk4
mRNA expression in the preplacodes was also expanded in the
ventral epidermis of the mutant embryos compared with controls
(Fig. 4C,D). Bmp4 and Bmp7 mRNA expression was upregulated
and expanded in the dermal condensate of mutant skin during the
early stages of hair follicle development (Fig. 4E,F; supplementary
material Fig. S2G,H) (Botchkarev et al., 1999; Wilson et al., 1999).
Shh and Ptcl showed expanded expression domains of both hair
follicle placode and dermal condensate in the mutants compared
with the littermate controls (Fig. 4G-J) (St-Jacques et al., 1998).
Consistent with these results, Wnt signaling reporter activity
showed an expanded domain in the enlarged epidermal placodes
and dermal condensates (Fig. 4K,L). Thus, sustained dermal [3-
catenin transcriptional activity prior to hair follicle initiation leads
to expansion of hair follicle and dermal condensate domains,
although whether this effect is direct or indirect remains unknown.

Dermal Wnt/B-catenin activity after E12.5
regulates proliferation

The gain-of-function approach in the dermis yielded phenotypes
that prompted us to develop an appropriate loss-of-function model
to test the requirement of dermal [-catenin activity during
fibroblast differentiation and hair follicle initiation. In our previous
studies, deletion of B-catenin occurred in prespecified mesenchyme
by E10.5 and led to the loss of the dermal fibroblast lineage (Atit
et al., 2006; Ohtola et al., 2008). Here, we dissected the role of
dermal canonical Wnt signaling activity in specified dermal
fibroblasts after E12.5 by taking advantage of the highly efficient
deletion of PB-catenin by EnlCre (EnlCre/+; R26R/+; J-
catenin®") (Brault et al., 2001; Kimmel et al., 2000; Soriano,
1999) in the dorsolateral dermal progenitors after E12.5 (Fig.
5A,B). The later deletion of B-catenin, after E12.5, did not alter the
histology of the skin by E14.5 (Fig. 5C,D). Dermal density did not
differ significantly between controls and mutants at E13.5 or E14.5
(Fig. 5Z; n=3 embryos, six fields at 40X magnification per
embryo). Compared with control skin, dermal fibroblasts in
EnlCre/+; R26R/+; B-cateninNﬂ‘”‘ mutant appeared to be more
loosely distributed at E16.5-P0 and the dermal layer was thinner at
PO (Fig. SE-H).

At E13.5-14.5, in contrast to the control, there was an absence
of Wnt signaling reporter activity, Twist2 or Fgfrrl expression in the
mutant (Fig. 5I-P). There was no detectable difference in keratin
14 expression or in the gross morphology of the epidermis (Fig.
5G,H,Q,R), or in vasculature formation and innervation of the
dorsolateral embryonic dermis (Fig. 5S-V). Compared with
controls, mutant dermal fibroblasts were capable of expressing
Collal at E16.5, although the level of Collal mRNA appeared to
be reduced in the thinning dermis (Fig. SW,X).

Consistent with the findings for mutant skin, deletion of dermal
Whnt signaling/B-catenin activity led to a significant decrease in the
proliferation index of dermal fibroblast progenitors in the upper
dermis at E14.5 and E16.5. Compared with 46+4.3% at E14.5 and
26+7.0% at E16.5 proliferating upper dermal fibroblast cells in the
control, the mutant had 34+3.88% and 13+6.9% in the equivalent
region, respectively (Fig. 5Y). Upper cell density was comparable

between control and mutant skin at E13.5 and E14.5, whereas it
showed a significant decrease in the mutant at E16.5 (Fig. 5Z).
However, no apoptosis of dermal fibroblasts was detectable by
TUNEL assay in EnlCre/+; R26R/A ; B-catenin®"** mutants and
control littermates in this region between E14.5 and E16.5 (data not
shown).

These data demonstrate that, after E12.5, dermal B-catenin
activity functions to regulate upper dermal fibroblast proliferation
of the embryonic dermis but not cell density during hair follicle
initiation.

Dermal B-catenin activity is required for hair
follicle initiation

Next, we tested the hypothesis that dermal B-catenin activity is
required for hair follicle initiation. The earliest indicator of hair
follicle initiation sites in the epidermis can be visualized by B-gal
staining in two different Wnt signaling reporter mice: Conductin-
lacZ and TCF/Lef-lacZ (Fig. 1B,C) (Zhang et al., 2009). In the
absence of dermal B-catenin after E12.5 in the dorsolateral region
of mutant embryos, Wnt signaling reporter activity was
downregulated in the dorsolateral upper dermis at E13.5 and absent
in both the upper dermis and the overlying ectoderm at E14.5 (Fig.
5N,P). Dkk4, Wntl10b and Edar are expressed in the preplacode in
the ectoderm of the dorsal skin starting at E13.5-14.5 (Bazzi et al.,
2007; Headon and Overbeek, 1999; Reddy et al., 2001) (Fig.
6A,C,E). In the absence of dermal 3-catenin activity, Dkk4, Wnt10b
and Edar mRNA were absent from the surface ectoderm (Fig.
6B,D,F). Normally, Lefl is expressed initially throughout the
epidermis, and then undergoes patterned upregulation early in the
hair follicle placodes and dermal condensate (DasGupta and Fuchs,
1999; Kratochwil et al., 1996) (Fig. 6G). In the absence of dermal
[-catenin, we found that Lef7 expression was sustained broadly in
the epidermis but was not patterned in the ectoderm and was absent
in the dermis (Fig. 6H). In the controls, Sk also had patterned
upregulated expression in the hair follicle placodes; Ptcl and Bmp4
were expressed in the underlying dermal condensate (Fig. 6, K,M).
By contrast, Shh, Ptchl and Bmp4 were absent in the mutant skin
(Fig. 6J,LN).

These data together demonstrate that dermal -catenin activity
is required for hair follicle placode initiation and dermal condensate
formation. The absence of these earliest markers in the placode and
dermal condensate indicate that these are downstream events from
dermal B-catenin activity.

Epidermal Wnt ligands are required for canonical
Wnt signaling activity in dermal fibroblast
progenitors

We next tried to define the tissue source of dermal Wnt signaling
activity. Our data showed that Wls was broadly expressed in the
epidermis (Fig. 1D-G). To test whether epidermal Wnt ligands are
required for Wnt signaling activity during dermal development, we
conditionally deleted WIs in the surface epidermis with Keratinl4-
Cre (K14Cre) (Carpenter et al., 2010; Dassule et al., 2000; Soriano,
1999). The K14Cre/+; R26R/+; Wis™" mutant embryos showed
open eyelids and loss of nail formation at E18.5 compared with
littermate controls (supplementary material Fig. S3A,B). K/4Cre
evenly recombined the R26R allele and expressed B-gal in the
dorsal surface epidermis by E13.5 (supplementary material Fig.
S3C-E). Unlike control embryonic skin, Wls protein expression in
the mutant embryos was barely detectable in the epidermis from
E13.5 onwards (supplementary material Fig. S3F-K). Histological
analysis of the skin from E14.5-18.5 showed loss of hair follicle
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Fig. 5. Dermal Wnt/B-catenin activity regulates dermal fibroblast proliferation. (A,B) X-Gal staining shows £n7Cre lineage-marked cells in
the dermis at E12.5 and E13.5. (C-F) X-Gal staining of control (C,E) and mutant (D,F) embryonic mouse dorsolateral skin. (G,H) Hematoxylin and
Eosin (H&E) staining of perinatal skin revealed a loose distribution of dermal fibroblasts and a thinner dermal layer in the mutant. (I-L) Twist2 and
Fgfr1 mRNA was present in the upper dermis of control but absent in mutant skin. (M-P) Wnt reporter activity showed expression in the upper
dermis and patterned upregulation in the placodes and dermal condensates in controls, whereas reporter activity was absent in the epidermis and
dermis of mutant skin. (Q-X) K14, PGP9.5, Pecam1 and Col7al mRNA expression revealed comparable epidermal basal keratin expression,
innervation, vasculature formation and collagen production, respectively, in control and mutant skin. Dashed lines demarcate the epidermal-dermal
boundary. Control and mutant skin sections were photographed at the same magnification. (Y) The percentage of BrdU* proliferating dermal
fibroblasts in the upper dermis was significantly decreased in the mutant compared with the control. (Z) Cell density in the upper dermis showed no
difference between control and mutant at E13.5-14.5, but a significant decrease in the mutant embryos at E16.5. Error bars indicate s.d. dc, dermal

condensate; hf, hair follicle.

formation in the mutant embryos (Fig. 7A-C’). Axin2 was present
in the upper dermal fibroblast of controls at E14.5 but absent in
mutant skin (Fig. 7D,D"). Similarly, other Wnt signaling target
genes such as Wntll (Christiansen et al., 1995), Twist2 and Fgfil
and dermal Lefl protein (DasGupta and Fuchs, 1999; Kratochwil
et al., 1996) were expressed in the dermal fibroblasts of controls
(Fig. 7E-G; supplementary material Fig. S4A) but were absent in
the dermis of the mutant (Fig. 7E’-G’; supplementary material Fig.
S4B).

Next, we examined the role of epidermal Wnt ligands in dermal
fibroblast differentiation and survival, dermal innervation and
vasculature formation. The upper dermal fibroblasts in the mutant
skin continued to lack dermal Wnt responsiveness as visualized by
the absence of dermal Lefl protein at E16.5 (supplementary
material Fig. S41,J). In the conditional absence of Wnt ligand

secretion from the epidermis, the dermal fibroblast progenitors
were able to survive (supplementary material Fig. S4K,L),
expressed Collal mRNA at E18.5 and formed dermis that
supported vasculature and innervation comparable to controls
(supplementary material Fig. S4C-H). We also found comparable
cell density of dermal fibroblast progenitors between controls and
mutants at E13.5 and E14.5 during the hair follicle initiation stages
(n=3 embryos per genotype, four high-magnification fields per
embryo; Fig. 7A,A’,]). However, the number of dermal fibroblasts
in the KI4Cre/+; R26RA; WIS"" mutant embryos was
significantly decreased at E16.5-18.5 (Fig. 7B-C’,I). Next, we
tested whether epidermal Wnt ligand secretion had a function in
cell proliferation of dermal progenitors at E14.5. Compared with
the control proliferation index of 43%, the upper dermal fibroblast
progenitors had a significant decrease in proliferation to 33% in the



Dermal B-catenin activity for skin development

RESEARCH ARTICLE 1529

‘ En1Cre,R26R,f-catenin™ L EniCre,A26Rp-catenin™
A SN =
oo ~ L S e

E14.5

Bmp4

Fig. 6. Patterned upregulated expression of hair follicle initiation
markers was absent without dermal Wnt signaling/B-catenin
activity. (A-F) In situ hybridization for Dkk4, Wnt10b and Edar mRNA
revealed patterned upregulated expression in the control (A,C,E) but an
absence of expression in the mutant mouse skin (B,D,F).

(G,H) Expression of LefT in the epidermis and focal upregulation in the
hair follicle placode and dermal condensate in the control, whereas
patterned expression of LefT was absent in the mutant skin. (I-N) Ptc7,
Shh and Bmp4 mRNA expression was observed at sites of hair follicle
initiation in control skin (I,K,M), but was absent in mutant skin (J,L,N).
Dashed lines indicate the dermal-epidermal boundary. Downward
arrows indicate placodes in the epidermis and the upward arrows
indicate dermal condensates. All images are at the same magnification.

K14Cre; R26R; Wi mutants (P=9.0X107%) (Fig. 7H). Thus,
ectodermal Wnt ligand secretion is required to activate the
canonical Wnt signaling response and regulates proliferation of the
underlying upper dermal fibroblasts.

Given the expression of WntSa, Wntl0Oa and Wntll mRNAs in
the upper dermis and dermal condensate at E14.5 (Reddy et al.,
2001), we also tested whether Wis in the dermal fibroblast
progenitors is required for Wnt signaling activity and
responsiveness in the dermis. EnlCre/+; R26R/+; Wis™" mutant
embryos were generated in which Wis was deleted in the
dorsolateral dermal mesenchyme by the EnlCre line after E12.5.
Compared with the controls, Wls expression was absent in the
dermal condensate but maintained in the epidermis at E14.5 in the
EnlCre/+; R26R/+; WIs™" mutant (Fig. 7K,K'). Moreover, our
quantitative PCR results revealed a significant reduction of Wis
expression in the dorsal dermis of EnlCre/+; R26R/A; WIS
mutant embryos (Fig. 70). The dermis was histologically

indistinguishable between control and mutant embryos at E14.5
and E17.5 (Fig. 7J,J',N,N"). Expression of Twist2 mRNA, dermal
Lef1 protein and markers of innervation (PGP9.5; Uchll — Mouse
Genome Informatics), vasculature formation (Pecaml), hair
follicles (keratin 17) and epidermal differentiation (keratin 10,
filaggrin) was comparable between heterozygote littermate controls
and EnlCre/+; R26R/+; WIs" mutant embryos at E14.5 (Fig. 7L-
M’; supplementary material Fig. S4M-V). These data together
clearly demonstrate that epidermal Wnt ligands, and not
mesenchymal Wnt ligands, are required for Wnt signaling
responsiveness in the upper dermis and for subsequent hair follicle
initiation.

DISCUSSION

Wnt signaling/B-catenin activity plays diverse roles in the
development and patterning of embryonic skin. However, the in
vivo function of dermal Wnt signaling/B-catenin activity during
skin development remains largely uncharacterized. Here we have
used various spatiotemporally restricted genetic tools to define the
source and function of dermal B-catenin activity during skin
development. We show that in response to epidermal Wnt ligands,
dermal Wnt signaling/B-catenin activity regulates the proliferation
of dermal fibroblast progenitors. Our data also clearly demonstrate
that B-catenin activity in the upper dermis is obligatory for all the
early events leading to epidermal patterning and hair follicle
initiation. Our data support a reciprocal signaling loop model in
which Wnt ligands from the epidermis result in uniform B-catenin
activity in the upper dermis, which is required to generate the
dermal signal crucial for the patterned expression of epidermal [3-
catenin and hair follicle initiation (Fig. 7P).

Wnt signaling reporter activity suggests that there might be three
temporally and functionally distinct roles for dermal B-catenin
activity. In the first window, Wnt signaling activity regulates the
survival (E9.5-10.5) and specification (E10.5-11.5) of dermal
fibroblast progenitors (Atit et al., 2006; Ohtola et al., 2008;
Olivera-Martinez et al., 2001; Tran et al., 2010). In the second
window, upper dense dermis formation in the chick (E6) and
mouse (E12.5-13.5) skin requires proliferation and movement of
dermal fibroblasts (Dhouailly et al., 2004; Sengel and Mauger,
1976). We show that markers of the dermal fibroblast lineage in the
upper dense dermis, such as Twist2, Wntll and Fgfr]l mRNA
expression, are responsive to Wnt signaling activity in the mouse
upper dermis. Stabilizing dermal [B-catenin activity leads to
expansion of the domain exhibiting a canonical Wnt response and
to an increase in fibroblast proliferation and cell density in the
upper dermis. The data presented here show that deletion of dermal
[B-catenin or epidermal Wis after E12.5 leads to an absence of Wnt
responsiveness in the upper dermis and to a decrease in the
fibroblast progenitor proliferation by E14.5, without altering the
cell density and survival of the upper dermis during the hair follicle
initiation stages. Therefore, in this second role, dermal Wnt
responsiveness/B-catenin activity is required to regulate the
proliferation but not the cell density of upper dermal fibroblasts. In
the third window, during hair follicle initiation (E13.5-14.5), the
molecular identity of the dermal contribution has remained elusive
(Millar, 2002). Here, we show that the uniform dermal Wnt
signaling activity at E12.5-13.5 is required to generate the as-yet-
undefined first dermal signal.

We show that dermal B-catenin activity requires epidermal Wnt
ligand secretion. The initially uniform B-catenin activity in dermal
precursors starting at E11.5 is likely to be a response to the earlier
uniform expression of epidermal Wnt ligands (Andl et al., 2002;
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Fig. 7. Dermal canonical Wnt signaling activity depends on epidermal but not dermal Wnt ligands. (A-C’) Transverse sections at the
forelimb level from E14.5-18.5 control and mutant mouse embryos. (D-G') Axin2, Twist2, FgfrT mRNA expression and Lef1 protein expression
revealed loss of Wnt responsiveness in the upper dermis of the mutant compared with the control. Note that Lef1 expression remained intact in the
basal layer of the epidermis of the control and mutant skin (G,G’). (H) The percentage of BrdU* proliferating dermal fibroblasts was significantly
reduced in the mutant compared with the control. (I) Cell density in upper dermis showed no difference between control and mutant at E13.5-
14.5, but a significant decrease in the mutant embryos at E16.5 and E18.5. (J-N') Transverse sections of skin at the forelimb level from control (J-N)
and mutant (J’-N’) skin. Skin samples were stained with H&E (J,J’), for Wis protein (K,K’), Twist2 mRNA (L,L") or Lef1 protein (M,M’), or for B-gal
activity (N,N’). Arrows indicate dermal fibroblasts with positive nuclear Lef1 immunoreactivity. White dashed lines demarcate the epidermal-dermal
junction. Control and mutant skin sections are at the same magnification. (O) The relative level of Wis mRNA in the dorsal dermis detected by
quantitative RT-PCR showed a significant reduction in the mutant embryo compared with control. There was no discernible difference in
morphology, Wnt responsiveness or hair follicle formation between control and mutant skin. Error bars indicate s.d. (P) Proposed model for the
reciprocal signaling loop whereby Wnt ligands are first secreted from the epidermis and lead to the activation of canonical Wnt signaling/p-catenin
pathway in the underlying dermal fibroblasts, which then send signals back to the epidermis. The epidermis then becomes able to respond to
epidermal Wnt ligands and to generate patterned upregulated B-catenin activity in the preplacode. Subsequently, B-catenin-expressing epidermal
cells in the placode send signals to recruit dermal fibroblast cells to form the dermal condensate. DC, dermal condensate; hf/HF, hair follicle.
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Chang et al., 2004; DasGupta and Fuchs, 1999; Reddy et al., 2001;
Rodriguez-Niedenfuhr et al., 2003; Wagner et al., 2000). Wnt5a,
WntlOa and Wntll are expressed only in the upper dermis at
E14.5, and deletion of Wis in the dermis eliminates functional
redundancy between the Wnt ligands (Reddy et al., 2001).
Elimination of dermal Wnt ligand secretion did not alter Wnt
responsiveness or Co/lal mRNA expression in the upper dermis,
innervation, vasculature formation, epidermis stratification or
embryonic hair follicle development. Dermal Wnt5a-deficient
mouse skin shows hair follicle differentiation defects starting 1
week after grafting on nude mice (Hu et al., 2010). However,
mutant mice do not survive postnatally, which prevents further
investigation of late stage hair follicle differentiation and renewal.
Thus, dermal Wnt ligands appear to be dispensable for embryonic
dermal fibroblast development and hair follicle initiation.
Determining which of the broadly expressed Wnt ligands in the
ectoderm are functionally required for uniform and patterned
dermal B-catenin activity will further elucidate the components of
the reciprocal signaling network that operates between the
epidermis and dermal fibroblasts.

Previous studies have indicated that the dermal fibroblasts
induce patterning of the hair follicle placode array by initiating
expression of activating and inhibitory factors (Hardy, 1992; Millar,
2002; Schmidt-Ullrich and Paus, 2005). Our results demonstrate
that uniform dermal -catenin activity is required to generate the
necessary signal from the dermis. These data are consistent with
the requirement of mesenchymal Lefl, a component of the Wnt
signaling pathway, in whisker follicle initiation (Kratochwil et al.,
1996). Deletion of epidermal B-catenin leads to loss of hair follicle
placode formation and of all the other hair follicle initiation events
(Huelsken et al., 2001; Zhang et al., 2009). Here, we show that the
first patterned epidermal B-catenin activity is dependent on dermal
[B-catenin activity.

In the chick skin, it was hypothesized that dense dermis
formation is required for generating sufficient signal to initiate
placode formation in the epidermis (Sengel and Mauger, 1976)
Based on a reconstitution assay, Jiang and colleagues proposed that
formation of dermal microaggregates needs to achieve a cell
density threshold before the induction of feather primordia through
a reaction-diffusion mechanism (Jiang et al., 1999). However, our
data show that stabilized B-catenin leads to a significant increase
in upper dermis cell density at E13.5 without inducing premature
formation of hair follicles, suggesting that the increased cell density
is not sufficient for hair follicle initiation. Conditional deletion of
either dermal B-catenin activity or epidermal Wnt ligand secretion
after E12.5 does not immediately affect the cell density in the upper
dermis at E13.5 or E14.5. Therefore, whether the formation of the
upper dense dermis is required for hair follicle initiation remains
unknown. Taken together, our data support that dermal Wnt/j3-
catenin signaling activity is required for hair follicle induction.
However, whether cell density in the upper dermis is required for
hair follicle induction is not known in our mouse model.

Stabilizing B-catenin leads to changes in the dermis and
subsequently to the formation of larger placodes and dermal
condensates in the skin. In the reconstitution assay, there was a trend
of increased feather primordia size when the number of dermal
fibroblasts increased, although the change was not statistically
significant (Jiang et al., 1999). Therefore, in our stabilized dermal -
catenin mutants, the larger dermal condensates and hair follicles
could either be caused by an increase in activating factors or due to
an increase in the number of dermal fibroblasts. To elucidate the
mechanism that drives the formation of larger hair follicle and

dermal condensate in the mutant embryos, reconstitution assays will
be required with similar cell density using E13.5 control and
stabilized B-catenin dermal fibroblasts in the upper dermis.

The formation of dermal condensate follows placode initiation
in the epidermis (Hardy, 1992). Therefore, the loss of dermal
condensate in dermal B-catenin deletion mutants might occur due
to the absence of hair follicle placodes. Forced activation of dermal
[B-catenin was not sufficient to convert all dermal fibroblasts to a
dermal condensate fate. In contrast to our results, sustained
embryonic epidermal B-catenin activity was sufficient to convert
upper dermis to dermal condensate fate, suggesting that epidermal
signals induce dermal condensate fate (Zhang et al., 2008).
However, a recent study showed that sustained epidermal -catenin
activity could induce mature adult dermal fibroblasts to resemble
a neonatal state with a high cell density (Collins et al., 2011), which
implies different roles for epidermal B-catenin. Consistent with our
proposed model from the loss-of-function studies, sustained dermal
[-catenin activity might be required to generate a secondary signal
that favors the dermal condensate fate in the developing dermal
fibroblasts. In postnatal skin, B-catenin activity in dermal papilla is
required to generate signals that promote the proliferation of
adjacent matrix cells in the hair follicle (Enshell-Seijffers et al.,
2010). We found that sustained dermal B-catenin activity in the
larger dermal papillae and adjacent dermal fibroblast cells led to
accelerated differentiation of precortex cells in the follicles of the
mutant skin. The effects on epidermal differentiation are likely to
be due to secreted factors activated by sustained cell-autonomous
mutant B-catenin and amplified responses by the epidermis.

Deletion of epidermal B-catenin activity does not affect the
uniform dermal Wnt signaling/B-catenin activity (Zhang et al., 2009)
and here we show that dermal Wnt ligand secretion is dispensable
for hair follicle initiation. These data suggest that epidermal Wnt
ligand secretion is not dependent on epidermal or dermal Wnt
signaling/B-catenin activity. Thus, it is most likely that patterned B-
catenin activity in the epidermis occurs in response to the first wave
of Wnt ligands or other factors in the ectoderm. Here we proposed
that the following events occur during hair follicle initiation (Fig.
7P): (1) uniform epidermal Wnt ligands induce upper dermal Wnt/[3-
catenin activity and regulate fibroblast proliferation; (2) epidermal
keratinocytes respond to a putative signal generated by this uniform
upper dermal Wnt/B-catenin activity; (3) patterned Wnt signaling/B-
catenin activity is upregulated by Wnt ligands secreted by epidermal
keratinocytes; (4) hair follicle placodes are formed in response to the
collective sum of activating and inhibitory effects at a given time and
space. How the uniform dermal [-catenin activity initiates patterned
upregulation of Wnt signaling/B-catenin activity in the epidermis
remains elusive and will be the focus of future studies. Taken
together, our results support the model that uniform dermal B-catenin
activity is required for hair follicle initiation and is dependent on
epidermal Wnt ligands (Fig. 7P).

Our results from studying the loss and gain of Wnt signaling
activity in dermal fibroblasts have implications for human dermal
diseases and tissue engineering of dermis that can induce hair
follicles. Attenuated Wnt signaling is associated with congenital
human focal dermal hypoplasia and activation of the pathway has
been linked to skin fibrosis and fibroproliferative diseases (Bayle
et al., 2008; Bowley et al., 2007; Grzeschik et al., 2007; Wang et
al., 2007). Manipulating Wnt signaling activity in the adult dermis
will provide insight into the etiology of dermal diseases. Defining
the Wnt signaling signature in dermal fibroblasts will allow us to
develop new therapeutic strategies for dermal diseases and hair
follicle regeneration.



1532 RESEARCH ARTICLE

Development 139 (8)

Acknowledgements

We thank Arnold Caplan, Peggy Myung, L. Henry Goodnough, Emily Hamburg
and Sarah Millar for valuable discussions and critically reading the manuscript;
Susan Mackem, Alexandra Joyner, Dan Geisler, Pooja Sandesara, Makoto M.
Taketo, Diana Zuzindlak and Gregg DiNuscio for their contributions; and
Joshua Maxwell at The Cleveland Institute of Art for artistic rendering of the
model.

Funding

This work was supported in part by start-up funds from Case Western Reserve
University (R.A.); the National Institutes of Health [NIH-NIDCR grant RO1-
DE01870 to R.A.]; Basil O’Connor Award from the March of Dimes (R.A.); and
Scleroderma Research Foundation (R.A.). Deposited in PMC for release after 12
months.

Competing interests statement
The authors declare no competing financial interests.

Supplementary material
Supplementary material available online at
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.076463/-/DC1

References

And|, T., Reddy, S. T., Gaddapara, T. and Millar, S. E. (2002). WNT signals are
required for the initiation of hair follicle development. Dev. Cell 2, 643-653.

Ansel, J. C,, Kaynard, A. H., Armstrong, C. A, Olerud, J., Bunnett, N. and
Payan, D. (1996). Skin-nervous system interactions. J. Invest. Dermatol. 106,
198-204.

Atit, R., Sgaier, S. K., Mohamed, O. A., Taketo, M. M., Dufort, D., Joyner, A.
L., Niswander, L. and Conlon, R. A. (2006). Beta-catenin activation is
necessary and sufficient to specify the dorsal dermal fate in the mouse. Dev. Biol.
296, 164-176.

Banziger, C., Soldini, D., Schutt, C., Zipperlen, P, Hausmann, G. and Basler,
K. (2006). Wntless, a conserved membrane protein dedicated to the secretion of
Whnt proteins from signaling cells. Cell 125, 509-522.

Bartscherer, K., Pelte, N., Ingelfinger, D. and Boutros, M. (2006). Secretion of
Whnt ligands requires Evi, a conserved transmembrane protein. Cell 125, 523-
533.

Bayle, J., Fitch, J., Jacobsen, K., Kumar, R., Lafyatis, R. and Lemaire, R.
(2008). Increased expression of Wnt2 and SFRP4 in Tsk mouse skin: role of Wnt
signaling in altered dermal fibrillin deposition and systemic sclerosis. J. Invest.
Dermatol. 128, 871-881.

Bazzi, H., Fantauzzo, K. A., Richardson, G. D., Jahoda, C. A. and Christiano,
A. M. (2007). The Wnt inhibitor, Dickkopf 4, is induced by canonical Wnt
signaling during ectodermal appendage morphogenesis. Dev. Biol. 305, 498-
507.

Botchkarev, V. A., Botchkareva, N. V., Roth, W., Nakamura, M., Chen, L. H.,
Herzog, W., Lindner, G., McMahon, J. A., Peters, C., Lauster, R. et al.
(1999). Noggin is a mesenchymally derived stimulator of hair-follicle induction.
Nat. Cell Biol. 1, 158-164.

Bowley, E., O'Gorman, D. B. and Gan, B. S. (2007). Beta-catenin signaling in
fibroproliferative disease. J. Surg. Res. 138, 141-150.

Brault, V., Moore, R., Kutsch, S., Ishibashi, M., Rowitch, D. H., McMahon, A.
P, Sommer, L., Boussadia, O. and Kemler, R. (2001). Inactivation of the beta-
catenin gene by Wnt1-Cre-mediated deletion results in dramatic brain
malformation and failure of craniofacial development. Development 128, 1253-
1264.

Carpenter, A. C,, Rao, S., Wells, J. M., Campbell, K. and Lang, R. A. (2010).
Generation of mice with a conditional null allele for Wntless. Genesis 48, 554-558.

Chang, C. H,, Jiang, T. X,, Lin, C. M., Burrus, L. W., Chuong, C. M. and
Widelitz, R. (2004). Distinct Wnt members regulate the hierarchical
morphogenesis of skin regions (spinal tract) and individual feathers. Mech. Dev.
121, 157-171.

Christiansen, J. H., Dennis, C. L., Wicking, C. A., Monkley, S. J., Wilkinson, D.
G. and Wainwright, B. J. (1995). Murine Wnt-11 and Wnt-12 have temporally
and spatially restricted expression patterns during embryonic development.
Mech. Dev. 51, 341-350.

Collins, C. A., Kretzschmar, K. and Watt, F. M. (2011). Reprogramming adult
dermis to a neonatal state through epidermal activation of beta-catenin.
Development 138, 5189-5199.

Cui, C. Y., Kunisada, M., Piao, Y., Childress, V., Ko, M. S. and Schlessinger, D.
(2010). Dkk4 and Eda regulate distinctive developmental mechanisms for
subtypes of mouse hair. PLoS ONE 5, e10009.

DasGupta, R. and Fuchs, E. (1999). Multiple roles for activated LEF/TCF
transcription complexes during hair follicle development and differentiation.
Development 126, 4557-4568.

Dassule, H. R., Lewis, P, Bei, M., Maas, R. and McMahon, A. P. (2000). Sonic
hedgehog regulates growth and morphogenesis of the tooth. Development
127, 4775-4785.

Detmar, M. (1996). Molecular regulation of angiogenesis in the skin. J. Invest.
Dermatol. 106, 207-208.

Dhouailly, D., Olivera-Martinez, I., Fliniaux, I., Missier, S., Viallet, J. P. and
Thelu, J. (2004). Skin field formation: morphogenetic events. Int. J. Dev. Biol.
48, 85-91.

Driskell, R. R., Giangreco, A., Jensen, K. B., Mulder, K. W. and Watt, F. M.
(2009). Sox2-positive dermal papilla cells specify hair follicle type in mammalian
epidermis. Development 136, 2815-2823.

Enshell-Seijffers, D., Lindon, C., Kashiwagi, M. and Morgan, B. A. (2010).
beta-catenin activity in the dermal papilla regulates morphogenesis and
regeneration of hair. Dev. Cell 18, 633-642.

Goodman, R. M., Thombre, S., Firtina, Z., Gray, D., Betts, D., Roebuck, J.,
Spana, E. P. and Selva, E. M. (2006). Sprinter: a novel transmembrane protein
required for Wg secretion and signaling. Development 133, 4901-4911.

Grigoryan, T., Wend, P, Klaus, A. and Birchmeier, W. (2008). Deciphering the
function of canonical Wnt signals in development and disease: conditional loss-
and gain-of-function mutations of beta-catenin in mice. Genes Dev. 22, 2308-
2341,

Grzeschik, K. H., Bornholdt, D., Oeffner, F, Konig, A., del Carmen Boente,
M., Enders, H., Fritz, B., Hertl, M., Grasshoff, U., Hofling, K. et al. (2007).
Deficiency of PORCN, a regulator of Wnt signaling, is associated with focal
dermal hypoplasia. Nat. Genet. 39, 833-835.

Harada, N., Tamai, Y., Ishikawa, T., Sauer, B., Takaku, K., Oshima, M. and
Taketo, M. M. (1999). Intestinal polyposis in mice with a dominant stable
mutation of the beta-catenin gene. EMBO J. 18, 5931-5942.

Hardy, M. H. (1992). The secret life of the hair follicle. Trends Genet. 8, 55-61.

Headon, D. J. and Overbeek, P. A. (1999). Involvement of a novel Tnf receptor
homologue in hair follicle induction. Nat. Genet. 22, 370-374.

Horne, K. A., Jahoda, C. A. and Oliver, R. F. (1986). Whisker growth induced by
implantation of cultured vibrissa dermal papilla cells in the adult rat. J. Embryol.
Exp. Morphol. 97, 111-124.

Hu, B., Lefort, K., Qiu, W., Nguyen, B. C., Rajaram, R. D., Castillo, E., He, F,
Chen, Y., Angel, P, Brisken, C. et al. (2010). Control of hair follicle cell fate by
underlying mesenchyme through a CSL-Wnt5a-FoxN1 regulatory axis. Genes
Dev. 24, 1519-1532.

Huelsken, J., Vogel, R., Erdmann, B., Cotsarelis, G. and Birchmeier, W. (2001).
beta-Catenin controls hair follicle morphogenesis and stem cell differentiation in
the skin. Cell 105, 533-545.

Jahoda, C. A., Horne, K. A. and Oliver, R. F. (1984). Induction of hair growth by
implantation of cultured dermal papilla cells. Nature 311, 560-562.

Jahoda, C. A., Reynolds, A. J. and Oliver, R. F. (1993). Induction of hair growth
in ear wounds by cultured dermal papilla cells. J. Invest. Dermatol. 101, 584-590.

Jho, E. H., Zhang, T., Domon, C,, Joo, C. K., Freund, J. N. and Costantini, F.
(2002). Wnt/beta-catenin/Tcf signaling induces the transcription of Axin2, a
negative regulator of the signaling pathway. Mol. Cell. Biol. 22, 1172-1183.

Jiang, T. X., Jung, H. S., Widelitz, R. B. and Chuong, C. M. (1999). Self-
organization of periodic patterns by dissociated feather mesenchymal cells and
the regulation of size, number and spacing of primordia. Development 126,
4997-5009.

Kimmel, R. A., Turnbull, D. H., Blanquet, V., Wurst, W., Loomis, C. A. and
Joyner, A. L. (2000). Two lineage boundaries coordinate vertebrate apical
ectodermal ridge formation. Genes Dev. 14, 1377-1389.

Kratochwil, K., Dull, M., Farinas, I., Galceran, J. and Grosschedl, R. (1996).
Lef1 expression is activated by BMP-4 and regulates inductive tissue interactions
in tooth and hair development. Genes Dev. 10, 1382-1394.

Li, L., Cserjesi, P. and Olson, E. N. (1995). Dermo-1: a novel twist-related bHLH
protein expressed in the developing dermis. Dev. Biol. 172, 280-292.

Liu, H., Mohamed, O., Dufort, D. and Wallace, V. A. (2003). Characterization
of Wnt signaling components and activation of the Wnt canonical pathway in
the murine retina. Dev. Dyn. 227, 323-334.

McGowan, K. M. and Coulombe, P. A. (1998). Onset of keratin 17 expression
coincides with the definition of major epithelial lineages during skin
development. J. Cell Biol. 143, 469-486.

Millar, S. E. (2002). Molecular mechanisms regulating hair follicle development. J.
Invest. Dermatol. 118, 216-225.

Nguyen, M. T., Zhu, J., Nakamura, E., Bao, X. and Mackem, S. (2009).
Tamoxifen-dependent, inducible Hoxb6CreERT recombinase function in lateral
plate and limb mesoderm, CNS isthmic organizer, posterior trunk neural crest,
hindgut, and tailbud. Dev. Dyn. 238, 467-474.

Ohtola, J., Myers, J., Akhtar-Zaidi, B., Zuzindlak, D., Sandesara, P,, Yeh, K.,
Mackem, S. and Atit, R. (2008). beta-Catenin has sequential roles in the
survival and specification of ventral dermis. Development 135, 2321-2329.

Olivera-Martinez, 1., Theluy, J., Teillet, M. A. and Dhouailly, D. (2001). Dorsal
dermis development depends on a signal from the dorsal neural tube, which can
be substituted by Wnt-1. Mech. Dev. 100, 233-244.

Paus, R. and Cotsarelis, G. (1999). The biology of hair follicles. N. Engl. J. Med.
341, 491-497.



Dermal B-catenin activity for skin development

RESEARCH ARTICLE 1533

Paus, R., Muller-Rover, S., Van Der Veen, C., Maurer, M., Eichmuller, S., Ling,
G., Hofmann, U., Foitzik, K., Mecklenburg, L. and Handjiski, B. (1999). A
comprehensive guide for the recognition and classification of distinct stages of
hair follicle morphogenesis. J. Invest. Dermatol. 113, 523-532.

Reddy, S., Andl, T., Bagasra, A., Lu, M. M., Epstein, D. J., Morrisey, E. E. and
Millar, S. E. (2001). Characterization of Wnt gene expression in developing and
postnatal hair follicles and identification of Wnt5a as a target of Sonic hedgehog
in hair follicle morphogenesis. Mech. Dev. 107, 69-82.

Reynolds, A. J. and Jahoda, C. A. (1991). Inductive properties of hair follicle
cells. Ann. N. Y. Acad. Sci. 642, 226-242.

Rivera-Perez, J. A., Wakamiya, M. and Behringer, R. R. (1999). Goosecoid acts
cell autonomously in mesenchyme-derived tissues during craniofacial
development. Development 126, 3811-3821.

Rodriguez-Niedenfuhr, M., Prols, F. and Christ, B. (2003). Temporal and spatial
protease nexin 1 expression during chick development. Gene Expr. Patterns 3,
611-614.

Schmidt-Ullrich, R. and Paus, R. (2005). Molecular principles of hair follicle
induction and morphogenesis. BioEssays 27, 247-261.

Sengel, P. and Mauger, A. (1976). Peridermal cell patterning in the feather-
forming skin of the chick embryo. Dev. Biol. 51, 166-171.

Soriano, P. (1999). Generalized lacZ expression with the ROSA26 Cre reporter
strain. Nat. Genet. 21, 70-71.

St-Jacques, B., Dassule, H. R., Karavanova, I., Botchkarev, V. A, Li, J.,
Danielian, P. S., McMahon, J. A., Lewis, P. M., Paus, R. and McMahon, A. P.
(1998). Sonic hedgehog signaling is essential for hair development. Curr. Biol. 8,
1058-1068.

Tran, T. H., Jarrell, A., Zentner, G. E., Welsh, A., Brownell, I., Scacheri, P. C.
and Atit, R. (2010). Role of canonical Wnt signaling/ss-catenin via Dermo1 in
cranial dermal cell development. Development 137, 3973-3984.

van Amerongen, R. and Nusse, R. (2009). Towards an integrated view of Wnt
signaling in development. Development 136, 3205-3214.

Vidal, V. P, Chaboissier, M. C., Lutzkendorf, S., Cotsarelis, G., Mill, P., Hui, C.
C., Ortonne, N., Ortonne, J. P. and Schedl, A. (2005). Sox9 is essential for
outer root sheath differentiation and the formation of the hair stem cell
compartment. Curr. Biol. 15, 1340-1351.

Wagner, J., Schmidt, C., Nikowits, W., Jr and Christ, B. (2000).
Compartmentalization of the somite and myogenesis in chick embryos are
influenced by wnt expression. Dev. Biol. 228, 86-94.

Wang, X., Reid Sutton, V., Omar Peraza-Llanes, J., Yu, Z., Rosetta, R., Kou, Y.
C., Eble, T. N., Patel, A., Thaller, C., Fang, P. et al. (2007). Mutations in X-
linked PORCN, a putative regulator of Wnt signaling, cause focal dermal
hypoplasia. Nat. Genet. 39, 836-838.

Werner, S. and Smola, H. (2001). Paracrine regulation of keratinocyte
proliferation and differentiation. Trends Cell Biol. 11, 143-146.

Wilson, N., Hynd, P. I. and Powell, B. C. (1999). The role of BMP-2 and BMP-4 in
follicle initiation and the murine hair cycle. Exp. Dermatol. 8, 367-368.

Yoshida, T., Vivatbutsiri, P, Morriss-Kay, G., Saga, Y. and Iseki, S. (2008).
Cell lineage in mammalian craniofacial mesenchyme. Mech. Dev. 125, 797-
808.

Zhang, Y., Andl, T, Yang, S. H., Teta, M., Liu, F,, Seykora, J. T., Tobias, J. W.,
Piccolo, S., Schmidt-Ullrich, R., Nagy, A. et al. (2008). Activation of beta-
catenin signaling programs embryonic epidermis to hair follicle fate.
Development 135, 2161-2172.

Zhang, Y., Tomann, P, Andl, T.,, Gallant, N. M., Huelsken, J., Jerchow, B.,
Birchmeier, W., Paus, R., Piccolo, S., Mikkola, M. L. et al. (2009). Reciprocal
requirements for EDA/EDAR/NF-kappaB and Wnt/beta-catenin signaling
pathways in hair follicle induction. Dev. Cell 17, 49-61.



	SUMMARY
	KEY WORDS: Dermis, Mouse embryo, Fibroblasts, Hair follicle, Wnt, b-catenin
	INTRODUCTION
	MATERIALS AND METHODS
	Generation and genotyping of mouse lines
	Histology, in situ hybridization, immunohistochemistry and quantitative PCR
	Cell survival, proliferation, quantification and statistical analysis

	RESULTS
	Canonical Wnt signaling reporter is active in the dermis and
	Sustained b-catenin activity leads to an increase in dermal thickness
	Sustained b-catenin activity in the developing dermis leads to larger
	Sustained b-catenin activity in the dermis leads to enlarged placode
	Dermal Wnt/b-catenin activity after E12.5 regulates proliferation
	Dermal b-catenin activity is required for hair follicle initiation
	Epidermal Wnt ligands are required for canonical Wnt signaling activity

	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Table 1.
	Fig. 5.
	Fig. 6.
	DISCUSSION
	Fig. 7.
	Supplementary material
	References

