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The formation of the hair follicle and its cyclical growth,
quiescence, and regeneration depend on reciprocal sig-
naling between its epidermal and dermal components.
The dermal organizing center, the dermal papilla (DP),
regulates development of the epidermal follicle and is
dependent on signals from the epidermis for its develop-
ment and maintenance. GFP specifically expressed in DP
cells of a transgenic mouse was used to purify this popu-
lation and study the signals required to maintain it. We
demonstrate that specific Wnts, but not Sonic hedgehog
(Shh), maintain anagen-phase gene expression in vitro
and hair inductive activity in a skin reconstitution assay.
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Coordinated development of epithelium and mesen-
chyme during morphogenesis is often achieved by recip-
rocal signaling between mutually dependent organizing
centers in each layer. Although feedback between these
organizing centers helps maintain coordinated morpho-
genesis, it also complicates the experimental analysis of
inductive interactions. The ability to purify the cellular
constituents of these signaling centers and maintain
their activity in isolation can greatly simplify the analy-
sis of discrete signaling events in a complex feedback
loop.

The hair follicle presents an attractive experimental
system to study epithelial-mesenchymal interactions.
The initial formation of the follicle during embryogen-
esis relies on many of the intercellular signaling mol-
ecules that mediate epithelial-mesenchymal interac-
tions elsewhere in the embryo. Moreover, these same
signaling molecules are expressed in the adult follicle
and could mediate similar inductive interactions during
the hair cycle. The adult hair follicle undergoes a cycle of
hair growth (anagen) followed by a regression phase
(catagen), a quiescent phase (telogen), and re-entry into
anagen to generate a new hair shaft in the existing fol-
licle (Hardy 1992). The hair shaft is derived from the
epithelial matrix cells at the base of the follicle. How-
ever, a cluster of dermal cells ensheathed by the matrix
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cells, known as the dermal papilla (DP), is thought to
supply inductive signals required for hair outgrowth (Fig.
1A). Reciprocal signaling from the epidermis is required
for the formation of the DP fo (for review, see Sengel
1976) and may also explain the coordinated morphologi-
cal changes in epithelial and dermal components of the
follicle observed during the hair cycle. Consistent with
this hypothesis, DP cells lose specific gene expression
and hair inductive activity when isolated from the fol-
licular epithelium (Kishimoto et al. 1999).

It is difficult to demonstrate the inductive activity of
the DP in the mature hair follicle directly. As shown in
Figure 1, the DP is embedded in the ensheathing epider-
mal components of the follicle and is not amenable to
physical manipulation. However, the inductive activity
of DP cells can be revealed in a skin reconstitution assay
(Kamimura et al. 1997). When keratinocytes and dermal
cells are mixed and grafted to a nude mouse host, hair
follicles are formed in the reconstituted skin if active DP
cells are included in the mixture. In their absence,
smooth, hairless skin is formed by the graft.

As a first step toward analysis of signaling to the DP,
we have generated a transgenic mouse line that ex-
presses green fluorescent protein (GFP) in these cells
(Fig. 1B) (Kishimoto et al. 1999). The transgene is active
during anagen but is shut off during catagen and telogen.
Thus, its expression correlates with the presumed profile
of inductive activity in the DP. Anagen DP cells from the
skin of this mouse were purified to homogeneity using a
fluorescence activated cell sorter and shown to retain
hair inductive activity in the skin reconstitution assay.
However, this inductive activity and GFP expression
were rapidly lost in culture (Fig. 1C) (Kishimoto et al.
1999), suggesting that a factor normally supplied by epi-
dermal cells is required to maintain DP cells in the ana-
gen state. In the work reported here, we examine the
ability of signaling molecules that are expressed in fol-
licular epithelium to maintain isolated DP cells in an
active, anagen state.

Results and Discussion

One likely candidate for the signal that maintains DP
cells was Sonic hedgehog (Shh). It is expressed in the
epidermal component of the hair follicle and is required
for the maturation of the DP during embryonic develop-
ment (St.-Jacques et al. 1998; Chiang et al. 1999). Exog-
enous Shh can also accelerate the transition from telogen
to anagen during the hair cycle, although it has not been
determined whether this reflects a direct action on DP
cells (Sato et al. 1999). To further evaluate Shh signaling
during the hair cycle, gene expression was examined in
newborn mice where hair follicles are synchronized in
anagen. In dissociated skin from newborn GFP trans-
genic mice, Shh mRNA is detected in the GFP negative
population of sorted cells, which includes follicular epi-
dermis (HF; Fig. 2A). Anagen DP cells do not express Shh
(DP; Fig. 2A) but appear to respond to it based on the
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Figure 1. DP cells lose anagen-specific gene expression in cul-
ture. (A) Structure of the hair follicle. The dermal papilla (DP,
green) is located at the bottom of the follicle, surrounded by
undifferentiated epidermal matrix cells (MC, blue) that give rise
to precursor cells (PC, red) and, ultimately, the differentiated
hair shaft (HS, brown) and cuticle (CU, yellow). The hair shaft
and DP are also surrounded by root sheath cells (RSC, orange)
and the connective tissue sheath (CTS, black). (B) Isolated trans-
genic anagen hair follicles show GFP fluorescence in the DP. (C)
Flow cytometric analysis of GFP expression in DP cells imme-
diately after isolation or after 90 hr in culture. The horizontal
line demarcates the gate defining GFP positive and negative
subpopulations of DP cells.

levels of patched (ptc) and GIil1 found in freshly isolated
DP cells. As a result of transcriptional feedback in the
Shh signal transduction cascade, increased accumulation
of mRNAs encoding ptc and GIlil are observed in cells
responding to Shh. This induction serves as an indica-
tion of response to the Shh signal (Goodrich et al. 1996;
Marigo et al. 1996), and mRNAs from both genes are
readily detected in freshly sorted DP cells (Fig. 2B). How-
ever, the abundance of both messages decreases to unde-
tectable levels when isolated DP cells are cultured in the
absence of follicular epithelium (P3; Fig. 2B). These find-
ings suggest Shh signaling from follicular epithelium to
the DP occurs in the anagen hair follicle and could cause
DP activation in anagen.

We therefore evaluated whether Shh signaling was suf-
ficient to rescue either GFP gene expression or hair in-
ductive activity in DP cells maintained in culture.
Freshly isolated DP cells were cocultured with either
chick embryo fibroblasts (CEFs) that had been infected
with a virus directing Shh expression or CEFs infected
with a control vector. The use of heterospecific feeder
cells allowed us to analyze gene expression in the DP
cells by PCR with species-specific primers and to con-
firm that the DP cells received the Shh signal, as dem-
onstrated by induction of both ptc and GIi1 (Fig. 3C).
However, flow cytometric analysis revealed that GFP ex-
pression declined at identical rates in Shh-treated and
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Figure 2. DP cells respond to Shh. (A) After dissociation of
newborn skin, RT-PCR revealed Shh mRNA in the GFP-nega-
tive population (HF) that includes the follicular epithelium. Shh
mRNA was not detected in the GFP-positive population (DP).
B-actin (B-act) serves to compare input RNA levels in this and
subsequent panels. (B) ptc and Glil are expressed in freshly
isolated DP cells, but transcript levels decrease upon passage in
culture (P3), as do those from the GFP transgene.

Shh

control populations (Fig. 3A,B; data not shown). To con-
firm the correlation between GFP expression and main-
tenance of the anagen state, these cells were mixed with
keratinocytes and grafted to nude mouse hosts. In this
assay, the hairless skin that forms in the absence of ac-
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Figure 3. Wnt signaling to DP cells maintains hair inductive
activity. (A) Flow cytometric analysis of DP cells cocultured
with feeder cells producing Wnt3a or Shh, or infected with a
control vector. The horizontal line demarcates the division be-
tween GFP-positive (green) and -negative (red) DP cells. The
feeder cells found below the lower gate were excluded from this
analysis. (B) The ratio of GFP-positive to GFP-negative cells is
shown for each treatment. (C) RT-PCR analysis of cocultured
DP cells. GFP mRNA levels were maintained by exposure to
Wnt3a but not Shh or control feeder layers. ptc and GIil expres-
sion was induced in DP cells cocultured with Shh-expressing
feeder cells. DP cells cultured with control feeders that do not
express Shh or feeders expressing Wnt3a express low levels of
ptc and undetectable levels of GIlil. (D) Wnt3a-treated cells
maintain hair inductive activity. Three weeks after grafting to
nude mouse hosts, only occasional hairs were observed in grafts
of control or Shh-treated DP cells. DP cells exposed to Wnt3a
directed formation of a dense patch of hair in the graft.
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Table 1. Hair-forming potency of Shh- or Wnt-stimulated
DP cells

Feeder cell Hair induction?®

Control 1/13 (0/5) 8%
Shh 2/10 (1/4) 20%
Wnt3a 13/13 (4/4] 100%

“Number of grafts that grew hair/total number of grafts per-
formed.

Numbers in parentheses indicate grafts performed with DP cells
that were reisolated from the feeder populations by FACS prior
to grafting. Additional grafts were performed with the same
number (2 x 10°) of DP cells and accompanying feeder popula-
tion. Results were indistinguishable from those with repurified
DP populations, and feeder cells had no hair inductive activity
when grafted without DP cells.

tive DP cells was observed whether or not the DP cells
had been cultured in the presence of Shh (Fig. 3D; Ta-
ble 1).

As in vivo experiments have suggested that Shh stimu-
lates the transition from telogen to anagen, we also as-
sessed whether Shh signaling was sufficient to activate
isolated DP cells that had been maintained in culture
until both GFP expression and hair inductive activity
were lost. By these criteria, these cells are formally
analogous to telogen DP cells. No increase in either GFP
expression or hair inductivity was observed (data not
shown). Thus, although Shh may initiate anagen in vivo,
it is likely that it either requires a cooperating signal
from the epidermis to induce the anagen state in DP cells
or acts on the DP in part indirectly, possibly by induc-
tion of a secondary signal in the epidermis.

An alternative candidate to mediate signaling to the
DP was suggested by a search of the sequence in the
versican enhancer used to drive GFP expression in this
transgenic line that revealed a Lef/ TCF binding motif.
This suggested that a Wnt might serve as the signal from
the epidermis to activate gene expression in the DP, be-
cause the Lef/TCF family of DNA-binding proteins me-
diate the transcriptional effects of Wnt signaling through
the B-Catenin pathway (for review, see Arias et al. 1999).
Wnts are secreted glycoproteins that bind to Frizzled re-
ceptors. In a process dependent on Disheveled proteins,
Frizzled receptor engagement inhibits the phosphoryla-
tion of B-Catenin by a complex including GSK3. This
results in accumulation of B-Catenin protein and its
translocation to the nucleus, where it can bind TCF and
stimulate transcription from associated genes. The TCF
binding site in the versican promoter appears to be re-
quired for GFP expression because no transgene expres-
sion was observed in 10 independent transgenic lines
when this region was deleted from the expression con-
struct (data not shown). Because deletions elsewhere in
the construct had no effect on GFP expression in trans-
genic mice (data not shown), a Wnt is a strong candidate
to mediate transgene induction during anagen.

Several Wnts are expressed in the hair follicle and
could serve this function. Wnt3a and Wnt10b are ex-
pressed in the follicular matrix cells (St.-Jacques et al.

Wnt signaling in the hair follicle

1998; Millar et al. 1999), and Wnt3a, Wntd, Wntba, and
Wnt7a transcripts were detected in the GFP negative
population from dissociated skin that includes the
follicular epithelia (Fig. 4A). Furthermore, anagen DP
cells are likely to be capable of responding to Wnts,
because they express components of the Wnt signal
transduction cascade including frizzled7, disheveled?,
GSK3B, B-catenin, and Lef1 (Fig. 4B).

Feeder cells expressing Wnts 3a, 4, 5a, or 7a were used
to test the effects of Wnt signaling on freshly isolated DP
cells. Although several other Wnts are also expressed in
the hair follicle, these were chosen because expression
vectors with proven biological activity were available
(Riddle et al. 1995; Kengaku et al. 1998; B.A. Morgan,
unpubl.). Coculture with Wnts 3a or 7a resulted in main-
tenance of GFP fluorescence in the majority of the DP
cells as demonstrated by FACS analysis and also in-
creased the level of expression per cell (Fig. 3A,B). RT-
PCR confirmed that this reflects increased levels of GFP
RNA rather than stabilization of the encoded protein
(Fig. 3C). Wnt4-expressing cells also showed some ability
to maintain GFP expression in cocultured DP cells but
were less potent than cells expressing either Wnt3a or
Wnt7a, whereas Wnt5a had no effect on DP GFP expres-
sion (data not shown).

It is possible that the observed effects on DP gene ex-
pression are caused by a secondary signal generated in
the feeder cells in response to the Wnts they produce.
However, direct activation of the B-Catenin signaling
pathway in the feeder cells by infection with a virus
encoding a truncated form of B-Catenin (Capdevila et al.
1998; Noramly et al. 1999) did not result in the produc-

Figure 4. Expression of Wnts and their signal transduction cas-
cade in the hair follicle. (A) Wnts 3a, 4, 5a, and 7a were ex-
pressed in the GFP-negative population from the initial sort that
includes follicular epithelial cells from anagen hair follicles
(HF). Note that the Wnt4 reaction was extended an additional
six cycles to detect lower transcript levels. Of the Wnts ana-
lyzed, only Wnt5a was detected in the GFP positive population
(DP). (B) Expression of genes encoding the Wnt signal transduc-
tion cascade was analyzed in DP cells immediately after isola-
tion (DP) or after three passages in the absence of other cell
types or exogenous factors (P3). frizzled7 (fz7), disheveled?2
(dsv2), GSK3, B-catenin (B-cat), and Lef1 were all expressed in
freshly isolated DP cells. After three passages, expression of
frizzled7, disheveled?, and Lef1 was reduced.
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tion of a signal that could maintain GFP expression in
the DP cells (data not shown). This observation and the
apparent requirement for a TCF binding site in the trans-
gene enhancer suggest that Wnts act directly on the DP
cells to maintain gene expression.

As suggested by GFP expression, the hair inductive
activity of DP cells was also maintained in culture by
Wnt signaling. When the murine DP cells were resorted,
combined with keratinocytes, and used to reconstitute
skin on a nude mouse host, Wnt3a- or Wnt7a-treated
cells showed a dramatic increase in hair growth com-
pared with cells cocultured with control feeders or Shh-
expressing cells (Fig. 3D; Table 1; data not shown).

Although Wnt3a is sufficient to maintain DP cells in
the anagen state, it cannot reactivate GFP expression or
hair inductive activity in cells that have lost these prop-
erties in culture (data not shown). Analysis of transcripts
encoding components of the Wnt signal transduction
cascade reveals that Lef1, disheveled?, and frizzled7 are
all down-regulated after maintenance in culture in the
absence of Wnts (Fig. 4B). This could explain the failure
of exogenous Wnt to reactivate GFP expression in these
cells. Maintenance of the expression of proteins required
for Wnt signal transduction by other factors expressed
locally in the epidermis could contribute to the coordi-
nation of morphogenesis in the follicle.

The work reported here might predict that exogenous
Wnt would extend the hair cycle and promote hair
growth. However, previous experiments that forced the
expression of Wnt3a or Disheveled2 in murine skin re-
sulted in reduced hair growth (Millar et al. 1999). In
those experiments, the transgenes were driven by the
keratin 14 promoter/enhancer that drives expression in
the distal outer root sheath (see Fig. 1A). It is thus un-
likely that the DP cells were exposed to the exogenous
Wnt. The fact that the cell autonomous activity of ex-
ogenous disheveled in the outer root sheath resulted in a
similar phenotype suggests that the phenotypes caused
by exogenous Wnt3a also resulted from autocrine Wnt
signaling in this layer. That work, experiments manipu-
lating B-Catenin levels in the epidermis of mice and
chicks, and analysis of a reporter transgene driven by
TCF binding sites have all have suggested a role for Wnt
signaling in the epidermal component of the follicle (Gat
et al. 1998; DasGupta and Fuchs 1999; Noramly et al.
1999). The findings reported here demonstrate a role for
Wnts in signaling to the DP and suggest the possibility
that a single Wnt expressed in the epidermis could coor-
dinate development in both the dermis and epidermis.

Our results demonstrate that Wnt3a and Wnt7a can
act as inductive signals to maintain the DP in an anagen
state. Although these Wnts are expressed in the epider-
mal component of the hair follicle and are candidates to
mediate this activity in vivo, it is possible that another
Wnt acting through the same signal transduction path-
ways may normally serve this function during the hair
cycle. These results also suggest that Shh signaling is not
sufficient to initiate or maintain the anagen state of DP
cells and may therefore act at least in part indirectly to
promote the transition to anagen in vivo. Finally, these
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results extend the correlation in these transgenic DP
cells between GFP expression and the ability to induce
hair growth. This approach will continue to prove a pow-
erful tool to dissect signaling between epithelia and mes-
enchyme to coordinate morphogenesis.

Materials and methods

RT-PCR analysis

Total RNA was isolated, and RT-PCR was performed as described using
an annealing temperature of 58°C (Kishimoto et al. 1999). The primers
used are listed below. With the exception of Wnts 4, 5, and 7, primers
were designed to distinguish between mouse and chicken orthologs, and
the lack of cross reaction to chick sequences was confirmed on cDNA
from feeder cells alone. Parentheses indicate the number of cycles used
for each reaction to achieve semiquantitative amplification. Wnt3a, GC-
GCCCTGGCTCACTAC and ATGCTGCTGCTG CTGGCC (30); Wnt4,
TGATCCAGAGGCAGGTGCAG and CTTCTCCAGTTCTCCACTGC
(36), Wnt5a, CTGTTGACCTGCACCAGCTT and TCAAGGAATGC-
CAGTACCAGTACCAG (30); Wnt7a, GCGAGCATCATCTGTAACA-
AG and AGCCACAGTCGCTCAGGTTG (30); frizzled7, CTGCTAGA-
GGACCGTGCC and AGGTGCGTTCCCAGTGCT (36); disheveled?2,
CATCCTTCAGCAGTGTCA and CGTCATTGTCATTCAGAG (36);
GSK3B, CAGGGCACCAGAGTTGAT and GCAGAAGCGGCGTTAT-
TG (30); B-catenin; CCACCAGCTAGGCGCACT and GGGCTCAGA-
GGGTCCGAG (30); LEF1, ACTGTCAGGCGACACTTCC and TGCA-
CGTTGGGAAGGAGC (36); Shh (30); Ptc, AGCCTCACAGTAACAC-
CC and TGTTCTCCTCCAGCATGA (36); Glil, TTGGGGATGCTGG-
ATGGG and CGGTCACTGGCATTGCTA (36); B-actin 5'-CCACAC-
CCGCCACCAGTTC-3" and 5-GAGGAAGAGGATGCGGCA-3'(26);
GFP as described (Kishimoto et al. 1999) (26).

Cell culture

Fresh mouse pelage DP cells were obtained from versican GFP transgenic
newborn skin by high-speed cell sorting (MoFLO) as described previously
(Kishimoto et al. 1999). CEFs were infected with RCASBP(A) retroviral
vectors encoding chick Shh (Riddle et al. 1993), Wnt3a (Kengaku et al.
1998), Wnt4, Wnt5a (S. Noramly and B. Morgan, in prep.), or Wnt7a
(Riddle et al. 1995), or vector alone as described (Morgan and Fekete
1996). GFP-positive mouse DP cells were added onto 30%-50% conflu-
ent feeder cells to achieve a ratio of 1:3 (mouse/chick). For the flow
cytometric analysis, cells were cocultured in 24-well dishes for 48-96 hr.
For the grafting experiment, cocultured cells were passaged two to three
times in 10-cm dishes to generate the 2 x 10° cells required for each graft.

Flow cytometry

Cells were trypsinized and resuspended in 0.5 ml of PBS with 1% BSA.
Flow cytometric analysis was performed by FACScan (Beckton-Dickin-
son). DP cells were labeled with mouse MHC class II monoclonal anti-
body and incubated with secondary IgG conjugated to PE. The PE-nega-
tive avian cells fell below the lower gate in Figure 3 and were excluded
from the analysis of GFP expression.

Reconstitution assay

The reconstitution assay was performed as described (Kishimoto et al.
1999). Primary keratinocytes were prepared from two newborn pups per
graft and combined with 2 x 10° DP cells in the graft chamber. Hair
growth was monitored 2 weeks after grafting and weekly thereafter.
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