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Abstract

Hair follicles display periodic growth. Wnt signaling is a critical regulator for hair follicle
regeneration. Previously, we reported that Whnt5a inhibits the telogen-to-anagen transition of hair
follicles, but the mechanism by which this process occurs has not yet been reported. Here, we
determined the expression patterns of Wnt signaling pathway molecules by quantitative reverse
transcription polymerase chain reaction, western blot, and immunohistochemistry and found that
[B-catenin signaling was suppressed by Wnt5a. We then compared the phenotypes and expression
patterns following [-catenin knockdown and Wnt5a overexpression during hair follicle
regeneration induced by hair depilation and observed similar patterns. In addition, we performed
a rescue experiment in the JB6 cell line and found that the inhibitory effect of Wnt5a on cell
proliferation could be rescued by the addition of Wnt3a. Our data reveal that Wnt5a suppresses
the activation of B-catenin signaling during hair follicle regeneration.
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Introduction

Hair follicles are one of the accessory
mini-organs of the skin. Hair follicles begin to form
during embryonic development and finish
morphogenesis postnatally. Over the lifetime of an
individual, hair follicles undergo periodic growth [1].
The hair cycle consists of anagen, catagen and telogen
phases. Dysfunction of the hair cycle results in hair
follicle-associated diseases, including hair loss and
hirsutism [2]. Many signaling pathways are reported
to play roles in the regulation of the hair cycle,
including the fibroblast growth factor [3], bone
morphogenetic proteins [4], and Wnt (wingless-type
mouse mammary tumor virus integration site)
pathways [5].

Wnt proteins are a family of secreted proteins.
Humans and mice possess 19 types of Wnt proteins.
Wnt proteins mediate physiological effects via the
canonical Wnt signaling pathway or through
non-canonical Wnt signaling pathways. The canonical
Wnt signaling pathway is also termed the

Wnt/B-catenin signaling pathway because its
activation is usually accompanied by the translocation
of [-catenin from the plasma to the nucleus.
Non-canonical Wnt signaling pathways are grouped
into several categories for clarity and simplicity and
include the Wnt/planar cell polarity (PCP) signaling
pathway, the Wnt-cGMP/Ca?* signaling pathway,
and the Wnt-receptor tyrosine kinase-like orphan
receptor 2 signaling pathway [6]. Non-canonical Wnt
signaling pathways are diverse and, in many cases,
less well-characterized. The relationship between the
canonical Wnt signaling pathway and non-canonical
Wnt signaling pathways is not clearly defined.

Wnt signaling pathways play critical roles in
embryonic development, tumorigenesis, and stem cell
differentiation [7]. Hair follicle morphogenesis and
regeneration would be impacted severely if any of the
molecules in the canonical Wnt signaling chain were
blocked [8]. Some Wnt ligands have been reported to
regulate the hair cycle, including Wnt3a, Wnt7a, and
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Wnt7b [9, 10]. Previously, we reported that Wnt10b
promotes hair follicle growth via the canonical Wnt
signaling pathway [11] and that the overexpression of
Wnt10b induces hair follicle regeneration in vivo [12].
We also found that the overexpression of Wntba
suppresses the transition of hair follicles from telogen
to anagen [13]. However, the signaling pathway
through which Wntba signals in hair follicle
regeneration remains to be clarified. Here, we found
that overexpressed Wntba suppressed the expression
and translocation of P-catenin during hair follicle
regeneration and that the phenotype and expression
patterns were similar to those observed upon
knockdown of PB-catenin. Our data prove that Wntba
suppresses hair follicle regeneration by suppressing
the activation of the canonical Wnt signaling
pathway.

Materials and Methods

Animals

C57BL/6 mice were housed in the Laboratory
Animal Center of Third Military Medical University,
Chonggqing, China. All of the experimental protocols
were approved by the Research Committee of Third
Military Medical University. Female mice aged 7-8
weeks were used for experiments. Mice were kept in a
12-hour light/dark cycle and fed a normal diet.

Intradermal administration of adenoviruses

Adenoviruses, including AdWntSa (mouse
Wnt5a c¢DNA encoded in adenovirus vector),
AdSimBC (siRNA targeting [-catenin encoded in
adenovirus vector) and AdGFP (green fluorescence
protein encoded in adenovirus vector, used as
control), were gifts from Dr. Tong-Chuan He,
University of Chicago, USA. The adenoviruses were
propagated in HEK293 cells as previously described
[14]. The dorsal skin of mice was depilated, and 50 pl
of adenovirus vector (AdWntba or AdGFP) was
injected intradermally along the median dorsal line of
the skin. Dorsal skins were harvested for histological
analysis and immunostaining at the designated time
points after administration.

Immunohistochemical analysis

Immunohistochemical analysis was performed
on paraffin-embedded sections from dorsal skin.
Sections were incubated with primary antibodies:
rabbit anti-Wntba (1:100, Santa Cruz, USA), mouse
anti-p-catenin (1:100, Santa Cruz, USA), rabbit
anti-Dsh (1:100; Santa Cruz, USA), goat anti-Ki67
(1:100, Abcam, UK), goat anti-lefl (1:100, Santa Cruz,
USA), mouse anti-AE15 (1:4, provided by TT Sun,
New York University, USA). HRP-labeled secondary
antibodies (Zhongshan Goldenbridge, China) were

used. A DAB kit (Zhongshan Goldenbridge, China)
was used to detect the expression of antigens
according to the manufacturer’s protocol.

Quantitative real-time reverse transcription
polymerase chain reaction (QRT-PCR)

Skin tissue samples were collected from
C57BL/6 mice at 8 weeks (telogen), 7 days after hair
depilation at 8 weeks (middle anagen), or 7 days after
hair depilation and intradermal injection of AdWntba
at 8 weeks (prolonged telogen). Total RNA was
extracted, the cDNA was synthesized with ReverTra
Ace-a- kit (Toyobo, Japan), and qRT-PCR
amplification was performed using a SuperGreen
PCR kit II (CapitalBio, China) according to the
manufacturer's  protocol. Differences  between
measurements were evaluated using Student’s t-test.
For all statistical tests, a P-value of < 0.05 was defined
to be statistically significant.

Western blot analysis

Denatured protein extracted from skin tissue
samples was loaded on a 10% SDS-PAGE gel,
electrophoresed, and then transferred onto a PVDF
membrane. PVDF membranes were blocked with 5%
fat-free milk, and the membranes were then probed
with rabbit anti-Wnt5a (1:1,000; Abcam, USA), goat
anti-Frizzled (1:1,000, Santa Cruz, USA), rabbit
anti-DvI3  (1:1,000, Santa Cruz, USA), mouse
anti-p-catenin  (1:1,000; Santa Cruz, USA), goat
anti-Lefl (1:1,000, Santa Cruz, USA), and mouse
anti-GAPDH antibody (1:500, Zhongshan
Goldenbridge, China) at 4°C overnight. Blots were
then incubated with secondary antibody. Peroxidase
activity on the membrane was visualized on X-ray
film using the ECL western blotting detection system.

Cell culture and cell cycle analysis

JB6 cells were cultured in DMEM (Hyclone,
USA) containing 10% FBS (Gibco, USA). For cell cycle
analysis, JB6 cells were plated onto 6-well plate at a
confluence of 70% to 80%. After 6 hours, Wntba
protein (4 pg, R&D, USA), Wnt3a protein (1 pg, R&D,
USA) or control dissolvent was added to the culture
medium. Cells were harvested after 24 hours, and cell
cycles were analyzed under a fluorescence-activated
cell sorter according to standard protocols.

Methyl thiazolyl tetrazolium (MTT) assay

JB6 cells were plated onto 96-well plates. Six
hours later, Wnt5a protein (0.2 pg, R&D, USA), Wnt3a
protein (0.1 pg, R&D, USA) or control dissolvent were
added to the culture medium. Twenty-four hours
later, 20 pl of 5 mg/ml MTT was added to each well.
Four hours later, the culture medium was aspirated
out, 150 pl DMSO (Invitrogen, USA) was added, and
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the plates were shaken for 10 minutes. The absorbance
value was determined by an enzyme-linked
immunoassay at 490 nm. Significant differences were
evaluated using a t-test, and p< 0.05 was considered
statistically significant.

Results

Whnt5a suppresses the expression of 3-catenin

Three days after injection of adenovirus, Wntba
was expressed in both hair follicle cells and
interfollicular cells of AdWntba-injected skin (Fig. 1b),
whereas no Wntba expression was observed in
AdGFP-injected skin (Fig. 1a). In addition, AdWnt5a
was used to treat JB6 cells in vitro. Thirty-six hours
after treatment, Wnt5a was expressed in the skin
samples of the AdWntba-treated group, whereas
Wntba was not expressed in the samples from the
AdGFP-treated group (Fig. 1c).

To determine the mechanism by which Wnt5a
suppresses hair follicle regeneration, the expression of
a number of key molecules in the Wnt signaling
pathway was analyzed by qRT-PCR and western blot.
Compared with middle anagen skin, the gene
expression levels of Rhoa, Ror2, and Frizzled2 in
prolonged telogen skin were lower. However,
compared with normal telogen skin, the gene
expressions of Rho2 and Frizzled2 in prolonged
telogen skin were higher (Fig. 2a-2c). Compared with
middle anagen skin, the protein expression of Wntba
was increased, whereas the protein expression of
[-catenin and Lefl was decreased (Fig. 2d).

Next, the expression patterns of p-catenin,
Frizzled and Ki67 were determined by

C AdWnt5a AdGFP

GAPDH

immunohistochemistry in hair-depilated dorsal skin
of C57 mice. Seven days after AdWntba injected into
the skin, the expression of p-catenin in hair follicles
was not detectable, whereas the expression of
[-catenin was observed in the control group (Fig. 3a,
3d). In hair follicles, the expression of Frizzled, a Wnt
receptor, was observed in both the AdWnt5a and
AdGFP groups (Fig. 3b, 3e). The expression of the
proliferation marker Ki67 was also observed in both
the AdWnt5a and AdGFP groups (Fig. 3c, 3f). The
number of Ki67 positive cells in the AdWnt5a group
was significantly lower than in the AdGFP group.
These data indicate that Wnt5a may suppress the
activation of the Wnt/ p-catenin pathway.

Knockdown of B-catenin produces a similar
phenotype and gene expression pattern as
overexpression of Wnt5a

When AdSimBC was injected intradermally into
the hair-depilation induced skin, hair follicle
regeneration was prolonged by approximately 40
days (Fig. 4a). At 7 days after AdSimBC injection, HE
staining demonstrated that the entire injected area
remained in telogen, whereas the adjacent area had
already entered anagen (Fig. 4b). At 50 days after
AdSimBC injection, the hair follicles in the injected
area were normal in morphology (Fig. 4a), and all four
hair types were found among the regenerated hairs
(Fig. 4c-4e). These data demonstrate that the effect
durations of AdSimBC can last for about 40 days and
confirm that canonical Wnt signaling is an activator of
hair follicle regeneration.

Figure 1. Expression of Whnt5a after injection of AdWnt5a. (a-b) The dorsal skin of C57 mice at postnatal day 56 was depilated, and AdGFP or AdWnt5a were
injected into the depilated skin. Expression of Wnt5a was determined by immunohistochemistry 3 days after injection. (a) AdGFP-treated group. (b)
AdWnt5a-treated group. (c) Cultured JB6 cells were treated with AdWnt5a or AdGFP. The expression of Wnt5a was determined by RT-PCR 36 hours after

treatment. Scale bar= 25 pm.
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Figure 2. Analysis of expressions of Whnt signaling pathway molecules in skin tissue after Wnt5a overexpression. a-c Gene expressions of Rhoa (a), Ror2 (b) and
Whtb5a (c) were determined by qRT-PCR. (d) Protein expressions of Whnt signaling pathway molecules were analyzed by western blot. Sample 1: telogen. Sample 2:
middle anagen. Sample 3: prolonged telogen. Values are expressed as the means + SD (n = 3). *P<0.05.

Figure 3. Protein expressions of B-catenin, Frizzled and Ki67 in hair follicles
after Wnt5a overexpression. C57 mice in telogen phase were depilated and
injected with AdGFP (a-c) or AdWnt5a (d-f). Seven days after injection, the
expressions of B-catenin (a, d), Frizzled (b, e) and Kié7 (c, f) were determined
by immunohistochemistry. Arrowheads show the areas staining positive for
expression of the indicated proteins. Scale bar= 10 ym.

Because the suppression of hair follicle
regeneration by AdSImBC in depilated skin is similar
to that observed upon AdWntba injection, we
determined the expression patterns of Wnt/[-catenin
signaling molecules (P-catenin, Dsh, Lefl), a
proliferation marker (Ki67) and a hair follicle
structure marker (AE15). No expression of
Wnt/-catenin signaling molecules or proliferation
marker was observed in either AdSimBC- or
AdWntba-injected skin (Fig. 5). Neither AdSimBC-
nor AdWntba-injected skin had detectable AE15
expression (Fig. 5), which demonstrated that no new
hair follicles were formed in these two groups.

Whnt3a can rescue the suppression of cell
proliferation by Wnt5a

The JB6 cell line was used to perform the rescue
experiment on the inhibition of hair follicle
regeneration by Wnt5a. Because the adenovirus
vector itself could impact the growth of JB6 cells, we
utilized the Wntba protein and the available canonical
Wnt ligand Wnt3a to perform the experiments. FACS
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analysis revealed that JB6 cell proliferation was  JB6 cell proliferation (Figs 6a-6e). An MTT assay
inhibited when Wnt5a protein was added into the  obtained the same result. These data suggest that
culture media. When Wnt3a was added together with  Wnt3a, which is a canonical Wnt signaling ligand, can
Wntba, the inhibition of cell proliferation by Wnt5a  rescue the suppression of cell proliferation by Wnt5a.

was abrogated, whereas
Wnt3a added alone at the
same dose had no effect on

Figure 4. The effects of SimBC on
depilation-induced hair follicle
regeneration. Telogen C57 mice were
depilated and intradermally injected with
AdSimBC. (a) Gross observation after
AdSimBC injection. Asterisks denote the
injection area. (b) HE staining of the
injection area. (c) Hair type
categorization of the hairs grown from
the injection area. (d) Hair shafts were
examined by light microscopy. (e) Hair
shafts were examined by SEM. Scale
bar=50 pm. dP, days after AdSimBC
injection.
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Figure 5. Comparison of the expression patterns of
select markers between AdSimBC-injected skin and
AdWhnt5a-injected skin. Telogen C57 mice were depilated
and injected intradermally with AdGFP (control),
AdSimBC or AdWnt5a. Ten days later, the expressions of
Dsh (a), B-catenin (b), Lefl (c), AE15 (d), and Ki67 (e)
were determined by immunohistochemistry. Brown color
shows the areas staining positive for expression of the
indicated protein. Scale bar=100 pm.
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Figure 6. Effects of Wnt5a and Wnt3a on the cell proliferation of |B6é cells. Cultured JB6 cells were treated with the indicated Wnt proteins, and the proliferation
statuses were determined by FACS (a-e) and MTT (f) assays. (a) Control group. (b) Wnt5a group. (c) Wnt5a+Wnt3a group. (d) Wnt3a group. (e) Quantification
of percentage of S phase cells in (a) to (d). (f) Quantification of MTT results. Values are expressed as the means + SD (n=3). *P<0.05.

Discussion

Hair follicles undergo periodic regeneration,
which provides a tractable model for regenerative
medicine research [15]. Previous research determined
that Wnt10b, Wnt7a, and Wnt7b are activators of hair
follicle regeneration [9, 10], whereas Wntba is an
inhibitor of hair follicle regeneration [13]. Our
previously published data and data in this study
support the model that the canonical Wnt signaling
pathway and the non-canonical Wnt signaling
pathways play different and even opposing roles in
hair follicle regeneration. To further support this
model, other Wnt ligands should be tested for their
effects on hair follicle regeneration in future.
Although we previously reported that the knockdown
of B-catenin abrogated hair follicle regeneration, we

did not determine the mechanism by which this
occurred or directly compare the effects of [-catenin
knockdown with the effects of overexpression of
Wntba. In this report, by systematically comparing
B-catenin knockdown to Wnt5a overexpression, we
found that the overexpression of Wntba in skin
produced a similar phenotype and gene expression
patterns as did the knockdown of P-catenin in skin.
Therefore, we conclude that Wnt proteins could play
opposing roles in regulating hair follicle regeneration.

Wntba may signal through a non-canonical Wnt
signaling pathway, possibly through Wnt/PCP
signaling or Wnt-cGMP/Ca?" signaling [6]. It is
reported that Wntba regulates proliferation and
apoptosis of some cells, including keratinocytes,
dental follicle cells [16, 17]. Wnt5a could
down-regulate B-catenin and Snail in human retinal
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pigment epithelial cells [18]. To reveal the mechanism
by which Wnt5a suppresses hair follicle regeneration,
we determined the expression patterns of several Wnt
signaling related molecules. Rhoa is a small GTPase
protein of the Rho family that is primarily associated
with  cytoskeleton regulation. Ror2 is a
tyrosine-protein kinase transmembrane receptor.
Frizzled2 is a Wnt protein receptor. All of these
proteins have been reported to be involved with
non-canonical Wnt signaling pathways. Our
expression data imply that Wnt5a may suppress the
expression of these molecules. Moreover, our
published data [13] showed that the expression level
of Rac2 increased markedly after Wnt5a treatment.
Rac, a member of the small GTPase superfamily, is
involved in the PCP signaling pathway that is
activated by Wntba. Knockout of f-catenin or Lefl has
been reported to suppress hair follicle regeneration
[19, 20]. If Wnt5a does suppress the activation of the
Wnt/p-catenin pathway, overexpression of Wntba
should have the same or similar phenotype and
expression pattern as knockdown of p-catenin. Our
data prove that this is the case in hair follicle
regeneration.

During morphogenesis, hair follicles originate
from the basal plate, which also generates the
epidermis of the skin. The JB6 cell line was derived
from primary cultures of neonatal BALB/c epidermal
cells. Due to the lack of a hair follicle cell line, we
performed the rescue experiment in the JB6 cell line.
Both FACS and MTT assays revealed that Wnt3a
could rescue the suppressive effect of Wntba on cell
proliferation. However, the same dose of Wnt3a when
administered alone did not promote the proliferation
of JB6 cells. Thus, the canonical Wnt signaling
pathway may have other effects on JB6 cells. A recent
study reported that the prolonged overexpression of
Wntl0b, another canonical Wnt ligand, induced the
transformation of JB6 cells [21]. Wnt3a has also been
reported to inhibit the proliferation of melanocyte
cells [22]; thus, Wnt3a may also induce the
transformation of JB6 cells. This possibility should be
tested in future studies.

In summary, we found that Wnt5a suppressed
the expression of key canonical Wnt signaling
molecules and that the overexpression of Wntba
produced a similar phenotype and expression
patterns as knockdown of -catenin. We also found
that the suppressive effect of Wnt5a on cell
proliferation could be rescued by Wnt3a. We conclude
that Wntb5a suppresses the activation of canonical
[B-catenin signaling during hair follicle regeneration.
Our results provide new clues not only for the
research of hair follicle regeneration but also for the
research of the relationship between the canonical

Wnt signaling pathway and non-canonical Wnt
signaling pathways.
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