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ABSTRACT

finger protein 5

Wnt/B-catenin signaling pathway plays central roles in regulating homeostasis and regeneration in the hair follicular
stem cell niche. Thus, this pathway should be used as a therapeutic target for alopecia, but there are still limitations.
Valproic Acid (VPA), an activator of canonical Wnt signaling, induced hair re-growth and regeneration in mice, but
had limited clinical efficacy. This might be due to the induction of CXXC-type zinc finger protein 5 (CXXC5), a
negative regulatory factor of this regenerative pathway and hair follicle regeneration, by VPA. To overcome the
limitations caused by this negative regulatory factor, a competing peptide and small molecular compounds that
inhibit CXXC5 function were developed, and they were found to restore the canonical Wnt pathway and hair follicle
regeneration suppressed by CXXC5 in bald scalps. Collectively, the development of agents that inhibit CXXC5
function might provide an efficient and safe way to treat alopecia.
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DESCRIPTION

Wnt/B-catenin signaling pathway is requisite for the self-renewal,
differentiation of hair follicular stem cells and plays pivotal roles
in regulating homeostasis and regeneration in the hair follicular
stem cell niche [1-3]. Therefore, this pathway could be exploited
as a therapeutic target for alopecia, but it is still limited. Based on
the significance of this regenerative pathway in hair follicle
regeneration, there has been a longstanding effort to develop
hair growth-promoting agents targeting this pathway.

Efficacy and limitation of VPA in hair follicle
regeneration

Valproic acid (VPA), which activates the canonical Wnt signaling
by functioning glycogen synthase kinase 3B (GSK3p), has been
widely used for the treatment of psychiatric disorders over the
past decades and has proven to be safe [4]. Given the close
association between the canonical Wnt pathway and hair
follicle regeneration, VPA was tested in mice and found to
induce hair regrowth and regeneration in mouse skins [3].
Especially, VPA increased the expression of hair induction markers

and hair follicular stem cell markers with the activation of this
regenerative pathway [3]. However, VPA has shown limited
clinical efficacy, such as a minor effect on hair diameter, which
can be considered as a measure of hair follicle regeneration [5],
and this might be attributed to negative regulators of the Wnt/p-
catenin signaling.

CXXC5: A Negative Regulator of Wnt/-Catenin
Pathway and Hair Follicle Regeneration

CXXC-type zinc finger protein 5 (CXXC5) was first characterized
as a negative regulatory factor of the Wnt signaling and bone
function through interaction with Dishevelled (Dvl) [6].
Consistently, we found the role of this protein as a negative
feedback regulator of the canonical Wnt pathway in unwounded
and wounded skins [7-9]. Specifically, the expression of CXXC5
was triggered in human dermal papilla or mouse skins by Wnt3a
or VPA as a negative feedback mechanism [9]. Subsequently, this
inhibitory protein was found to significantly suppress the
canonical ~ Wnt/P-catenin  pathway  activation, alkaline
phosphatase (ALP) activity, and hair follicle regeneration by
binding to Dvl both inwitro and inwivo [9]. The inhibitory role of
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his protein in hair follicle regeneration was further addressed by
studies using Cxxc5~~ mice, which displayed promotion of both
hair re-growth and wound-induced hair follicle regeneration [9].
Moreover, analysis using human alopecia patient samples revealed
that CXXC5 was overexpressed in the miniaturized follicles and
arrector pili muscles of alopecia patients, which are known to be
the structures prominently observed in alopecia [9]. Taken
together, there is a need to use agents inhibiting CXXC5 function
in combination with Wnt signaling activators to improve clinical
outcomes in the treatment of alopecia.

A competitor peptide, the protein transduction domain fusion
Dvl binding motif (PTD-DBM), was designed to inhibit the
interaction of CXXC5 with Dvl in various damaged tissues of the
patients where CXXCS5 is overexpressed. This peptide consists of a
PTD for efficient delivery and a DBM to specifically compete
for binding of CXXC5 to Dvl [69]. PTD-DBM induced the
canonical Wnt signaling activation and ALP activity by
disrupting the binding of CXXC5 to Dvl in human dermal
papilla cells. The promoting effect of this peptide on hair
regeneration was further validated by using the mouse wound-
induced hair follicle regeneration model [9]. Importantly, co-
treatment with PTD-DBM and VPA synergistically induced this
regenerative pathway and ALP activity both inwitro and inwivo [9].
In addition, our recent study also demonstrated that PTD-DBM
restored  the Wnt pathway and hair follicle
regeneration which were suppressed by prostaglandin D2
(PGD2), a major factor causing alopecia [10]. Considering that
PGD2 exacerbates symptoms such as sebaceous hyperplasia in
alopecia [10], the CXXC5-Dvl interaction could be a potential
therapeutic target for the development of agents to treat alopecia.

canonical

Small Compounds for Hair Follicle Regeneration by
Targeting CXXC5-Dvl Interaction

To overcome the limitations of use of the peptide as a therapeutic
agent, an inwitro screening assay was developed to monitor the
interaction between CXXC5 and Dvl, and effective antagonists of
this interaction were screened from small molecule libraries
through development and usage of a methodology monitoring the
CXXC5-Dvl Protein-Protein Interaction (PPI) [11]. KY19382, a
small molecular compound obtained using this screening system,
increased the canonical Wnt signaling and ALP activity in human
dermal papilla cells by disrupting the binding of CXXC5 to Dvl
[12]. Furthermore, KY19382 alone was sufficient to significantly
induce hair regrowth and wound-induced hair follicle
regeneration due to its effective dualtargeting ability to inhibit
both GSK-3p activity and CXXC5-Dvl interaction [12]. Notably,
KY19382 exhibited regenerative therapeutic effects in various
types of alopecia in which CXXCS5 is highly expressed [10,13]. For
instance, dihydrotestosterone (DHT)-induced androgenetic
alopecia phenotype was significantly alleviated by KY19382
treatment through inhibition of the CXXC5-Dvl interaction and
restoration of the lowered Wnt signaling pathway [10]. The
diabetes-induced alopecia phenotype was also markedly mitigated
by KY19382 treatment through a similar mechanism [13]. These
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combined findings suggest that compounds that inhibit CXXC5
function as a Wnt/P-catenin signaling regulator could be used for
the treatment of various types of alopecia.

CONCLUSION

The Wnt/p-catenin signaling activator induces regeneration of
hair follicles as well as re-growth of hair by increasing the
expression of its multiple target genes involving hair growth
through a mechanism different from minoxidil, which is
commonly used to treat alopecia. However, differently to
expectations, topical VPA treatment in alopecia patients showed
mild adverse effects including ventricular tachycardia and showed
weak improvements in hair diameter and linear hair growth rate
compared to the placebo group.

After efforts to overcome the limitations of VPA in clinical
practice, CXXC5, the negative regulator of the canonical Wnt
signaling pathway and hair follicle regeneration, was discovered,
and small molecular compounds that inhibit the function of
CXXC5 were finally developed. Since these compounds restore
the canonical Wnt signaling pathway, which is lowered by
CXXC5, rather than directly activating this pathway, they appear
to be safer than direct Wnt signaling activators. Their safety was
thoroughly verified through preclinical studies, including studies
using Cxxc5” mice. Overall, agents that inhibit CXXC5
function could potentially be used to treat alopecia without side
effects.
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