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SUMMARY

A plethora of growth factors regulate keratinocyte
proliferation and differentiation that control hair
morphogenesis and skin barrier formation. Wavy
hair phenotypes in mice result from naturally occur-
ring loss-of-function mutations in the genes for
TGF-a and EGFR. Conversely, excessive activities
of TGF-a/EGFR result in hairless phenotypes and
skin cancers. Unexpectedly, we found that mice
lacking the Trpv3 gene also exhibit wavy hair coat
and curly whiskers. Here we show that keratinocyte
TRPV3, a member of the transient receptor potential
(TRP) family of Ca2+-permeant channels, forms a
signaling complex with TGF-a/EGFR. Activation of
EGFR leads to increased TRPV3 channel activity,
which in turn stimulates TGF-a release. TRPV3 is
also required for the formation of the skin barrier by
regulating the activities of transglutaminases, a
family of Ca2+-dependent crosslinking enzymes
essential for keratinocyte cornification. Our results
show that a TRP channel plays a role in regulating
growth factor signaling by direct complex formation.

INTRODUCTION

Skin and its appendages provide a protective barrier essential

for animal survival. Hair morphogenesis and epidermal develop-

ment are orchestrated by an array of cytokines and growth

factors (Fuchs and Raghavan, 2002). Signaling by these diffus-

ible molecules provides spatially and temporally controlled

cellular programs for keratinocyte proliferation, differentiation,

migration, and finally, terminal differentiation and cornification.

TGF-a and epidermal growth factor (EGF) are related auto-

crine/paracrine growth factors that activate the EGF receptor

(EGFR; ErbB1) to regulate the balance between keratinocyte

proliferation and differentiation (Schneider et al., 2008). Defec-

tive TGF-a/EGFR signaling leads to abnormal hair morphogen-

esis, manifested by the ‘‘wavy hair’’ and ‘‘curly whiskers’’ pheno-

types of spontaneous loss-of-function mouse mutations in

TGF-a (named waved-1 or wa1) and in EGFR (named waved-2

or wa2), respectively (Ballaro et al., 2005; Luetteke et al., 1993,

1994; Mann et al., 1993; Murillas et al., 1995; Schneider et al.,

2008; Sibilia and Wagner, 1995; Threadgill et al., 1995). Exces-

sive activities of TGF-a/EGFR cause a hairless phenotype and

skin cancers (Ferby et al., 2006; Schneider et al., 2008).

The mechanisms by which TGF-a/EGFR signaling determines

cell fate (proliferation versus differentiation) of follicular and

interfollicular (epidermal) keratinocytes are not completely

understood.

Accumulated evidence suggests that both negative and

positive feedback mechanisms coexist in the TGF-a/EGFR

signaling axis. EGF binding triggers rapid degradation of the

EGFR through endocytic pathways but also leads to further

production and release/shedding of TGF-a/EGF (Coffey et al.,

1987; Peschon et al., 1998). This unique autoinduction mecha-

nism may contribute to the effects of TGF-a/EGF on keratinocyte

terminal differentiation (Peus et al., 1997; Sakai et al., 1994;
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Figure 1. Targeted Deletion of Mouse Trpv3 Abolishes the Response of Keratinocytes to TRPV3 Activators

(A) PCR genotyping of wild-type (WT), V3 KO, and heterozygous (Hets) mice. Two sets of primers were used as described in Experimental Procedures. PCR

products for primer set A: WT 800 bp, KO 300 bp. For primer set B: WT 130 bp, KO no product.

(B) Lack of TRPV3 protein expression in the skin of V3 KO mice. TRPV3 was immunoprecipitated and immunoblotted using a TRPV3-specific monoclonal antibody.

Cell lysates fromHEK293Tcellsexpressing recombinant mouseTRPV3 (V3-HEK)wereusedaspositivecontrols.g-Tubulinservedasa loading control for skin lysates.

(C–E) Lack of agonist-induced V3-like Ca2+ response in V3 KO primary keratinocytes. (C) TRPV3 agonist cocktail (200 mM 2-APB + 500 mM Carvacrol) induced large

increases of [Ca2+]i in primary cultured keratinocytes isolated from WT (V3+/+) but not V3 KO (V3�/�) mice. Whereas more than 80% of WT keratinocytes responded

strongly to the V3 agonist cocktail, negligible responses were observed for V3 KO keratinocytes. Positive controls:�60%–80% keratinocytes from both genotypes

(WT and V3 KO) responded to 4a-PDD (3 mM; agonist of TRPV4). All cells responded to ionomycin (1 mM). (D) Ca2+ responses of two representative WT cells from (C)

(arrows; upper panels). One cell responded to both TRPV3 and TRPV4 agonists whereas the other one only responded to the V3 agonist cocktail. (E) Ca2+

responses of two representative V3 KO cells from (C) (arrows; lower panels). One cell responded to the TRPV4 agonist (cell 2); neither cell responded significantly

(<0.1 fura-2 ratio) to the V3 agonist cocktail.
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