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Summary

Interactions between ectodermal and mesenchymal
extracellular signaling pathways regulate hair follicle (HF)

morphogenesis and hair cycling. Bone morphogenetic
proteins (BMPs) are known to be important in hair follicle

development by affecting the local cell fate modulation. To
study the role of BMP signaling in the HF, we disrupted
Bmprla which encodes the BMP receptor type IA

impaired in mutant mice. The number of HFs was reduced

in the dermis and subcutaneous tissue, and cycling
epithelial cells were reduced in mutant mice HFs. Our

results strongly suggest that BMPR1A signaling is essential
for inner root sheath differentiation and is indispensable

for HF renewal in adult skin.

(BMPR1A) in an HF cell-specific manner, using the
Cre/loxP system. We found that the differentiation of inner
root sheath, but not outer root sheath, was severely

Key words: Bone morphogenetic protein, Type | receptor, Hair
follicle cycling, Mouse

Introduction

During skin development, epidermal and dermal
continuously receive various environmental cues
differentiation and patterning, and finally form tightly Furuta et al, 1997). During HF development, BMPs are

interconnected structures. Communication between ceIIsX ressed in the hair placode and surrounding mesenchyme
happens through cell-surface receptors, cell-adhesiofi-P P 9 yme,

molecules, extracellular matrix proteins and chemica@r,l/cljpmf’“;l ymri)l?/ rtﬁ'gﬁg elpssgumctrlwlagr;g:h%gdugkl/lo;é F%r,vfézmaprlg’
messaging via ;ecreted molecule§ (McEIwee and HOﬁma%MP? are expressed in the skin and HFs from the embryonic
2000). Hair follicles (HFs) are tiny ep@ermal appendggestage to adult (Lyons et al., 1989; Takahashi and Ikeda, 1996;
structures that_ develpp through a _Series of e.p'the“umSteInicki et al., 1998; Wilsén et. éll., 1999; Botchkarev ét al., ,
mesen.chyme Interactions. Recent .flndln_gs O_btalned frorQOOl). The BMP-neutralizing protein Noggin, which interacts
analyzmg mutant mice revealed various signaling moleculeg;ii, BMP4, triggers HF induction in the hair placode,
that are involved in HF development (H_uelsken_et al., Zoo%uggesting that BMP downregulation may be a cue to start HF
Karlsson et al., 1999); however, the precise function of each @fevelopment (Botchkarev et al., 1999; Botchkarev et al., 2002)
these molecules in the process of HF development is onlfeyviewed by Botchkarev, 2003). In hair placode development,
partially understood. . BMPs and sonic hedgehog (SHH) expressions are genetically
Tumor necrosis factor receptor; super-family moleculesipcated downstream d8-catenin signaling (Noramly et al.,
such as ectodysplasin receptor (EDAR), X-linked1999; Huelsken et al., 2001). SHH also regulates HF growth
ectodysplasin-A2 receptor (XEDAR) and TROY, and theirand morphogenesis (Oro and Higgins, 2003; Callahan and Oro,
ligand, ectodysplasin (EDA); and other related signaboo1; Chuong et al., 2000; Dlugosz, 199B)Catenin is
transduction molecules reportedly initiate guard hair folliclenecessary in determining the fate of stem cells that form
and some skin appendage development (Laurikkala et afollicular keratinocytes, whereas this is not the case for an
2002; Srivastava et al., 2001; Kojima e al., 2000). Wnt signalspidermal fate decision (Jamora et al., 2003).
andp-catenin were suggested to play important signaling roles At the initiation of the anagen phase, follicle progenitor cells
in later stages of HF development (Gat et al., 1998; Huelskesf the epidermis induce mesenchymal condensation to form
et al., 2001; Kishimoto et al., 2000). dermal papilla, and then generate proliferating matrix cells.

Bone morphogenetic protein (BMP) signaling has been
Ce"gound' to cqntributt_a to'various developmen_tal processes,
fofncluding rapid proliferation and morphogenetic movements
during the gastrulation period (reviewed by Mishina, 2003;
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Those epidermal cells further differentiate into hair shaft cellsantibody, Pharmingen). Sections were incubated in biotinylated anti-
Additionally, some of these stem cells also form the basal layenouse 19G (1:300, Vector Laboratories), horseradish peroxidase
of the epidermis. Recent evidence suggests that the initiati®@njugated anti-rabbit IgG (MBL) and horseradish peroxidase

of feather placodes in chickens is controlled by positive an_ﬁork‘)ilugz_ted t?nftfi-rat IgdGD(AJ\gckson_Imrrgmoresearc_lg) (zja_ntibodyddiluted
; ; ; ; ocking buffer, an reaction. Primary antibodies used were
negative signals mediated by FGFs and BMPs, reSpeCtl\/e‘;k%fnocIonal antiB-Catenin (1:500, Sigma, 15B8), polyclonal anti-

(Song et al., 1996; Jung et al., 1998). BMPs signaling is exert ratin 5 (1:1000, Covance), polyclonal anti-keratin 6 (K6; kindly

through a complex of type l_ (BMPRI) and type I _receptorsprovided by Dr Shimomura) (Aoki et al., 2001), anti-TRAF6 (goat
(BMPRII). BMPR1A (alternatively known as ALK3) is one of pqiyclonal antibody, Santa Cruz), anti-notch (goat polyclonal

three type | receptors for BMPs. Unfortunately, disruptingantibody, Santa Cruz) and anti-EGFR (goat polyclonal antibody,
Bmprlain mice blocked mesoderm formation and resulted irsanta Cruz). FITC-conjugated goat anti-mouse IgG (1:200,
intrauterine death before embryonic day 7.5 (E7.5) (Mishina etackson Immunoresearch), Cy3-conjugated goat anti-rabbit IgG
al., 1995), preventing further investigation into the function of(1:800, Jackson Immunoresearch) and Cy3-conjugated anti-goat
BMP signaling in HF development through BMPR1A, the!dG (Chemicon) second antibodies were used. Sections were
receptor with the highest affinity for BMP4. counterstained with Hoechst (Calbiochem).

In this study, we examined the role of BMP signalinganaysis of apoptosis

through BMPR1A during generation and maturation of HFS\poptotic cells were detected by TUNEL assay on 4%

using mutant mice witlBmprladeleted in HFs in skin. We paratormaldehyde fixed cryosections of E15-16 limbs by using the
found abnormal HF differentiation and reduced cell growth olzpopTag Peroxidase kit (Intergen).

interfollicular epidermal cells in the fetal skin of these hair- S

specificBmprlaknockout mice (HaiBmpriaKO mice). In I situ hybridization

postnatal HaiBmprlakO mice, a reduction in the number of In situ hybridization using digoxigenin-labeled (Roche) CRNA probes
HFs was apparent in 2-week-old and 10-month-old mutar¥as performed on cryosections. RiboprobesioprlaandShhwere
mice which were hairless in affected regions. Epithelial cell§enerated as described previously (Mishina et al., 1995; Kato et al.,
in the hair matrix were located separately covering the lumin 0%1)' Skin sections were fixed in 4% formaldehyde, acetylated with
surface of open hair canals; and, in the hair shaft, inner ro 5% acetic anhydride in 0.1 M triethanolamine (pH 8.0) for 10

; . inutes, and rinsed in PBS. The slides were prehybridized in
sheath (IRS) development was severely impaired. Furthermorgpigization buffer without cRNA probe at room temperature for 2

HF epithelial cells of the older mutant mice also had hardlyours and hybridized using a hybridization buffer (50% formamide,
incorporated BrdU. Taken together, our results stronglpxSSPE, 1 mg/ml yeast tRNA, 0.2% SDS) containinmg/nl cRNA
suggest that BMPR1A signaling is not only essential for th@robe at 68C overnight. Slides were washed iRS5C containing
differentiation of the HF in the developmental stage, but als60% formamide at 6@ for 1 hour. Hybridization was detected using
important for epidermal cell proliferation or differentiation in an anti-DIG Fab (Roche) coupled to alkaline phosphatase using

hair cycle renewal during adult life. NBT/BCIP.
X-gal histochemistry staining
Materials and methods Frozen sections (1m) were fixed in 4% paraformaldehyde (pH 7.5)
. . for 20 minutes, then washed and incubated with PBS containing
Generation of mouse lines 0.01% sodium deoxycholate, 0.02% NP40 and 1 mM Mg@atz

Emx1-Cre mice and floxeeBmprla mice had a mixed wash buffer) for 3 hours. For combined X-gal staining with
129SvJ:C57BL/6 (3:1) background. Mice were genotyped ag{ematoxylin-Eosin, overnight X-gal staining was processed with
previously described (Mishina et al., 2002; Iwasato et al., 2000). FgBS containing 1 mg/ml X-gal (5-bromo-4-chloro-3-ind@-
evaluation of the Cre activitieEmxX* mice were bred witiCAG- galactopyranoside), 5 mM K-ferrocyanide, 5 mM K-ferricyanide,
CAT-Z reporter mice (Sakai and Miyazaki, 1997), and doubleg.01% sodium deoxycholate, 0.02% NP40, 1 mM Mg&l 37C
heterozygousEmx1-Cre/Lac¥ mice were obtained. We crossed the protected from light, then Hematoxylin-Eosin staining was processed.
femaleEmxre/Cremice with male heterozygommprlanull mutant

(Bmprlg™) mice (Mishina et al., 1995) to obtain double BrdU-labeling experiments

heterozygousEmx'®* Bmprla’) mice, and further crossed male BrdU (3 mg/100 g body weight, cell proliferation KIT, Amersham
EmxL®* Bmprla’- mice with female homozygous flox&tprla  Bioscience) was injected to mice subcutaneously, and skin samples
(Bmpr1d©¥f%) mice (Mishina et al., 2002) to obtain four types of were taken 3 hours after injection, fixed in 4% paraformaldehyde and
mice: EmxF®* Bmpr1do-; EmxI*Bmprldl™¥-; EmxF™®  processed for immunohistochemistry.

Bmpridlo¥*; andEmx1* BmpridloX*. EmxTre+*Bmpridlo¥- mice

are Hair-specifi@mprilaknockout mice, hereafter referred to as Hair- Electron-micrograph

BmprlaKO mice. The HaiBmprlakKO mice were viable for 1 year. For electronmicroscopic observation of the skin, a postnatal day 30
This study was carried in accordance with the ‘Guide for the Care andair-BmpriakO mouse and a control mouggnfxre/*Bmprieiox-)

Use of Laboratory Animals’ in th&uidelines of the Society for were fixed 2.5% glutaraldehyde and 4% paraformaldehyde. After
Neuroscienceand authorized by the Animal Care and Use Committedixation, the tissue samples were postfixed with 1% (w/v) osmium

of RIKEN. tetroxide in 0.1 M PB, dehydrated in a graded ethanol series and
) ) embedded in epoxy resin (EPON812 and Araldyte CY212, TAAB,
Immunohistochemistry Aldermaston, UK). For electron microscopic observation, the skin was

Frozen cryosections (15m) were treated with 3% 4@, incubated  sectioned into 80 nm slices with an ultramicrotome (Ultracut-R, Leica,
with blocking buffer (PBS containing 0.01% Triton X and 1.5% Heidelberg, Germany). Ultrathin sections were stained with uranyl
normal goat serum), and incubated overnight &C 4with acetate and lead citrate. Electron micrographs recorded on imaging
monoclonal mouse anti-bromodeoxyuridine (1:100, DAKO), anti-plates through an LEO 912 electron microscope (LEO electron
phospho-histone H3 (rabbit polyclonal, 1:300, Upstate), anti Met (goanicroscopy, Oberkochen, Germany) were scanned and digitized by an
polyclonal antibody, SANTA CRUZ) and PDGRKR(rat monoclonal  FDL 5000 imaging system (Fuji Photofilm, Tokyo, Japan).
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Fig. 1. Analysis of mice expressing Cre-
recombinase under control of tRenx1locus.
Whole-mount tissue from E13Emx1-Cre/LacZ
mice was stained with X-gal (A). Whole-mount
tissue from PEmMx1-Cre/lacZnice was stained
with X-gal (B) and a frozen section from PO »
Emx1-Cre/lacZnice was stained with X-gal, ]
and counterstained with Hematoxylin-Eosin
(C,D). Section from P1Emx1-Cre/lacZnice ,
was stained with X-gal (E). c, cortex; dp, dermal
papilla; ds, dermal sheath; irs, inner root sheathf
m, matrix; ors, outer root sheath. Scale bars: SOBESS
pm in A-C; 50pm in D; 20pum in E.

Results expresg3-galactosidase a_ctivity (Fig. 1A, data not shqwn_). In
-mediated bination in ski d Hair- PO of Emx1-Cre/LacZmice, Cre-mediated recombination
(Btre mle ';"(‘8 recomoination in skin and Hair occurred in skin and hair follicles that were derived from the
mpria mice ) ) o ] same stem cells in the skin of the limbs (Fig. 1B-D). In HFs,
To study the function of BMPRI1A signaling in the skin, we Cre-mediated recombination occurred in a group of postmitotic
used a mouse line with a conditional allel8ofprla in which  cells forming the inner root sheath (IRS), outer root sheath
exon 2 was floxed (Mishina et al., 2002). Thex1-Cre (ORS), hair cortex and hair matrix (Fig. 1E). By contrast, Cre-
mouse strain was previously generated by knocking-in Crgediated recombination did not occur in HF mesenchymal
recombinase at themxllocus (IWasatO et al., 2000), and this Components such as the dermal papma (F|g 1D) and the
mouse strain expresses Cre in the skin, but not in surroundiRgrmal sheath (Fig. 1E). Older mice (10 months old) showed
tissues, including bone (see below). We Heox1-Cremice  the same staining pattern of X-gal (data not shown).
with CAG-CAT-Zreporter mice to obtain double heterozygousinterestingly, Cre activity in these mice was found only in parts
mice Emx1-Crél.acZ micg, and stained histological sections of the skin, namely the skin of the limbs, and both the dorsal

with X-gal. Cre-mediated recombination was expressed oveinq ventral side of the basal region of the limbs (Fig. 1A,B,
the entire epidermal layer from E13.5 and, 1 day later, guarghd data not shown).

hair skin follicles around forelimbs and hindlimbs started t0 e then crossed thEmx1-Cremice with floxedBmprla
mice to delete exon 2 &mprlato generate a functional null
allele in a hair-specific manner (see Materials and methods).
Progeny that were trans-heterozygous for floRetprlia

and Bmprlanull, and also carried®Emx1-Cre (EmxXre+
Bmprido¥—; Hair-Bmprla KO hereafter) were viable for
more than 1 year, but were 10-20% smaller than control
mice. Hair loss was observed at Cre-mediated recombination
sites of the skin of the limbs (Fig. 2A, arrowheads). The mice
showed Cre activity in the same manner as described
previously (Fig. 1). Interestingly, these mice also had
malformed digits and claws (Fig. 2F,G). Apoptotic cell death
was reduced in interdigit areas of E15-16 mutant embryos

Fig. 2. Hair-specific ablation of thBmprlagene in mice. Hair-
BmprlakKO mice (right) lack external hairs at the limbs
(arrowheads) at P30 (A). (B-D) The right hindlimbs of control

mice at P30: (B) whole limb; (C) instep; (D) outstep.

(E-G) Hindlimbs of P30 HaiBmprlakKO mice: (E) whole limb
shows an abnormal spreading of first digit and malformed claws in
hindlimbs; (F) instep; (G) outstep. (H,l) HE stained section of
forelimb from control mice (H) and HaBmprlaKO mice (I) at
E15-16. TUNEL analysis in adjacent section of control mice (J)
and HairBmprlakKO mice (K) (see boxed areas in H and I). The
number of TUNEL-labeled nuclei in first digit of Ha&mprlakKO
mice limb at E15-16 was reduced (K) compared with control mice
(J). In situ hybridization analysis Bimprlausing an exon 2-

specific probe in a section from P30 control (L,M). The expression
of Bmprlais efficiently abolished in the P30 H&mprlakKO

mice (N). ¢, cortex; irs, inner root sheath; m, matrix; me, medulla;
ors, outer root sheath. Scale bars: 20 mm in A; 2 mm in B-G; 100
pm in H,I; 50pm in J-N.
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Hair-Bmpria KO mice

Fig. 3. Abnormal hair follicle formation in
Hair-BmprlakKO mice. Hematoxylin-Eosin
(HE)-stained sections of hindlimbs from
Hair-BmprlakKO mice are shown in the
developmental stage of HF. First anagen
phase of P14 control mice (A). Hair follicles
in the control skin retract into dermis,
maintaining close contact between the
dermal papilla and the epithelial hair shaft in
P14 control mice (arrow). Abnormally
differentiated hair shafts were observed in
P14 HairBmprlakKO mice (B-D). .
Retracting epithelial hair shafts that separatel 0-month®
from the dermal papilla and form cysts in old
hair canals were observed in P14 Hair-
BmprlaKO mice (arrow, B). Section from

P30 control mice shows second anagen phase
of HF (E). In P30 HaiBmprlaKO mice

(F-H), nearly all of the canals have small

cysts (arrowhead, H) in the HF. Section from
older (10-month-old) control mice was
processed with HE staining (I). The hair
canals were wider and large cysts

(arrowhead) were observed in hair canals in
older HairBmpr1aKO mice (J-L). The

number of HFs per mAwas counted in P14,
P30 and mature mice£7 per group) (M).

Data are given as meanzs.e.niP<0.05;

** P<0.01; Student's$-test. d, dermis; s,

subcutis; pc, panniculus carnosus. Scale bars: -_

100um in A,B,E,F,1,J; 5Qum in Hair- Hair- Hair-
C.D,GH,K,L. control g priako  °°™M0! grorako €™ gmpriako

P14 P30 10-month old

80

**

Number of hair follicles per mm?
F
[=)

o

(Fig. 2J,K) that may explain these abnormalities. In sitinew hair bulbs start to appear in the subcutaneous space of
hybridization data showed thaBmprla was expressed control mice. The morphology of HFs in the skin of Hair-
throughout the epidermal layer of HF, ORS, IRS and haiBmprlakKO mice at P14 showed impaired development in hair
matrix regions in control mice (Fig. 2L,M). Yet, the exon 2-formation during this same period. Most of the hair failed to
specific probe failed to detect expressionBofiprlain the pierce the epidermal surface, remaining stacked and distorted
mutant, suggesting that Cre-mediated recombination was the subcutaneous region (Fig. 3B). Only 10% of HFs had

completed by P14 (Fig. 2N). hair shafts and these were abnormally shaped (Fig. 3C). The
_ _ _ _ distorted hair canals of most of the hair follicles had ectopic
Hair defects in Hair- Bmpria KO mice keratinized centers (Fig. 3D). In the second anagen phase at

BMPs are known to be environmental factors for theP30, newly generated HFs were observed in the deep layer of
development of HFs. However, the specific role of BMPthe subcutaneous region of control mice (Fig. 3E). Although
signaling through individual receptors in the diversification ofdeveloping HFs were observed in the subcutaneous region of
epithelial cells and differentiation of HFs function is poorly Hair-BmprlaKO mice, the amount was significantly less, and
understood. To explore BMPR1A signaling involvement inretracting epithelial hair shafts had separated from the dermal
the development of HF epithelial cells, we performedpapilla (Fig. 3E-H,M). Moreover, the hair shaft of KO mice did
morphological analyses during skin development in mutantot extend to the epidermal ceiling. Instead, small cysts formed
mice. In mice, initial development of HFs starts from E13 tan the hair canals (Fig. 3H). Any hair that had developed
E18, and extends to postnatal day 14 (P14). In secondary Hifsappeared during this postnatal hair cycle. In addition, unlike
development, the postnatal first anagen phase begins arourwhtrol mice, in the skin of HaBmprla KO mice, an

P25 and lasts until P40. The patterning of skin was abnormaisignificant number of newly generated HFs could be found
in Hair-BmprlaKO mice at the end of the initial phase at P14in deeper regions of the subcutaneous skin. (Fig. 31,J,M). Most
(Fig. 3A-D). At the end of this first growth phase, around P14of the hair canals had cysts including keratinized debris, which
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Fig. 4. Altered proliferation of hair follicle cells in HaBmprla
KO mice. Phosphorylated histone (PH) immunostaining signals
exhibit dividing epithelial cells of HFs from P30 control mice
(A). P30 HairBmprlaKO mice showed that PH-positive cells
were located abnormally in hair canals of HF (B). Older
(10-month-old) HaiBmprlaKO mice showed a significantly
reduced index of PH immunosignals (D) than did control mice
(C). BrdU incorporation in HaiBmprlakO mice (F) was
severely reduced compared with control mice (E). The number
of PH-positive cells per HF was counted in P14, P30 and older
mice (=24 per group) (G). Data are given as meants.e.m;
*P<0.05; Student's-test. Scale bars: 1Q0n in A (left panel),

B (left panel) and C-F; 50m in A (right panel) and B (right
panel).

G with G,H). The electron density indi i
H). y indicated that multiple
6 Pis S0 10:month old layers of ORS with trichohyalin granules (th) were located
beside a medulla-(me) like structure in HAmprlaKO
I mice at P30 (compare Fig. 51 with J). However, the
! structure of the IRS, including Henle’s layer (he), Huxley’s
layer (hu) and the cuticle of IRS (ci) disappeared, as did
—— < the cortex of the hair shaft (c) in H8mprlaKO mice
2— ] = (Fig. 51,J). These results indicated that the hair of Hair-
BmprlaKO mice failed to differentiate into the distinct
structures of the IRS. This finding suggests that BMPR1A

Hair- signaling may be the crucial factor in controlling the cell
BmpriaKO  fate of epithelial cells in the matrix. We also carried out
additional immunohistochemical experiments to identify
differentiation marker(s) of IRS. We found that the
was enlarged and surrounded by the multilayered epitheliumxpression of notch, an early differentiation marker of IRS

control Hair- control control

Bmpria KO

Number of PH positive cells per HF

Hair-
Bmpria KO

(Fig. 3J-L). (Kopan and Weintraub, 1993), was relatively normal in the
) ] ) o ) epidermal cells in the HaBmprlaKO mice (Fig. 6). This
Hair follicle epidermal cell cycling in Hair- ~ Bmprila implies that BMPR1A signaling is necessary for the
KO mice differentiation of IRS to form follicular keratinocytes, and that

To determine whether HF developmental defects in Hairstem cells of the hair matrix only differentiate into a single
Bmprla KO mice resulted from an impairment of the cell lineage (outer root sheath) in the absence of BMPR1A.
proliferating ability of HF epidermal cells, we further ) ) )
examined HF development during the anagen phase in KO afinprla deletion affects the expression of  [B-catenin
control mice. Phosphorylated histone (PH) immunostainingnd Shh
signals showed cells to be in the M phase. Control mice hatb further explore the mechanism by which BMPR1A
dividing epithelial cells in HFs; however, in H&8mprlaKO  signaling acts as a regulator in HF induction, we studied the
mice, PH-positive cells were abnormally located in HF haiexpression profiles of several factors essential for HF
canals at P30 (Fig. 4A,B). The number of PH-positive cells pedevelopment such as Noggin, Shh @adatenin (Botchkarev
HF was significantly reduced in HdmprlaKO mice at P30 et al., 1999; Kulessa et al., 2000; Callahan and Oro, 2001;
and at P14 (Fig. 4G). In 10-month-old (older) HaimprlakKO Huelsken et al., 2001; Jamora et al., 2003). Shh, the regulator
mice, both PH immunosignals (Fig. 4C,D,G) and BrdUof proliferation in HFs, is also know to be a downstream factor
labeling indices (Fig. 4E,F) were significantly reduced. Theof B-catenin signaling (Chiang et al., 1999; Huelsken et al.,
number of HFs was also significantly reduced in Haitprla 2001). The expression of Shh is normally found at the tip of
KO mice (Fig. 3M). Taken together, our data suggests that thtbe placode and is restricted to the anterior or posterior hair
proliferating ability of hair follicle epidermal cells was matrix in mature anagen HF in the control mice (Fig. 7A,C,E)
severely impaired in HaBmprlaKO mice. (Gat et al., 1998). Shh was expressed in the distal hair bulb
Although the loss of the cell proliferating ability may even in 10-month old HaBmprlaKO mice (Fig. 7B,D,F).
explain the absence of new HF development in Baiprla Furthermore, the increased expression ardgaaatenin in the
KO mice, the distorted shapes and appearance of abnormiéD mice was detected by immunohistological analysis (Fig.
cysts prompted further analysis of HF epidermal cell71,J). Interestingly, the expressionf®tatenin in the epidermis
differentiation. In fact, the IRS structure, which was clearlyof Hair-BmprlaKO mice was wider than in control mice (Fig.
detected by anti IRS-keratin 6 antibody in control mice, wag§|1,J). Translocation ofi-catenin into the nucleus associates
severely impaired with observable hair loss in Heimprla  with B-catenin signaling activity. In HaBmprlakO mice, the
KO mice at P14 (compare Fig. 5A,B with E,F). By contrasttranslocation of3-catenin into the nucleus was significantly
the expression of keratin 5, which marks the ORS, appear¢B<0.05) reduced (control mice 3.5+0.5%; HBmprlaKO
normal in KO mice hair follicles at P14 (compare Fig. 5C,Dmice, 1.9+0.5%; meants.e.m.% of translocdierhtenin per
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Fig. 5.Formation of the IRS in HaBmprla

KO mice and control mice. Frozen sections of
hindlimb skin were prepared from control

mice (A-D) and HaiBmprlaKO mice (E-H)

at P14. Expression of keratin 6 (A,B,E,F) in
the IRS, and expression of keratin 5 (C,D,G,H)
in the ORS were detected by
immunofluorescence staining. B,D,F and H are
merged with Hoechst (blue) for nuclear
staining. Formation of IRS characterized by
the expression of IRS-keratin 6 was severely
reduced in HaiBmprlakKO mice (E,F).

(1,J) Ultrastructure of hair follicle in control
mice (1) and HaiBmpr1aKO mice (J) at P30.
Insets show keratin 5 (red) and Hoechst (blue)
signals at P30. Absence of IRS cells resulted in
proliferation of keratin-5-positive ORS cells.

¢, cortex; ci, cuticle of IRS; he, Henle's layer;
hu, Huxley’s layer; irs, inner root sheath; me,
medulla; ors, outer root sheath; th, trichohyalin
granule. Scale bars: 1@0n in A-H and insets
in1,J; 5umin 1,J.

remained unknown. In this paper, we
demonstrate that epithelial cells forming
the hair matrix are individually located and
cover the luminal surface of opened hair
canals, and that, in the hair shaft, inner root
sheath (IRS) development was severely
impaired in HairBmprla KO mice.
Furthermore, epithelial cells that remained
HFs in older mutant mice did not
significantly incorporate BrdU. Taken
together, our results strongly suggest
that BMPR1A signaling is not only
essential for HF differentiation during
total B-catenin positive cellsn=15 each group). The skin of developmental, but also important for epidermal cell
Hair-Bmprla KO mice appears to have normal skin cyclingproliferation and, later, the differentiation in hair cycle renewal
with no abnormalities observed in the basal layer of skin (Fign adults.
7H,J). These results suggest that the expressi@catenin An abnormal pattern of HF structure was observed in Hair-
is correlated with wider ORS formation in H&@mprla BmprlaKO mice in both the first and second anagen phases
KO mice. Reduced nuclegs-catenin localization may be of hair cycle development. Still, part of the HF induction
associated with impaired keratin genesis. normally occurred in HaiBmprlaKO mice during the first
The expression of several other growth regulator@nagen. Because, the induction of HF starts at about E14 in the
(PDGFRx, TRAF6, EGFR, notch and Met), which are limbs, whereEmx1-Creis expressed as early as E13.5, it is
important in the morphogenesis of HF development, was aldikely that BMPR1A signaling is not required to initiate hair
examined. The expression levels of all these genes in H®llicle genesis. EDA, EDAR and TRAF6 could be the
epidermal cells in HaiBmprla KO mice seemed to be important triggers for this induction (Laurikkala et al., 2002;
comparable with control mice HF (Fig. 6). These resultsSrivastava et al., 2001; Kojima et al., 2000). Relatively normal
are intriguing because both PH-positive cells and Brdlexpression levels of these genes found in Baiprla KO
incorporation indices were severely decreased in the hair buthice support this idea. However, we cannot completely
in 10-month-old KO mice (Fig. 4D,F,G). These data suggesteeixclude the possibility that some of the cells in HFs may retain
that expression of Shh or other growth regulators are n@&nough BMPR1A to induce normal HF development.
associated with the cell proliferating ability of H&mprla How does BMPR1A signaling contribute to HF
KO mice. development? Kulessa et al. have previously reported that
disrupting the BMP signal in HF-specific mice overexpressing
. . Nogginselectively inhibited the formation of the medulla and
Discussion the hair shaft. However, HaBmprla KO mice showed
A number of studies indicate that BMPs control hairimpaired IRS formation, as indicated by a lack of keratiné
maturation (reviewed by Botchkarev, 2003; Furuta et al., 199&xpression, and despite the fact that notch expression, an early
Jung et al., 1998; Kulessa et al., 2000), however, the nature miarker of IRS (Kopan and Weintraub, 1993), was relatively
BMP signaling contribution through individual receptorsnormal. Thus, although IRS progenitor cells in Hanprla
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control Hair-Bmpria KO negative control Fig. 6. The expression of growth
regulators in HaiBmprlakKO mice and
control mice. Expression of EGFR, notch,
TRAF6, PDGFR and Met in HFs from
P30 HairBmprlaKO mice and P30
control mice (as indicated) was analyzed
by immunohistochemistry (shown in
green for antibodies, Hoechst blue for
EGFR, notch and TRAF6; brown for
antibodies for PDGF&® and Met). The
expression levels of all of these regulators
in Hair-BmprlakKO mice were
comparable with those in control mice.
No signal was detected in negative
controls (normal goat serum was the
control for anti-EGFR, notch, TRAF6,
and Met goat polyclonal antibodies; no
primary antibody was used as a control
for anti-PDGFRt monoclonal antibody).
Scale bars: 10Am.

formation that may eventually

- impair the cell cycling of epithelial

. = ¢ » cells.

/ Y ' :f | £ 4 (r' J From these finding, we suspect that

PDGFR N o | /"5 ; i . bulge formation, originating from HF
i/ Wty 3y —Aill stem cells, is also affected in the

Pt F £ 2 absence of BMPR1A signaling. But,

) s | — —| how does the absence @&mprla

g ——= contribute to the formation of the

1 s bulge structure? The skin of Hair-

/ ‘ Ay Bmprla KO mice appears to have

2

c-Met | 7 Al ; f“ ' ] normal ~ skin cycling with no
abnormalities observed in the basal
e = (| layer of skin except hair loss (Fig.

Y g e et o e 2 — —1 7H,J). However, bulge structure is
therefore likely to unformed in
adequate region, which interfere with

KO mice are likely to be generated, further differentiationreceiving the key regulator regeneration signals. Interestingly,

involving IRS-keratin 6 expression in the absence of BMPR1Ahe expression area of TRAF6, which is genetically down

signaling was impaired. These results suggest that BMBtream of XEDAR or TROY (Laurikkala et al., 2002;

signaling, which is essential for early differentiation of IRS,Srivastava et al., 2001; Kojima et al., 2000), was increased in

may not be transduced by BMPR1A, and that overexpressede HFs of the HaiBmprlaKO mice compared with control

Noggininterferes with the other receptors mediating signalingFig. 6). The constitutive expression of TRAF6 may represent

in the early stage of IRS differentiation. the inhibition of TRAF6 signaling in the Hadmprla KO

We found malformation of HFs, impaired cell cycling of mice, if feedback regulation is the case. TRAF6 mutant mice
matrix cells, and complete hair loss in the second anageare hypohidrotic (anhidrotic), with ectodermal dysplasia

Impaired HF development can be seen in P14 Baiprla (HED) (Naito et al.,, 2002). Moreover, impaired TRAF6

KO mice because HF formation in these mice was alreadsignaling may contribute to the pathogenesis of a certain type

impaired in the first anagen. We found notch expression inf abnormality in the formation of HF and sebaceous gland that

abnormal HF in HaiBmprlaKO mice, which suggests that has impaired formation of bulge architecture. Further
the commitment to the IRS cell lineage occurs normallyinvestigations of HaiBmprlaKO mice and TRAF6 mutant

Although, IRS-keratin 6, a late differentiation marker formice might reveal a connection between these two signaling

both Huxley’'s and Henle's layers, was present in the haipathways. The development of a perinatal stage-specific

follicle bulb of HairBmprla KO mice (Fig. 5E), the disruption system foBmprlain a HF-specific manner would
structures were missing (Fig. 5J). These differentiatioriacilitate this comparison.

impairments strongly suggest that BMPR1A signaling plays A similar phenotype, in which the inner root sheath is

an essential role in the differentiation of IRS. Abnormal HFgmpaired in a similar fashion as, in H&mprlakO mice, was

in our mice have only multiple layers of ORS and anrecently observed in mice harboring a mutation of fhe

immature hair shaft that produce cysts composed ofatenin gene (Huelsken et al., 2001), suggesting3thatenin

keratinized debris. Therefore, our results suggest that this necessary for the determination of the cell fate of stem cells
abnormal differentiation of IRS leads to abnormal HFto form follicular keratinocytes. Notably, abnormal hair shaft
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Control Hair-Bmpria KO Bmprlain HFs. The reduction of IRS was obvious in Hair-
BmprlaKO mice; yet, the ORS formed multiple layers in the
mice. In human studies, both BMPR1A and BMPR1B were
detected in the HFs in adult and fetal skin (Hwang et al., 2001).
Perhaps BMP signaling, through BMPR1B, compensates for
the loss of BMPR1A signaling during the generation of the
ORS. An unsolved problem of interest is how to define the
unique function of BMP signaling through each type | receptor
in the HF. Analyzing BMPR1B KO mice may address this
question. Taken together, this suggests that BMPR1A signaling
has a role in differentiation during maturation of the IRS from
hair matrix epithelial cells. Abnormal hair cycling occurs in the
absence of BMPR1A signaling, regardless of the relatively
normal expression levels of other growth regulation genes for
HFs, suggesting that BMPR1A signaling is one of the key
components for hair cycling.

Note added in proof

Since the submission of this paper, one paper has appeared
demonstrating that importance of BMP signaling for
development of IRS in the mouse (Kobielak et al., 2003).
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