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Laminin-511 is an epithelial message
promoting dermal papilla development
and function during early hair

morphogenesis

Jing Gao,' Mindy C. DeRouen,! Chih-Hsin Chen,! Michael Nguyen,' Ngon T. Nguyen,'
Hiroyuki Ido,> Kenji Harada,” Kiyotoshi Sekiguchi,” Bruce A. Morgan,> Jeffery H. Miner,*

Anthony E. Oro,' and M. Peter Marinkovich'>¢

'Program in Epithelial Biology, Stanford University School of Medicine, Stanford, California 94305, USA; %Institute for
Protein Research, Osaka University, Osaka 565-0871, Japan; *Department of Dermatology, Harvard Medical School,
Boston, Massachusetts 02114, USA; “Department of Cell Biology, Washington University School of Medicine,

St. Louis, Missouri 63110, USA; Dermatology Service, Palo Alto VA Medical Center, Palo Alto, California 94304, USA

Hair morphogenesis takes place through reciprocal epithelial and mesenchymal signaling; however, the
mechanisms controlling signal exchange are poorly understood. Laminins are extracellular proteins that play
critical roles in adhesion and signaling. Here we demonstrate the mechanism of how laminin-511 controls
hair morphogenesis. Dermal papilla (DP) from laminin-511 mutants showed developmental defects by E16.5,
including a failure to maintain expression of the key morphogen noggin. This maintenance was critical as
exogenous introduction of noggin or sonic hedgehog (Shh) produced downstream from noggin was sufficient to
restore hair follicle development in lama5~/- (laminin-511-null) skin. Hair development required the p1
integrin binding but not the heparin binding domain of laminin-511. Previous studies demonstrated that Shh
signaling requires primary cilia, microtubule-based signaling organelles. Laminin-511 mutant DP showed
decreased length and structure of primary cilia in vitro and in vivo. Laminin-511, but not laminin-111,
restored primary cilia formation in lama5~'~ mesenchyme and triggered noggin expression in an Shh- and
PDGF-dependent manner. Inhibition of laminin-511 receptor 1 integrin disrupted DP primary cilia formation
as well as hair development. These studies show that epithelial-derived laminin-511 is a critical early signal
that directs ciliary function and DP maintenance as a requirement for hair follicle downgrowth.
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Hair morphogenesis occurs through the reciprocal ex-
change of epithelial and mesenchymal signals (Hardy
1992; Oro and Scott 1998). Epithelia initially form small
invaginations termed placodes, which grow progres-
sively downward to ultimately form hair follicles. Wnt
signaling is critical for initiation of hair follicle develop-
ment (Andl et al. 2002; Stark et al. 2007) and early hair
follicle downgrowth (Reddy et al. 2001). Mesenchymal
factors required for epithelial downgrowth include fibro-
blast growth factors (FGFs) (Petiot et al. 2003) and the
bone morphogenic protein (BMP) inhibiter noggin
(Botchkarev et al. 1999). Noggin-induced BMP inhibition
and Wnt-mediated cytoplasmic B-catenin accumulation
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Article is online at http://www.genesdev.org/cgi/doi/10.1101/gad.1689908.

together lead to expression and activation of members of
the Lefl/TCF DNA-binding protein family (Jamora et al.
2003). Lef-1 expression/activation down-regulates e-cad-
herin and increases Sonic hedgehog (Shh) (St-Jacques et
al. 1998). Thus, sustained expression of Shh relies on a
close association of epithelial cells with the BMP inhibi-
tory environment of the dermal papilla (DP) (Blanpain
and Fuchs 2006). Similarly, vertebrate limb outgrowth
also relies on a close association between Shh and BMP
inhibition and is driven through a feedback loop involv-
ing Shh, FGF, and the BMP inhibitor gremlin (Khokha et
al. 2003; Scherz et al. 2004).

The mesenchymal condensate later becomes partially
surrounded by follicular epithelium to form a mature
structure termed the DP (Hardy 1992). After maturation,
DP cells retain the capacity to promote hair formation in
combination with a variety of epithelial cells (Kamimura
et al. 1997; Kishimoto et al. 2000). While Wnt signaling
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is required for maintenance of hair-inducing properties
(Kishimoto et al. 2000; Shimizu and Morgan 2004), the
factors that promote earlier DP development during em-
bryogenesis remain poorly understood.

Laminins are a large group of extracellular o, B, and vy
chain trimers that localize to the basement membrane
zone (BMZ) at the boundaries between tissue compart-
ments. Laminins are expressed starting at the morula
stage of development, and the earliest mammalian lami-
nins detected during embryogenesis are laminin-111 and
laminin-511 (S. Li et al. 2003). During hair follicle elonga-
tion, the BMZ undergoes changes in its laminin compo-
sition. Laminin-332, normally a prominent component
of the dermal-epidermal BMZ (Rousselle et al. 1991), and
laminin-111 are both down-regulated (Nanba et al. 2000;
Hayashi et al. 2002), leaving laminin-511 as the primary
laminin of the early developing hair follicle. Absence of
laminin-511 in transgenic mice led to a number of de-
velopmental abnormalities, including an arrest of hair
development at the hair peg stage and deficient Shh ex-
pression in hair follicles. Purified laminin-511 restored
hair development in laminin-511-null skin, which,
among other data, clearly supported a specific role for
laminin-511 in hair development (J. Li et al. 2003).

Laminin-511 is widely expressed in many epithelial
tissues (Miner et al. 1995); however, Shh expression is
limited. Thus, we hypothesized that laminin-511’s role
in promoting Shh expression could involve other factors
such as specialized mesenchymal cells. To investigate
this, we tested the effects of laminin-511 on DP matu-
ration and function in a series of in vitro and in vivo
studies. As a result, we demonstrate here a requirement
for laminin-511 in the production of noggin in the DP,
which leads to epithelial LEF-1 expression and amplifi-
cation of Shh signaling. We further show that laminin-
511 promotes the expression of an array of proteins as-
sociated with DP maturation. We also demonstrate an
association between laminin-511 expression, primary
cilia formation, and PDGF-associated signaling in DP
cells. Finally, we demonstrate that laminin-511’s pri-
mary receptor 81 integrin, like laminin-511, is required
for both primary cilia formation in the DP as well as hair
development. These results reveal laminin-511 as an im-
portant early epithelial message that promotes DP devel-
opment and ciliary function during hair follicle morpho-
genesis.

Results

Effects of laminin-511 on dermal organization
and epithelial follicular downgrowth

We examined hair follicles in wild-type and laminin-
511-null (Iama5~/-) mice at different embryonic stages.
At both embryonic day 14.5 (E14.5) and E16.5, dermal
condensates (as shown by arrows) were consistently
more poorly associated with follicular epithelium in
lama5~/~ mice compared with wild-type controls (Fig.
1A). At E14.5, lama5~'~ condensates were more spread
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out and distant from the follicular epithelium. At E16.5,
Iama5~'~ dermal condensates were even more dispersed
and less well organized than those seen in E14.5 control
skin. By E16.5, hair follicle development in E16.5
Iama5~'~ skin appeared stunted, limited to hair placode
and hair germ stages, and never progressing to the more
advanced hair peg stage. Despite poor organization,
Iama5~/~ dermal condensates demonstrated alkaline
phosphatase activity (AP) comparable with wild type,
and from this, we compared hair follicle number and
elongation in lama5~/~ and control skin as shown in Fig-
ure 1B. Hair follicle numbers in Iama5~/~ skin were not
significantly abnormal at E14.5, but were <50% of E16.5
wild-type skin. By E16.5, a dramatic defect of follicle
downgrowth became evident in Jama5~/~ skin, where no
follicles were able to progress to the hair peg stage. Since
Iama5~'~ animals could not survive beyond E16.5, we
demonstrated previously that lama5~/~ skin showed a
complete regression of recognizable hair follicle append-
ages by 9 d after xenografting (J. Li et al. 2003). The asso-
ciation of a defective dermal condensate organization
with an arrest and ultimately a regression of hair follicle
development in lama5~/~ skin suggested a possible role
for laminin-511 in DP maturation. We explored this fur-
ther by examining the role of laminin-511 in signaling
associated with hair follicle development.

Laminin-511 facilitates epithelial-mesenchymal
signaling during hair morphogenesis

In an effort to understand how the absence of laminin-
511 led to an alteration of DP morphology and an early
arrest of hair follicle downgrowth, we examined expres-
sion of early hair signaling molecules including Wnts,
Eda/Edar, Noggin/BMPs, and Shh in E14.5 and E16.5
Iama5~/~ and wild-type skin using semiquantitative and
real-time RT-PCR (Fig. 2A,B). While no alterations of
Wnt expression were noted in lama5~/~ skin, down-
stream Wnt transcription factor Lef-1 showed decreased
expression at E16.5 (Fig. 2A). Also at E16.5, expression of
noggin, Shh, and Glil/2 was significantly decreased (Fig.
2.A,B). We also noted a reduction of Msx2 expression in
Iama5~'~ skin starting at E14.5. Laminin o5 chain ex-
pression was equivalent at both E14.5 and E16.5 time
points, as shown previously (J. Li et al. 2003). Noggin-in-
duced BMP inhibition works in synergy with Wnt sig-
naling to promote Lef-1 expression and activation, re-
spectively, during early follicular downgrowth, leading
to Shh expression and activation of the Shh signaling
pathway (St-Jacques et al. 1998; Botchkarev et al. 2001).
Thus, defects of Lef-1, Shh, and Glil/2 expression would
be expected to arise as a result of a lack of noggin ex-
pression in lama5~/~ skin.

These results suggested that laminin-511’s function in
promoting early hair follicle downgrowth could result
from its role in influencing DP development, in particu-
lar, noggin expression. Consistent with this, as seen by
immunofluorescence (IF) microscopy, we noted a close
association of laminin-511 with the DP using a DP-spe-
cific marker, CD133 (Fig. 2C; Ito et al. 2007) and a lack of
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Figure 1. Arrested hair morphogenesis in
Iama5~~ mice. (A) Typical morphology of
hair placodes and associated developing der-
mal condensates/papillas (arrows) in E14.5
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detectable noggin in E16.5 Iama5~/~ skin (Fig. 2D). Nog-
gin has been previously shown to inhibit BMP-induced
SMAD phosphorylation in the follicular epithelium
(Botchkarev 2003). We found that SMAD1/5/8 phosphor-
ylation was incompletely repressed in lama5~/~ follicu-
lar epithelium (Fig. 2E), further confirming the signaling
effects following loss of dermal noggin in Iama5~/~ skin.

In agreement with our mRNA studies above, we noted
deficient Lef-1 expression in lama5~/~ skin as shown by
Western blot (Fig. 2F). To study the relationship of lam-
inin-511 with Lef-1 activation, we crossed lama5~/~ mice
with mice harboring TOPGAL, a B-galactosidase gene
under the control of a Lef/TCF- and B-catenin-inducible
promoter (DasGupta and Fuchs 1999). Consistent with
the deficient Lef-1 expression seen in Jama5~/~ skin (Fig.
2A,F), lama5~/-/TOPGAL skin showed a loss of TOP-
GAL activation (Fig. 2G).

Tissue morphogenesis depends on the activity of ad-
herens junctions proteins during development (Halbleib
and Nelson 2006). Selective down-regulation of E-cad-
herin but not P-cadherin is a crucial step in hair follicle

and E16.5 wild-type (WT) and Iama5~/~ (null)
skin. (B) NBI/BCIP detects alkaline phospha-
tase (AP) activity in dermal condensates of
both null and wild type. Quantification of
hair follicles in E14.5, E16.5 wild-type and
Iama5~'~ (null) skin. (HP) Hair placodes; (HG)
hair germs; (PEG) hair pegs.

downgrowth (Jamora et al. 2005). Consistent with our
observed defect of Lef-1 activity, we found a conspicuous
lack of E-cadherin down-regulation in follicular epithe-
lium in lama5~/- skin at E16.5, despite unaffected P-
cadherin expression (Fig. 2G,H). From these results, we
hypothesized that laminin-511 promoted expression of
noggin in the DP, which led to Lef-1 expression, Shh
expression, activation of the Shh pathway, and down-
regulation of E-cadherin in hair epithelium. We tested
this hypothesis using a series of in vivo experiments de-
scribed below.

Epithelial laminin-511 drives follicular downgrowth
by amplifying noggin-Shh signaling

Laminin-511 is both an epithelial and endothelial de-
rived protein (Miner et al. 1995). In order to determine
the cellular origin of the laminin-511 active in hair mor-
phogenesis, we combined freshly isolated wild-type neo-
natal DP cells with either wild-type or lama5~/~ E16.5
keratinocytes and analyzed them 2 wk after grafting to
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Figure 2. lama5~/~ skin shows defective hair mesenchymal-epithelial signaling. (A) Semiquantitative RT-PCR analysis of critical
signaling molecules involved in early hair morphogenesis, from mRNA isolated from E14.5 and E16.5 wild-type (WT) or Iama5~/~
dorsal skin. (B) The same mRNA was reviewed for the expression level of Shh, Glil, and Gli2 by quantitative RT-PCR. (C-E)
Dual-label IF microscopy of E16.5 wild-type or Iama5~/~ (null) dorsal skin, using indicated antibodies to CD133, laminin a5 pAb
(Lm10), noggin, phospho-SMAD, and perlecan. The color of the text indicates the secondary antibody conjugates used: (green) fluo-
rescein; (red) Texas Red. All sections were costained with nuclear marker (DAPI, blue). Arrow in C shows colocalization of CD133
staining cells with laminin-511. (F) Western blot-evaluated protein levels of Lefl in E16.5 dorsal skin of both genotypes. GAPDH was
a control for equal protein loadings. (G, left) Topgal activity detected by X-gal staining in E16.5 Topgal/lama5~/- and Topgal/wild-type
skin. (Right) Hematoxylin illustrated the hair germ morphology of same skin sections. Dotted lines indicate skin basement membrane

(BMZ). (H,I) IF microscopy of E16.5 dorsal wild-type skin on the left, or lama5~'~ skin on the right, using antibodies to E-cadherin and
P-cadherin, using DAPI nuclear stain.

nude mice via hair reconstitution assay (Kishimoto et al. inability to support hair follicle development (Fig. 3A).
2000). The Iama5~'~ keratinocytes, despite the presence These results suggest that any contribution of laminin-
of wild-type mesenchyme and endothelium, showed an 511 by dermal endothelium was insufficient and that
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Figure 3. Exogenous noggin or SHH, but not by Wnt3a, can rescue hair development in the absence of epithelial laminin-511. (A)
Hematoxylin-eosin staining of skin harvested 2 wk following hair reconstitution assay using either wild-type (WT) or lama5~/~ (null)
E16.5 keratinocytes combined with wild-type dermal cells. (Right) Quantification of hair follicles in both conditions. (B) Full thickness
E16.5 lama5~/~ dorsal skin was incubated overnight with purified Wnt3a protein, Shh adenovirus (SHH), or noggin and analyzed by
hematoxylin-eosin staining 9 d after grafting to nude mice. (Top right) Quantification of hair follicles under six different conditions
for hair restoration experiments, including PBS control. (C) Level of B-catenin in E16.5 lama5~/~ skin after overnight treatment with
indicated quantity of purified Wnt3a (in ng/mL) demonstrating the activity of recombinant Wnt3a. (D) Immunofluorescence micros-
copy of adjacent frozen sections confirming hair follicle formation in absence of laminin-511 in grafted skin treated with noggin.
Laminin-511 negative hair follicles (arrows) were identified as clusters of cells (nuclear antibody, DAPI) showing positive keratin 17
and perlecan expression, and negative Pecam expression, distinguishing them from blood vessels. The expression of laminin-511 was
visualized by laminin «5 pAb (L511); white dots indicate the border between graft and host skin.

laminin-511 of epithelial origin was required to drive
hair follicle development.

Our studies in Figure 2 raised the possibility that lam-
inin-511 promoted hair follicle development by facili-
tating expression of important DP proteins such as nog-
gin, which in turn promoted Shh expression. We tested
this hypothesis with xenografting experiments, which
we described previously (J. Li et al. 2003). Briefly, we im-
mersed full-thickness E16.5 Iama5~/~ dorsal back skin
overnight in a solution containing purified Wnt3a, nog-

gin, or gremlin proteins or Shh-expressing adenovirus,
then analyzed the treated skin 9 d after grafting to nude
mice. Wnt3a showed no ability to restore hair follicle
downgrowth in Iama5~/ skin (Fig. 3B) even at concen-
trations shown to promote B-catenin accumulation (Fig.
3C). In contrast, Shh adenoviral supernatant (Sato et al.
1999] and recombinant noggin each showed a striking
ability to prevent follicle regression and promote down-
growth, although not as efficiently as purified laminin-
511. Interestingly we also noted that ectopic introduc-
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tion of purified gremlin, a BMP inhibitor involved in
limb development, was also able to prevent follicle re-
gression and promote downgrowth in lama5~/~ skin
(Supplemental Fig. 1). IF microscopy analysis at the edge
of noggin-treated lama5~/~ skin grafts 9 d after transplan-
tation verified the formation of hair follicles (Fig. 3D,
arrows) in the absence of laminin-511 (Fig. 3D). Panels to
the left of the dotted line in Figure 3D show noggin-
induced hair follicle formation (arrows) occurring in the
absence of laminin-511. Laminin-511 negative hair fol-
licles were identified by keratin 17 expression, DAPI
nuclear stain, a perlecan-containing basement mem-
brane, and a lack of PECAM expression (distinguishing
them from blood vessels). This suggests that laminin-
511 was not an adhesive requirement for epithelial
downgrowth, but instead, laminin-511 promoted hair
growth through morphogenic signaling resulting in Shh
and noggin expression.

Interaction of laminin-511 and B1 integrin during hair
morphogenesis

Laminins exert their effects on cells through interactions
with specific cell surface receptors, most notably those
of the integrin family (Hynes 2002), and the major inte-
grins known to bind laminin-511 include a381, a6B1,
and a6B4 (van der Neut et al. 1999; Kikkawa et al. 2000).
While no hair defects have been reported with absence of
a6B4 integrin in mice (Fassler et al. 1996; Georges-
Labouesse et al. 1996) or humans (Vidal et al. 1995;
Marinkovich et al. 2003), marked hair defects were noted
in a3 (Conti et al. 2003) and B1 (Brakebusch et al. 2000;
Raghavan et al. 2000) integrin-null mice or after anti-
body blockage of Bl integrin in human skin (S. Li et al.
2003). These observations led us to further examine g1
integrin—-laminin-511 associations in early hair morpho-
genesis. B1 integrin colocalized with laminin-511 at the
interface between the dermal condensate and the follic-
ular epithelium in developing E16.5 hair follicles (Fig.
4A). Even in the absence of laminin-511, B1 integrin co-
localized at the epithelial-mesenchymal interface E16.5
Iama5~'~ skin with other basement membrane compo-
nents including collagen VII. These studies suggest that
basement membrane localization of B1 integrin by itself
is not sufficient to drive hair morphogenesis. Rather, it is
the interaction of Bl integrin with laminin-511 in the
basement membrane that is required.

The laminin-511 «5 chain contains five C-terminal
EGF-like repeats numbered G1-5. It is known that the
integrin binding region lies in the G1-3 domain (Ido et al.
2004; Nishiuchi et al. 2006; Kikkawa et al. 2007), while
another region located in the G4-5 domain interacts
with heparin sulfate proteoglycans (Yu and Talts 2003)
such as perlecan, dystroglycan, or syndecans. To study
the role of integrin binding with laminin-511’s role in
hair development, two purified recombinant laminin-
511 molecules were tested, one with a deletion of the
G4-5 domain of the o5 chain, which ablates the heparin
binding, termed AG4-5, and another termed AG3-5,
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Figure 4. Role of laminin-511 and B1 integrin in hair follicle
downgrowth and DP maturation. (A) Wild-type (WT) or
Iama5~'~ (null) E16.5 skin was examined using antibodies to
laminin-511 (L511) and activated B1 integrin at the time points
indicated. Note colocalization of laminin-511 and B1 integrin at
interface between follicular epithelium and DP (arrows). (DP)
Dermal papilla; (DC) dermal condensate; (IRS) inner root
sheath; (ORS) outer root sheath. (B) Hematoxylin-eosin sections
of lama5~'~ skin grafts 9 d after treatment with purified laminin
proteins. The AG45 deletion mutant of laminin-511 contains g1
integrin binding sites but lacks the major heparin binding do-
main. The AG45 deletion mutant of laminin-511 lacks the g1
integrin-binding site and the major heparin binding domain.
Lam-111 represents laminin-111. (Bottom right panel) Quanti-
fication of hair follicles in each of the conditions in B.

with a deletion of the G3-5 domain of the «5 chain,
which removes both integrin and heparin binding. Each
of these molecules has been shown to adopt a typical
laminin trimeric configuration as previously char-
acterized (Fig. 4B; Ido et al. 2006). Recombinant laminins
were incubated in Iama5~/~ skin overnight and then
analyzed for their ability to promote hair follicle forma-
tion in treated skin 9 d after grafting to nude mice.
While significant hair follicle downgrowth was noted
with the use of AG4-5 laminin-511, only follicle regres-
sion was seen with AG3-5 laminin-511 (Fig. 4).
These results indicated that while the heparin-binding
domain of laminin-511 G domain was not required
for hair follicle development, the integrin-binding do-
main appears to play an important role in this process.
We next focused on further exploring the mechanism
of laminin-511 interaction with the dermal signaling
niche.
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Defective hair follicle dermal niche in lama5~'~ mice

To determine what effects laminin-511 might have on
DP development, we compared the expression of several
known DP markers including Snail2 (Slug), Nestin,
Wnt5a, Nexin 1, and Cspg2 (versican) (Kishimoto et al.
1999; Sonoda et al. 1999; Jensen et al. 2000; Fernandes et
al. 2004) in E16.5 wild-type and null skin. Of these rep-
resentative genes of the developing DP, all but Wnt5a
showed significantly reduced mRNA expression in
Iama5~/~ mice (Fig. 5A, left). To probe the signaling path-
ways involved in the interaction between laminin-511
and the hair dermal signaling niche, we studied growth
factor receptors, Fgfr2, PDGFra, and Tgfbrl, which lo-
calize in the dermal compartment and may play roles in
hair development (Mandler and Neubuser 2004;
Schneider et al. 2005; Grose et al. 2007). Surprisingly, the
mRNA expression levels decreased in all of the afore-
mentioned receptors in Iama5~/~ mice (Fig. 5A, right).
We went on to study the relationship between PDGFra
signaling and laminin-511 in further detail.

Laminin-511 induces noggin expression in DP cells
through PDGF signaling

It is known that PDGEF signaling plays a key role in DP
maturation and hair development (Karlsson et al. 1999).

"WT
ENull
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To study whether laminin-511 promoted DP develop-
ment through PDGR signaling, we incubated E16.5
Iama5*/~ skin overnight with PDGFra blocking anti-
body. Nine days after grafting, PDGFra antibody-treated
skin showed a complete lack of hair development com-
pared with goat IgG control (Fig. 5B). From these studies,
we hypothesized that PDGFra could function as a co-
receptor involved in laminin-511-mediated signaling.
However, what are the signals sent by laminin-511
through PDGFra during DP development? Do they relate
to the induction of noggin in the DP by laminin-511? We
used a mesenchymal in situ organ model to address these
questions. Briefly, we digested E16.5 wild-type skin with
the enzyme dispase, which mechanically removed lam-
inin-511 from the dermis along with overlying epithe-
lium (Fig. 5C). IF with laminin-511 antibody demon-
strated that while laminin-511 was absent, DP were pre-
served as indicated with CD133 antibody (Fig. 5C).
Laminin-511-depleted E16.5 mesenchyme was then
tested for induction of noggin mRNA expression by
treatment with laminin-511 and SHH overnight in se-
rum-free medium, followed by induction with PDGF-AA
for 5 h (Fig. 5D). A striking induction of noggin mRNA
expression was noted upon addition of PDGF in laminin-
511, Shh-treated mesenchyme. In the absence of Shh or
PDGEF, or if laminin-111 was substituted for laminin-

Figure 5. Cooperation of laminin-511,
Shh, and PDGFra in mesenchymal devel-
opment. (A, right) Real-time RT-PCR-
evaluated mRNA levels of DP markers
Cspg2 (versican), nestin, nexin, snail2, and
Wnt5a in E16.5 wild-type (WT) and
Iama5~'~ (null) skin. (Left) Real-time RT-
PCR evaluated the mRNA level of major
developing DP cell surface receptors,
Fgfr2, Pdgfra, and Tgfrbl. (B) Functional
blocking anti-PDGFra antibody-treated
Iama5*'~ skin. E16.5 lama5*/~ skin was in-
‘ cubated overnight in anti-PDGFra anti-
body or control goat IgG and analyzed 9 d
Glg‘(*;‘ Pt following grafting to nude mice. Quantifi-
cation of hair follicle formation is shown
in right panel. (C) IF microscopy of
E16.5 wild-type skin before (left panel) or
after dispase digestion (middle and
right panels), using CD133, type VII colla-
gen (ColVII), and laminin-511 (Lm10) an-
tibodies. Note loss of laminin-511 but
preservation of CDI133-expressing DP
cells following dispase digestion. (DP) De-
veloping DP; (BMZ) basement membrane
zone marked by white dots; (Epi) epider-
mis; (Der) dermis. (D) Quantitative-PCR-
evaluated induction of noggin mRNA
expression in dispase-treated E16.5 mesen-
chyme under five conditions: laminin-
111 + PDGF-AA,  laminin-511 + PDGF-
AA, laminin-111 + Shh + PDGF-AA,
laminin-511 + Shh + PDGF-AA, and lami-

nin-511 + PDGF-AA.
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511, the induction failed to occur (Fig. 5D). Interestingly,
this showed a dependence on developmental timing
as induction in E16.5 mesenchyme was far more pro-
nounced than in E18.5 mesenchyme (Supplemental
Fig. 2).

Laminin-511 promotes primary cilium formation
in the DP

The primary cilium is a specialized organelle used in
transduction of extracellular signals such as Shh. In fi-
broblasts, platelet-derived growth factor (PDGF) appears
to act directly though PDGFRa located in the primary
cilium (Schneider et al. 2005). Thus, our studies linking
laminin-511 with PDGF signaling and SHH expression/
signaling in DP cells led us to examine whether laminin-
511’s function in hair morphogenesis might involve the
DP primary cilium.

Toward this end, we examined primary cilium forma-
tion in wild-type and lama5~/~ skin at E16.5 using con-
focal microscopy as shown in Figure 6A. The DP, the
collection of cells underlying the lower aspect of the fol-
licular epithelial basement membrane, shown in the left
panel using perlecan antibody, showed several elongated
primary cilia staining positive for acetylated a-tubulin in
the wild-type condition. However, primary cilia in the
DP were significantly diminished in the absence of lam-
inin-511 in lIama5~/~ skin. Costaining of structural pri-
mary cilia proteins, acetylated a-tubulin and polaris, was
readily seen in the DP of wild-type hair follicles, but not
in lama5~/~ skin. Despite the primary cilia changes, total
numbers of CD133 positive cells per DP were not sig-
nificantly altered in the presence or absence of laminin-
511, and no Ki67 staining was seen in CD133-positive
cells in either condition, suggesting a lack of prolifera-
tion. We were unable to reproducibly demonstrate pri-
mary cilia formation in E14.5 mutant or wild-type der-
mal condensates. This may be a result of the extreme
fragility of the tissues at this stage of development or
that cilia formation may be developmentally regulated.

We next examined freshly isolated primary mesenchy-
mal cells from E16.5 wild-type and lama5~/~ skin. After
culture for 12 h, lama5~/~ mesenchymal cells displayed
significantly decreased numbers of primary cilia com-
pared with wild-type cells as demonstrated by staining
with primary cilium structure protein, acetylated a-tu-
bulin and polaris, and anti-phorpho-PDGFRaY754 (Fig.
6B,C; Schneider et al. 2005). Ki67 staining was equiva-
lent in lama5~/~ and wild-type cells. To further examine
the relationship between laminin-511 and primary cilia,
we cultured fresh isolated lama5~/~ mesenchymal cells
with either purified laminin-511 or laminin-111 for 12 h.
IF staining with acetylated a-tubulin and polaris anti-
bodies showed that exogenous laminin-511 protein
could restore >30% primary cilia formation in E16.5
lama5~'~ cells compared with laminin-111, <5% (Fig.
6C). Differences in primary cilium formation were not
associated with differences in focal adhesion formation
between laminin-511 and laminin-111 conditions as
shown by costaining with a-tubulin and g1 integrin an-
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tibodies (Fig. 6C). These studies in total suggest that
laminin-511 is an important factor in promoting primary
cilia formation in the developing DP.

Finally, we examined the role of B1 integrin, the pri-
mary receptor for laminin-511, in DP function and pri-
mary cilia formation. Toward this end, we compared the
effects of B1 or B3 integrin blocking antibody on primary
cilia formation in the DP of E16.5 skin (Fig. 7A). Follow-
ing overnight 1 (but not B3) integrin antibody incuba-
tion, we found a dramatic decrease of primary cilia, iden-
tified by acetylated tubulin staining, throughout the DP
(shown through CD133 expression). This was quantified
as shown in Figure 7B (left panel). We next tested the
ability of antibody-treated E16.5 skin to support hair fol-
licle development. As shown in Figure 7, B (right panel)
and C, disruption of primary cilia formation by a single
overnight incubation with g1 integrin blocking antibody
led to a profound disruption of hair formation in grafted
skin shown 9 d after grafting.

Discussion

Early studies of hair follicle development using epithe-
lial-mesenchymal tissue chimeras suggested that early
epithelial messages pass extracellularly from the devel-
oping placode to organize the mesenchyme into a DP
(Dhouailly 1973; Hardy 1992). This, in turn, leads to a
second proposed dermal message that triggers follicular
epithelial downgrowth. While many of the dermal sig-
nals, including the early appearance of FGFs (Petiot et al.
2003) and the later induction of expression of the BMP
inhibitory factor noggin (Botchkarev et al. 1999), have
been identified, the identity of early epithelial messages
is incomplete. This study identifies a molecule, laminin-
511, that fits the criteria of one such early epithelial
signal.

Consistent with these criteria, laminin-511 is an ex-
tracellular, epithelial-derived molecule that, as we
showed through hair reconstitution studies, must be se-
creted from the associated follicular epithelium to effec-
tively promote hair morphogenesis. While a diversity of
epithelial tissues, including cornea and amnion, have
been shown to support hair morphogenesis in combina-
tion with embryonic dermis (Ferraris et al. 2000;
Fliniaux et al. 2004; Pearton et al. 2005), our present
studies suggest that one requirement limiting the diver-
sity of epithelial tissues capable of participating in hair
morphogenesis would be the capacity to express lami-
nin-511. Our studies suggest that laminin-521, like lam-
inin-511, could also facilitate hair follicle development.
However, as laminin a2-deficient mice have no hair de-
fects (Noakes et al. 1995) and we previously showed a
down-regulation of the laminin 2 chain during mouse
hair germ elongation (S. Li et al. 2003), it is not likely that
laminin-521 plays a major role in hair follicle develop-
ment in the skin.

The first epithelial signal in hair morphogenesis was
proposed to promote cell adhesion (Hardy 1992) and,
consistent with this, mesenchymal cells in the early de-
veloping DP closely associated with laminin-511 to pro-
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Figure 6. Laminin-511 promotes primary cilia formation in the DP of E16.5 skin and in dermal mesenchymal cells in vitro. (A)
Expression of primary cilium structural proteins (acetylated a-tubulin and polaris), basement membrane proteins, perlecan and
laminin-511 (Lm511), DP marker CD133, and proliferation marker Ki67 as analyzed by immunofluorescent microscopy at E16.5 and
E18.5 time points. The names and corresponding colors of antibodies in combination with blue nuclear stain (DAPI) are indicated on
the panels. At the right, the total number of primary cilium in both wild-type (WT) and lama5~/~ (null), and the total number of
CD133-positive cells per wild type and Iama5~/~ DP are quantified. (B) Fresh isolated E16.5 Iama5~/~ (null) and wild-type (WT) primary
mouse mesenchymal cells after 12 h of culture were stained with antibodies (names and corresponding colors indicated on the panels)
including acytylated tubulin (tb), Ki67, polaris and PDGFRa, and phospho-PDGFRaY’”** and nuclear stain (DAPI, blue) and analyzed
by IF microscopy. (C) Fresh isolated E16.5 null and wild-type primary mesenchymal cells were cultured with either laminin-511 or
laminin-111 for 12 h, then stained with acetylated tubulin (tb) and 1 integrin antibodies. Insets show higher magnification of primary
cilia structures. The table on the right shows quantification of primary cilia formation under the different indicated conditions.

mote a tighter, more organized cellular DP organization. the developmental maturation of the DP. This is evi-
However, laminin-511’s role in hair morphogenesis ex- denced by the requirement of laminin-511 for the expres-
tends beyond facilitating cell adhesion. Our studies in- sion of several markers of DP development, including
dicate that laminin-511 plays a critical role in supporting Cspg2 (versican), nestin, nexin, Snail2 (Slug), fgfr2, ptch,
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Figure 7. Blockade of a major laminin-511 re-
ceptor, Bl integrin, inhibits primary cilia forma-
tion in the DP leading to an arrest of hair follicle
development. (A) Freshly isolated E16.5 wild-
type skin, following overnight incubation with
either B1 or B3 integrin blocking antibodies or C
control antibody as indicated (2C9.G2; BD Bio-
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sciences) at 4°C, was analyzed by immunofluo-
rescence microscopy using antibodies to the DP
marker CD133, the primary cilia marker a-acety-
lated tubulin (tb), and nuclear stain (DAPI). (B,
Ieft) Quantification of primary cilia formation as
seen by a-acetylated tubulin staining in CD133-
positive DP; each graph is the average of multiple
high-power fields. (Right) Quantification of hair
follicles in the skin of 9-d grafts following over-
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night treatment with control of B1 integrin anti-
bodies. Each graph represents the average of mul-
tiple low-power fields. Error bars represent the
standard deviation. (C, top panel) Hematoxylin
and eosin staining shows hair formation in 9-d
skin grafts of E16.5 wild-type skin, after over-
night treatment with either 1 integrin blocking
or control hamster IgM. (Bottom panel) NBT/
BCIP staining shows AP activity in 9-d skin e
grafts. Conditions are as indicated in images. LB

9days E16.5 Skin graft

PDGFra, and noggin, although continued expression of
other DP-associated molecules such as CD133 and
Wnt5a suggest that laminin-511’s effects on DP gene ex-
pression are selective. Also, it appears that the mesen-
chyme’s response to laminin-511 may be developmen-
tally timed. For example, noggin expression by mesen-
chyme in response to laminin-511 was much greater at
E16.5 as opposed to E18.5 time points.

The observation that exogenous noggin or Shh (neither
of which are adhesion molecules) can reinitiate follicle
downgrowth in the absence of laminin-511 protein sug-
gests that laminin-511 is not required to support epithe-
lial attachment and migration during early hair follicle
downgrowth. Instead, it is laminin-511-driven noggin ex-
pression in the dermis that provides the required BMP
inhibition to the follicular epithelium to enable early
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follicular downgrowth. The finding of normal levels of
Wnt3a in lama5~/~ skin and an inability of Wnt3a to
rescue hair formation in lama5~/~ skin suggests that de-
spite its critical role in promoting B-catenin cytoplasmic
accumulation and Lef-1 activation, the Wnt3a pathway
is highly dependent on dermal input for the progression
of hair morphogenesis during the early follicular down-
growth phase. As suggested previously (Jamora et al.
2003), regulation of Lef-1 activation may be driven by
Wnt3a expression and B-catenin accumulation, which
our data suggest may be independent of laminin-511. On
the other hand, regulation of Lef-1 expression requires
the input of noggin, which in turn appears to be con-
trolled by laminin-511. Thus, laminin-511’s main con-
tribution to follicular epithelial downgrowth is not sup-
port of adhesion or migration, but instead, by promoting
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noggin expression, it indirectly supports follicular epi-
thelial signaling, providing needed input into the Wnt
pathway.

Through deletion studies, we showed here that the
heparin-binding site on the laminin-511 G domain is not
required for hair development but that the integrin-bind-
ing site located in the G1-3 region is essential for this
process. Laminin-511 is known to be a major ligand for
a3B1 integrin (Kikkawa et al. 1998), and previous studies
of the deletion of a3 integrin (Conti et al. 2003) have
shown severe defects of hair morphogenesis, including
altered hair follicle downgrowth. B1 integrin has been
previously linked to Shh expression in both neural and
intestinal tissues (Blaess et al. 2004; Jones et al. 2006).
While prior studies examining the role of 1 integrin in
hair have focused only on follicular epithelium, not the
dermis (Brakebusch et al. 2000; Raghavan et al. 2000),
our present studies suggest that integrins located on der-
mal cells may play an important role in laminin-511’s
promotion of hair morphogenesis. Our previous studies
showed that continuous blockage of g1 integrin in both
dermis as well as follicular epithelium disrupts hair mor-
phogenesis in vivo (Li et al. 2003). Our present studies
show that even an overnight incubation of E16.5 skin
with B1 integrin inhibitory antibody will disrupt any
subsequent hair development. 1 subunit containing in-
tegrin receptors for laminins include «281, «3B1, and
a6B1. While no hair abnormalities have been reported in
a2 or o6 integrin-null mice (Georges-Labouesse et al.
1996; Holtkotter et al. 2002) or a6 integrin-null humans
(Ruzzi et al. 1997), severe hair follicle abnormalities have
been noted in a3 integrin-deficient mice including hair
follicle elongation defects (Conti et al. 2003). Thus, of all
the transgenic deletion models of « integrin subunits
known to associate with 1 integrin, only the deletion of
a3 integrin produces a defect of hair follicle elongation
similar to that of lama5~/~ and Bl integrin conditional
null mice. These results suggest that a3p1 is the likely
integrin mediating laminin-511’s effects on hair follicle
development.

Laminin-511 supported primary cilia formation both
in vivo in developing DP, and in cells isolated from em-
bryonic mesenchyme in vitro. As inhibition of laminin-
511’s receptor B1 integrin completely disrupted primary
cilia formation in the DP, it is likely that laminin-511
exerted its effects on both primary cilia formation as
well as hair development through g1 integrin. While pri-
mary cilia are known to be dependent on the cell cycle,
we found that the presence or absence of laminin-511
had no effect on cell proliferation in the DP at E16.5.
Primary cilia serve a critical function in mediating
PDGF signaling in mesenchymal cells. Thus, primary
cilia seen in the presence of laminin-511 likely explains
how laminin-511 can induce PDGF-dependent noggin
expression in DP cells. As primary cilia are known me-
diators of Shh signaling, the requirement for Shh in lam-
inin-511’s induction of noggin expression is consistent
with laminin-511’s function in promoting primary cilia
formation and function. Laminin-511’s dual role in pro-
moting Shh expression in the follicular epithelium

Laminin-511 in cutaneous development

through noggin induction, and augmenting the response
to Shh in the DP through primary cilia formation, helps
to explain the critical reliance of hair follicle down-
growth on laminin-511.

These findings suggest a feedback amplification loop
between noggin and Shh that laminin-511 and primary
cilium may help to maintain (shown schematically in
Fig. 8). According to this model, epithelial-derived lam-
inin-511 interacts with mesenchymal B1 integrin via the
G1-3 (integrin-binding) domains of laminin-511’s o5
chain (shown in yellow). B1 integrin-laminin-511 bind-
ing promotes mesenchymal primary cilia formation,
which in turn amplifies the mesenchymal response to
epithelial-derived Shh, through activation of down-
stream Shh effectors including patched, smoothened,
and Gli. PDGFRa in mesenchymal primary cilia is acti-
vated by epithelial PDGF, and this, combined with Shh
signaling, leads to activation of noggin expression in
mesenchymal cells. Noggin secreted by mesenchymal
cells serves to inhibit BMP signaling in epithelial cells,
leading to expression of LEF1. Activation of LEF1 by
WNT-induced B-catenin accumulation (Jamora et al.
2003) leads to increased expression of Shh, which serves
to further amplify the signaling loop. In this model, lam-
inin-511 both amplifies the Shh signal in the mesen-
chyme by promoting primary cilia formation and also
increases Shh expression in the epithelium by noggin-
induced BMP inhibition. In this way, laminin-511 plays
a key role in facilitating communication between epi-
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Primary cilia
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Figure 8. Schematic of laminin-511’s role in hair development.
Laminin-511 is secreted by the follicular epithelium into base-
ment membrane separating follicular epithelium and DP, where
it interacts with Bl integrin receptors on the DP cell surface.
This leads to primary cilia development, which in turn ampli-
fies Shh signaling, through Shh effector proteins including
patched (PTCH), smoothened (SMO), and Gli. Epithelilal de-
rived PDGF interacts with PDGFRa on DP primary cilia, which,
together with Shh, promotes the expression and secretion of
noggin in mesenchymal cells. Noggin promotes epithelial BMP
inhibition leading to Lef-1 expression, which, coupled with
Wnt/B-catenin-induced activation, drives further Shh expres-
sion. Red arrows indicate a Shh-noggin-positive amplification
loop that laminin-511 facilitates.
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thelial and mesenchymal compartments during skin
morphogenesis. Whether laminin-511 has similar effects
in other organs such as the kidney (Shannon et al. 2006)
or other known Shh-dependent developmental pro-
cesses, such as limb or CNS morphogenesis, remains to
be determined.

Materials and methods

Primary antibodies

The following antibodies were used: anti-laminin o5 chain rab-
bit pAb (Patton et al. 1999); rat anti-e-cadherin and p-cadherin
mADbs (Zymed); rabbit anti-collagen VII pAb (Ortiz-Urda et al.
2005); rabbit anti-B-catenin, PECAM, PDGFRq, and p-PDGFRa
Tyr720/754 and goat anti-Lef-1 pAbs (Santa Cruz Biotechnolo-
gies); rat anti-noggin mAb RP57-16 (Regeneron); rat anti-perle-
can mADb (Chemicon); rabbit anti-smad 1/5/8 pAb (Cell Signal-
ing); hamster anti-integrin g1 blocking IgM mAb (Mendrick and
Kelly 1993) (Ha2/5; BD Pharmingen); hamster IgM (G235-1; BD
Biosciences); B3 integrin blocking antibody (Ashkar et al. 2000)
(2C9.G2; BD Biosciences); rat anti-CD133 mAb (eBioscience);
rabbit anti-keratin 17 pAb (DAKO); rabbit anti-Ki67 pAb (Neo-
markers); mouse anti-acetylated a-tubulin mAb and rabbit anti-
B-actin pAb (Sigma); and rabbit anti-polaris pAb (Taulman et al.
2001).

Animals

Laminin-511-null mice were genotyped as described (Miner et
al. 1998) and were crossed with Topgal mice, a generous gift of
Dr. R. Nusse (Stanford University, CA). Embryonic ages were
determined by VisualSonics Vevo 660 ultrasound. Nude (nu/nu)
mice were used for grafting.

Primary mouse mesenchymal cell isolation

Fresh E16.5 or E18.5 skin from lama5~/~ or lama5*/~ mice was
treated with 50% Dispase (BD bioscience) for 1 h at 37°C. Epi-
dermis was removed and dermis was either used for in situ
noggin expression assays using purified Shh and PDGF (R&D
Systems), or was minced and further digested with 0.25% puri-
fied collagenase type I (Worthington) for 1 h at 37°C and neu-
tralized with 10% fetal bovine serum (Hyclone). After washing,
the cells were cultured in Dulbecco’s modified Eagle’s medium
(GIBCO-BRL) for 6 to 16 h before analysis.

Semiquantitative RT-PCR and QRT-PCR

Total RNA was extracted from the dorsal skin of lama5~/~ or
lama5*/-, wild-type embryos with the RNeasy Mini-kit (Qia-
gen). One-hundred nanograms of RNA was used for RT-PCR
with the SuperScript One-Step kit (Invitrogen) and QRT-PCR
with the QuanTect SYBR green kit (Qiagen). Samples were
run in triplicate and normalized to GAPDH. At least three
samples were used for each analysis. QuantiTect Primer Assays
Kits (http://wwwl.qiagen.com/GeneGlobe) were used for all
primers.

Immunohistochemistry

For IF, frozen tissue (7-10 pm) was blocked in 10% goat serum
and incubated with primary antibodies. Cy3 and Cy2 conju-
gated secondary antibodies (Jackson Laboratory) were used at
1:200 dilutions. V4-diamidino-2-phenylindole (DAPI) was ap-
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plied to visualize nuclei. Images were photographed using a
Zeiss Axiovert 100 inverted microscope. For imaging primary
cilium, 15-20-um skin sections or primary mesenchymal cells
from Iama5~/~-null or lama5*/~ wild-type mice were fixed in 4%
paraformaldehyde for 2 h at 4°C. Sections were blocked in 4%
BSA in PBS with 0.5% Triton X-100 and incubated with Alexa
Fluor 488-conjugated anti-acetylated tubulin (Invitrogen). A
Lieca SP2 AOBS Confocal Laser Scanning Microscope and
BLENDER 3D modeling image analysis software were used for
image analysis. X-gal staining on lama5~/-/Topgal mice was
done as described (DasGupta and Fuchs 1999). Serial sections
were stained with hematoxylin and/or alkaline phosphatase
(AP) using AP substrate (NBT/BCIP; Roche).

Western blot and in vivo Wnt3a activity assay

E16.5 lama5~/~-null or lama5*~ wild-type sibling skins were
lysed with RIPA lysis buffer (1% NP-40, 150 nM NaCl, 50 mM
Tris-Cl at pH 7.5, 0.5% sodium deoxycholate, 0.1% SDS). To
determine Wnt3a activity in embryonic skin, E16.5 Iama5~/~-
null skin was treated with a gradient of purified Wnt3a protein
(0, 20, 100, 200, and 400 ng) overnight and lysed with RIPA lysis
buffer. Expression of B-catenin was detected with B-catenin an-
tibodies as described above. NTH Image] software was used for
the quantification of protein expression.

Hair reconstitution assay

This was performed as described (Kishimoto et al. 1999). Briefly,
E16.5 primary mouse keratinocytes (7x 10° to 10 x 10°) were
isolated from Iama5~/~-null or lama5*/~ wild-type dorsal skins,
combined with versican-GFP sorted DP cells (1 x 10°) (Kishi-
moto et al. 1999), grafted with silicon graft chambers, and im-
planted on the back of nude mice. After 2 wk, the grafts were
removed for analysis.

Exogenous proteins and hair rescuing assay

Recombinant laminin-511 lacking LG4-5 or LG3-5 domains was
produced using the Free StyleTM 293 Expression system (Invit-
rogen) and immunoaffinity purified from conditioned media as
described (Ido et al. 2004). As described (Li et al. 2003), freshly
isolated E16.5 lama5~/~-null dorsal skin was incubated with one
of the following: 1 x 10'° particle units of Shh adenovirus su-
pernatant (Sato et al. 1999); 10 ng/mL purified noggin (gift of
Richard Harlan); 10 pg/mL purified gremlin (R&D systems); 200
ng/mL Wnt3a (gift of Roel Nuuse); 30 ng/mL purified laminin-
511 (Li et al. 2003); 30 pg/mL laminin «5LG3-5 and laminin
a5LG4-5 (Ido et al. 2006); 30 pg/mL laminin-111 (Invitrogen); or
40 pg/mL anti-PDGFRa (R&D systems); anti-B1 integrin or
anti-B3 integrin (BD biosciences) overnight at 4°C, with PBS,
hamster IgM, or goat serum as controls. Treated skin was trans-
planted onto the backs of nude mice, and grafts were harvested
at 9 d (five mice per condition) for microscopic analysis.
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