Cell Cycle 10:19, 3379-3386; October 1,2011; © 2011 Landes Bioscience

REPORT

Shh is required for Tabby hair follicle
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In embryonic Eda mutant (“Tabby”) mice, the development of one of the two major types of hair, “primary” hair fails,
but other “secondary” hairs develop in normal numbers, though shorter and slightly aberrant. In Tabby mice, Shh is
undetectable in skin early on, but is activated during secondary hair formation. We inferred that Shh may be involved
in primary hair formation, activated normally by Eda, and also possibly in secondary hair formation, activated by an
Eda-independent pathway. Varying the dosage of Shh now supports these inferences. In Shh knockout mice, mice were
totally hairless: primary and secondary hair follicle germs were formed, but further progression failed. Consistent with
these findings, when Shh loss was restricted to the skin, secondary hair follicle germs were initiated on time in Tabby
mice, but their subsequent development (down-growth) failed. An Shh transgene expressed in Tabby skin could not
restore induction of primary hair follicles, but restored normal length to the somewhat aberrant secondary hair that was
formed and prolonged the anagen phase of hair cycling. Thus, Shh is required for primary and secondary hair down-
growth and full secondary hair length, but is not itself sufficient to replace Eda or make fully normal secondary hair.

Introduction

Anhidrotic ectodermal dysplasia (EDA), a hereditary genetic dis-
order, profoundly affects the development of skin appendages,
including hair follicles (OMIM305100). When the orthologous
gene Eda was inactivated in a mouse model, however, it became
clear that the major classes of mouse hair have distinctive devel-
opmental mechanisms, which respond differentially to Eda.
Primary hair follicles, which form in early embryonic life and cre-
ate a protective outer coat, are absent in the £da-(“Tabby”) mice.
By contrast, the secondary hair follicles, which develop later as a
thermoregulatory undercoat, still form in normal numbers in the
absence of Eda; but the secondary hairs formed are aberrantly
short, thin and straight.??

Eda loss interrupts its specific signaling pathway.*” Along with
its receptor Edar and receptor adaptor Edaradd, Eda acts to turn
on NFkB-mediated transcription.® The Eda pathway was found to
regulate a set of candidate target genes including Shh, LTb, Dkk4,
Cyclin D, Ctgfand BMP4/7°" Among these Shh is the gene most
strikingly affected in Tabby skin.”'* Suggestively, although Shh
is undetectable before and during the period when primary hair
follicle induction fails, it is nevertheless subsequently activated
in Tabby during secondary hair follicle development.>'*'* The
data were consistent with previous findings of Shh involvement
in the development of various skin appendages,” and further led
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to the inference that Shh was correlated with formation of both
hair types, but was apparently activated in different ways for the
two—perhaps with differential consequences.

Observations of S5 knockout embryos revealed that the gene
was not required for primary hair follicle induction, but was indis-
pensible for the subsequent developmental elongation of the fol-

1617 However, because conventional S/ knockout mice are

licle.
embryonic lethal, Shh function in secondary hair follicles, most
of which start to form just before term, has been more difficult
to study. Furthermore, there were hints that Shh may function in
the induction phase as well as later for some skin appendages. For
example, B-catenin overexpression resulted in excessive hair fol-
licle placode formation that was shown to be mediated by Shh.'®
We found that Shh was also implicated in secondary hair follicle
initiation downstream of Eda and Wnt/Dkk4.! And ablation of
Noggin, which encodes a BMP antagonist, had been determined
to selectively abolish secondary hair follicle induction by sup-
pressing Wnt and Shh expression.”” Finally, in an ex vivo system,
ectopically applied recombinant Shh protein partially rescued the
induction of salivary glands, another skin appendage affected in
Tabby mice.?**

Here we have further analyzed the role of Shh in Tabby (sec-
ondary) hair follicle formation by modulating the level of activity
of Shh up or down. By generating skin-restricted Shh transgenic
and knockout mice in a Tabby background, where only secondary
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crossing Shh """ mice with mice bearing a Cre trans-

gene driven by the K7#14 promoter to direct the ablation
activity of Cre to skin. We aimed to observe the extent to
which $hh knockout mice resemble Tabby mice during
induction and subsequent progression stages of primary

and secondary hair follicles. Most of the skin-specific
Shh knockout mice died at P4-P5, but some survived
until P8, reaching the time at which hair follicles com-
plete their development in wild-type mice. Homozygous
Shh knockout mice completely lack all types of visible
hair including whiskers (Fig. 1A). Histological stud-

ies revealed that the primary hair germs were formed
at E15 in the skin-specific knockout mice, but dermal
condensation, involved in the next phase of hair follicle
formation, was rudimentary compared with wild-type
lictermates (Fig. 1B, arrows). At P5, hair follicles in the
wild-type pups produced hair shafts, but the knockout

mice still remained at the earlier stage 1-2, and dermal
condensations had completely disappeared (Fig. 1C, left
parts). At P8, hair germs were comparable to those at
P5, but the epidermis above the hair follicle germs had
invaginated massively, and instead of hair follicles form-

ing, striking follicular keratosis had occurred in Shh
knockout mice. Both hyperkeratosis and parakeratosis
were seen in the keratotic plugs (Fig. 1C, right parts),
suggesting that Shh is required for epidermal differenti-
ation-at least for keratinocytes competent in hair follicle
formation. Hair germs in the knockout mice numbered
about 57% of hair follicles in wild-type siblings at P5
(Fig. 1C and data not shown), suggesting that most
primary and secondary hair germs were induced in
the knockout mice. These findings are consistent with
phenotypes of conventional S5/ knockout embryos and

skin transplanted onto immune deficient mice, and

extend the characterization of the defects, demonstrat-

Figure 1. Phenotypes of skin specific Shh knockout mice. (A) Note hairs protruding
onto the skin surface in wild-type (WT) pups at P5 and hair coat forming at P8. Shh
knockout (KO) pups showed a complete lack of visible hairs, including whiskers.
(B) Primary hair germs were formed in the WT embryos at E15 with a clear dermal
condensation under each germ (arrow). In Shh knockout pups, primary hair germs
were formed on time, but dermal condensations were rudimentary. (C) WT mice
started to make hair shafts at P5 (lower left part), but knockout mice still remained
at the germ stage (upper left part). Dermal condensations had disappeared in the
knockout mice at P5 (insert in P5 KO). At P8, knockout skin showed invaginations
at the site of hair follicle germs (upper right part). Higher magnification showed
follicular keratosis with keratotic plugging (lower right part). Arrowheads point to

ing that all phenotypes are intrinsic to the skin from the
time of follicle germ formation onward.'®"

Secondary hair follicles were induced on time,
but further elongation was blocked in Tabby mice
lacking Shh. To focus on Shh function in secondary
hair follicle development, we ablated Sh4 in the skin
of Tabby mice, in which only secondary hair follicles
form. The Shh knockout Tabby mice died shortly

after birth, but we could recover samples from E17.5

a hair germ.

and newborn animals. At E17.5, when Tabby mice

follicles form, we show that Shh expression is itself not sufficient
to restore primary hair follicle induction; and in agreement with
the findings for primary follicles, Shh is required for elongation
but not for the first inductive phase of secondary hair.

Results
Skin-specific Shh knockout mice are hairless: hair follicles were

initiated but further progression failed. To assess Shh function
in hair follicles, we generated skin-specific $/4 knockout mice by
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started to form secondary hair follicles, Sh4 knockout
mice in a wild-type background (Shh"Eda*”) displayed both
some larger and a majority of smaller hair follicle germs, most
likely respectively representing primary and secondary hair fol-
licle germs (Fig. 2A and B). Consistent with that notion, in the
double mutant embryos (Shh™"Eda™”), uniformly small secondary
hair germs were formed that were indistinguishable from those in
Tabby mice in size and number, revealing that both Shh and Eda
are dispensable for secondary hair follicle induction (Fig. 2A).
Immunostaining with p-cadherin, a hair germ marker, and Lef1,
a Wnt pathway transcription factor, further confirmed hair germ
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formation in all 3 mutant strains (Fig. 2B). In fact, the A

Ta Shh KO

Ta/Shh KO

hair germs formed in embryos in each of the 3 mutants
expressed Lef1 normally (Fig. 2B), as expected with both
Shh and Eda located downstream of Wnt action. At PO,
secondary hair germs had entered developmental stages

3—4 in Tabby (Fig. 2A, lower parts). By contrast, both

primary and secondary hair germs remained at stage
1-2 in Shh knockout mice in wild-type background.
In the double mutant mice, in sharp contrast to Tabby,
hair germs at PO were indistinguishable from those at

E17.5, demonstrating that Shh is required for elongation

(down-growth) of secondary hair follicles in Tabby mice.

Restoration of hair length, but neither primary hair
follicles nor normal secondary hair, in Shh transgenic
Tabby mice. Given the position of Shh action down-
stream of Eda, one can ask if it is capable of replacing
some or all of the action of Eda? If so, Shh supplemen-
tation in Tabby mice would restore wild-type pheno-
types. We next generated Shh transgenic mice in a Tabby
background (TaTG mice) (Fig. 3A and Materials and
Methods). Q-PCR assays revealed that, consistent with
its location downstream of Eda and Wht, the Sh4 trans-
gene did not affect expression levels of Eda and Lefl in
Tabby skin (Fig. 3B). Another putative target of Eda,
LTb, is also unaffected by the transgene (Fig. 3B). We
next verified the dramatic upregulation of Sh4 expression
in the transgenic Tabby skin compared with wild-type
and Tabby littermates at E14.5 (Fig. 3B). Also, expres-
sion of the Shh pathway and target genes Prchl and
Glil was restored to wild-type levels in the transgenic
embryos. Thus, the transgene indeed activated the Shh
pathway in Tabby skin (Fig. 3B).

As for their phenotypes, SHh transgenic Tabby mice
were slightly larger, and their hair coats appreciably lon-
ger, than Tabby littermates, though they still lacked hair
behind ears and on tails (Fig. 4A and B). The length of second-
ary awl hair was about 7.3 mm in wild-type (ranging from 6.2—
8.2 mm) and 5.1 mm in Tabby (4.0~6.0 mm). In the transgenic
Tabby mice, average hair length was 6.1 mm (4.2-8.1 mm), a
significant restoration by the transgene (Fig. 4C). Nevertheless,
the restored hairs were still thin and straight, and the medullary
granules (air cells) were fewer in number than in wild-type mice,
and abnormally arranged, as in Tabby (Fig. 4D). Hair cycling
was also altered in the transgenic mice confirming previous
reports in reference 22 and 23. Hair follicles in Tabby and wild-
type mice were uniformly in the telogen phase at 50 d and 60 d,
however, about 70% of back skin was in the anagen phase at 50
d, and about 40% of lower back skin was in the anagen phase at
60 d in most transgenic mice (Fig. 4E, left; skin pigmentation
represents anagen phase). Histological analysis revealed that both
anagen and telogen follicles exist in the middle back skin in the
transgenic mice, but only telogen follicles were observed in Tabby
or wild-type mice at 55 d (Fig. 4F). From these observations we
infer that restoration of hair length in the transgenic Tabby mice
was presumably attributable to prolonged occupancy of the ana-
gen phase.
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Figure 2. Induction of secondary hair follicles in Shh knockout Tabby mice. (A)
Stage 1-2 hair germs were formed in Tabby, Shh knockout and Shh knockout
Tabby mice at E17.5 (arrowheads). At PO, Tabby hair follicles were in stage 3-4, but
hair germs in Shh knockout and Shh knockout Tabby mice remained at stage 1-2.
(B) Immunostaining with Lef1 and P-cadherin revealed hair germ formation in
the mutant strains (arrows). Note the larger and smaller hair germs formed in Shh
knockout mice.

The Shh transgene was also unable to rescue primary hair fol-
licle induction in the Tabby mice. At E15, primary hair follicle
germs were evident in wild-type embryos, but not in Tabby or
Shh transgenic Tabby embryos (Fig. 5; E15). At E17.5, primary
hair follicles in wild-type embryos formed dermal papillae (stage
5-6), and both Tabby and transgenic Tabby mice just started to
form secondary hair follicle germs (stage 1-2) (Fig. 5; E17.5).
At P1, primary hair follicles in the wild-type pups had begun
to make hair shafts (stage 7-8), but only stage 3—4 uniformly
short follicles were detected in Tabby and S/ transgenic Tabby
mice (Fig. 5; P1).

Overall, the findings from the Shh transgenic mice
(Figs. 4 and 5) thus confirmed the requirement of Shh for the
elongation of hair follicles rather than for the induction of pri-
mary and secondary hair follicles.

Sebaceous gland hyperplasia and basal cell carcinoma-
like tumors in Shh transgenic Tabby mice. Consistent with
previous findings,** enlarged sebaceous glands were read-
ily detectable in all hair follicles in the $hh transgenic Tabby
mice (Fig. 4F, arrowheads and Fig. 6A). In addition, we found
occasional formation of basal cell carcinoma-like tumors® in
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Figure 3. Shh transgene expression system and expression levels.

(A) A transactivator, tTA, driven by an MMTV promoter, is constantly
expressed in mouse skin. tTA binds to the TRE promoter region of Shh
transgene in the absence of doxycycline (Dox), and activates transcrip-
tion of Shh in skin and exocrine glands. (B) Expression levels of Shh
pathway genes and some hair follicle markers at E14.5 in Tabby male
mice bearing an Shh transgene. Shh was dramatically upregulated in
the transgenic mice (note the log scale for Shh), and Ptc and GliT were
restored to wild-type levels in the transgenic skin. Eda and LefT and LTb
were unchanged in the transgenic skin.

hairy back skin and non-hairy tail skin of transgenic Tabby
mice. Figure 6A shows basal cell carcinoma-like tumors that
clearly originated from hair follicle epithelium (arrowheads, in
TaTG). We also found severe skin erosion in areas of the tails
of some transgenic Tabby mice about 2 mo old (Fig. 6B, upper
parts). Histological analysis revealed hair follicle-like down-
growths in the lesional and adjacent skin (Fig. 6B, middle and
lower right parts). Cells at the tips of the ingrowths had a basal
cell-like columnar shape and tended to form branching cords
(Fig. 6B, arrows in lower right part), suggesting that basal cell
carcinoma-like tumors can be formed both in hair follicles and
non-hairy epithelium, each of which had been proposed by
different groups as the sole site of basal cell carcinoma forma-
tion.”® Thus, as reported in wild-type mice, an Shh transgene
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in Tabby mice had comparable effects on sebaceous glands and
tumorigenesis.

Discussion

Skin appendages have characteristic structures and functions.
Their developmental processes nevertheless share features, espe-
cially during early embryonic stages. For all skin appendages, for-
mation starts from mesenchymal-epithelial interactions followed
by massive proliferation of epithelial cells to form the major
appendage masses—as is observed for hair follicles, feathers,
teeth and sweat glands in a variety of species. However, although
the various appendages only diverge prominently thereafter to
form distinctive end products, recent findings have suggested
that distinctive molecular mechanisms may be involved even at
early developmental stages."'>%

A striking illustration was seen in Eda mutant Tabby mice,
in which primary hair follicles were not induced but secondary
hair follicles were formed on time. The molecular mechanism
underlying this sharp difference is unclear, but Shh showed a
unique expression pattern correlated with hair production (see
Introduction). In the present study, with a more discriminating
tissue-specific animal model, we could essentially confirm previ-
ous findings of Shh function in early stage embryos, transplanted
skin or tissue cultures,'"'®"” and extended them. By varying the
dosage of Shh in Tabby mice, we have further explicated its role in
primary and secondary hair follicle development. Eda is required
not only for initiation, but also for initial down growth of pri-
mary hair follicles.” Because Shh is not expressed in Tabby skin
before and during primary hair follicle induction, it was inferred
to affect primary hair formation as a target of Eda.>” However,
the ensemble of our data and previous reports reveal that pri-
mary hair follicle germs were not restored by supplementation
of Shh in Tabby, and were normally formed in Sh/ knockout
mice. Thus, the animal model confirmed that Shh is dispens-
able at the initial germ formation stage. Sharp downregulation of
Shh in Tabby from an early stage rather suggests its involvement
in down-growth of primary hair follicles, under Eda regulation.
Consistent with this notion, primary hair germ progression is
arrested at about E15.5 in Eda* Shh knockout mice, so that down-
growth of primary hair follicle germs in Eda-AI transgenic Tabby
mice when the transgene is shutdown is attributable at least in
part to downregulation of Shh.?

Secondary hair follicles start to form when primary hair fol-
licles have already begun to form the critical dermal papillae.
Therefore, in wild-type animals, it is awkward to try to discrimi-
nate Shh function in secondary hair follicle development sepa-
rately from its action in primary hair follicles. However, Tabby
mice provided a model to focus on Shh function in secondary
hair follicle development. The Shh transgene did not affect sec-
ondary hair follicle induction. Notably, secondary hair follicles
were still induced on time in an S§hh knockout in Tabby mice
(double-mutant), further demonstrating that both Shh and Eda
are dispensable for secondary hair follicle induction. The Shh
transgene did partially restore hair length in Tabby, but when Shh
was ablated in either an Eda* or a Tabby background, secondary
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Figure 4. Gross phenotypes of Shh transgenic Tabby mice. (A) Shh transgenic Tabby mice were larger, and had longer hair coats than Tabby controls.
(B) Hair samples from back skin showed restoration of hair length in Shh transgenic Tabby mice. (C) Awl hair in WT was about 7.3 mm, awl-like hair in
Tabby was about 5.1 mm, and in Shh transgenic Tabby was about 6.1 mm. (D) Hair structure in Shh transgenic Tabby mice was comparable to Tabby
controls. (E) Tabby mice were uniformly in the telogen phase at 50- and 60-d old age. In contrast, about 70 and 40% of lower back skin was still in the
anagen phase in the Shh transgenic Tabby mice at 50 d and 60 d of age, respectively. Te, telogen phase; An, anagen phase.

hair germs were unable to grow down to form hair follicles. Shh
is thus required for progression of secondary hair follicles, com-
parable to its role in primary hair follicle development (Table 1).

Previous studies have suggested that the Wnt pathway initi-
ates formation of primary hair follicles,?® and Eda is required for
subsequent induction stages, with Shh responsible for hair germ
elongation downstream of Eda. Thus, early stage primary hair
follicle development is most likely governed by a Wnt-Eda-(Wn)-
Shh cascade.? For secondary hair follicle development, a subset

of Wnt signaling that can be blocked by Dkk4 in vivo likely plays
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an inductive role, and Eda plays only a minor role for example,
partially involved in formation of secondary hair structures, as
shown in our previous studies."? Our animal models revealed
that Shh indeed does not directly mediate induction of second-
ary or primary hair follicles. As shown in Figure 3B, transgenic
Shh in a Tabby background was activated to levels comparable to
wild-type, but spatiotemporal action of endogenous Shh cannot
be simulated easily with the transgene. This could explain why
completely normal secondary hair structures were not generated
in Tabby. More likely, a critical mediator is still unidentified that

3383



WT Ta TaTG
E15 :“ 5! *\ F"-’).'.‘,z.'ﬁs" e .‘\
'r’.‘- p ?"’tr,f
e a,"ixﬁl 27 &
E17.5
P1

Figure 5. Shh transgene does not rescue primary hair follicle induc-
tion in Tabby. In WT controls, primary hair germs were clear at E15, had
formed dermal papillae at E17.5, and were mostly mature at P1 (left
parts). In Tabby, primary hair follicles were not induced, secondary hair
follicle germs were emerged at E17.5 (arrows in middle part), and stage
3-4 follicles were detected at P1 (arrows in lower middle part). Shh
transgenic Tabby mice showed identical developmental histology to
Tabby.

operates in concert with Eda-Shh or Wnt/Dkk4-Shh to induce
primary and secondary hair follicles. Among possible candi-
dates for such a missing participant are Sox18, Sox2 and BMP’s.
Notably, ragged mice bearing a point mutation in the SoxI8 gene
selectively lack zigzag hair, the major subtype of secondary hair,
and 7roy mutant mice in a Tabby background lack awl hair fol-
licles.®®* More recently, it was shown that Sox2 expression was
selectively absent in zigzag hair, thus further distinguishing zig-
zag from other hair types.?” How these genes might interact with
the Wnt/Dkk4-Shh cascade or the BMP/Noggin axis to specify

secondary hair follicle fate remains to be seen.
Materials and Methods

Generation of skin specific Shh knockout mice. Homozygous
129-Shh™24m[] mice, containing two JoxP sites that flank Exon 2
of the Shh gene, and homozygous Tg(KRT14-cre) 1Amc/J mice,
expressing Cre recombinase in skin epidermis and hair follicles,
were purchased from Jackson Laboratory (Bar Harbor, MA).
Mice heterozygous for both genes were generated by crossing the
two homozygous strains, and Cre positive Shh homozygous mice
were obtained by crossing heterozygous mice. All animal study
protocols were approved by the Animal Care and Use Committee
of National Institute on Aging.

Generation of Shh knockout mice in Tabby background.
Mice heterozygous for Shh KO and K14-Cre were crossed with
Tabby mice (C57BL/6]-Aw-j-Ta6j strain, Jackson Laboratory) to
obtain heterozygous Shh knockout Tabby mice carrying a K14-
Cre transgene. Homozygous male and female Shh knockout
Tabby mice were obtained by further crosses between them.
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Table 1. Summary of hair phenotypes in mutant mouse strains

Phenotypes WT Ta SIT:':'G ShhKO Sl;r:ll(o
PH germ b =
SH germ + + + + +
PHF elongation + n.a. n.a. - n.a.
SHF elongation + + +
SH length L S S+L n.a. n.a.
Air cells in straight SH  3o0r4 1-2 1-2 n.a. n.a.

PH, Primary hair; SH, secondary hair; L, long; S, short; n.a., not applicable.

Generation of conditional Shh transgenic mice in a Tabby
background. The full-length open reading frame (1,314 bp) of
mouse Shh cDNA (NM_009170.3) was amplified from pCMV-
SPORTG6-Shh plasmids (Invitrogen) by PCR with a primer set
containing a forward primer with a Not [ site followed by Kozak
sequence GCC ACC ATG and a reverse primer with a Sall site
and a TGA stop codon. Forward: AAA AGC GGC CGC GCC
ACC ATG CTG CTG CTG CTG GCC AG. Reverse: AAA
AGT CGA CTC AGC TGG ACT TGA CCG CC. The trans-
gene was subcloned into a pIRE-Tight vector (Clontech) using
the Not I and Sall sites (Fig. 3A). A linear 1,903 bp fraction of
the TRE-mShh-SV40 polyA was excised with Xho I and Pvu I,
purified and microinjected into pronuclei of one-cell C57BL/6]
mouse embryos. Microinjected embryos were implanted into
pseudo-pregnant female mice. Genotyping was done by PCR
with primers spanning Intron 2. Forward primer: CTG GGT
CTA CTA TGA ATC CAA AGC. Reverse primer: CAG GAA
GGT GAG GAA GTC GCT GTA. Potential founders were
mated to C57BL/6] mice to identify those passing the transgene.

The Tabby genotype was scored by PCR amplification
and enzyme digestion as described previously in reference 9.
Tabby mice were mated with “tet-off” positive C57BL/6]-TgN
(MMTV=TA) mice (Jackson Laboratory),** to generate tet-off
positive Tabby females, which were then crossed with Shh trans-
genic male mice to activate Shh transgene transcription in Tabby
male progeny. Because the Eda gene is X-linked, male mice
showed unequivocal Eda* or Tabby genotypes, and we selectively
analyzed male mice that carried two transgenes, Shh and tet-off,
in a Tabby background.

Timed-mating, quantitative PCR, histology and immuno-
histochemistry. Timed matings were set up with Shh knockout,
Shh knockout Tabby and Shh transgenic strains as indicated in
the text to obtain embryos at E14.5, E15, E17.5, and newborn
mice at PO, P1, P5 and P8. The morning after mating was des-
ignated as E0.5. Back skin samples were fixed in 10% formalde-
hyde (Ricca Chemical) or embedded in OCT and frozen on dry
ice, and stored at -80°C until use. Livers were taken for genotyp-
ing, and sex and Ta mutation were determined by PCR-based
genotyping.’

One-step real-time PCR (Q-PCR) with Tagman probe/
primer sets was performed to analyze expression levels of Shh
pathway and related genes (Applied Biosystems). Genes analyzed
by Q-PCR included Eda, Lth, Shh, Ptchl, Gli and Lefl. Total
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Figure 6. Basal cell carcinoma-like tumor formation in Shh transgenic Tabby mice.

(A) BCC-like tumor formation occasionally seen in transgenic hair follicles. Arrowheads
indicate BCC-like island formation in the transgenic skin. (B) Skin erosion was found in
some transgenic Tabby tails, where no hair follicles were formed. Massive proliferation
of keratinocytes was seen in the lesional and non-lesional skin. Keratinocytes at the
tip of proliferation showed columnar shape and tend to form “islands” (arrows in lower

right part).
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