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SUMMARY

Themechanisms by which stem cell (SC) quiescence
is regulated to allow normal regeneration are poorly
understood. Here, we show that the mesenchymal
niche of the hair follicle, the dermal papilla (DP), gov-
erns the properties of quiescent SCs in the bulge
despite its relatively distant location. The DP induces
regeneration by downregulating bulge-dependent
inhibitory effects that restrain the intrinsic prolifera-
tion features of primed progenitors. Once regenera-
tion initiates, the DP orchestrates Shh expression in
primed-progenitor descendants by an autoregula-
tory circuit to restrict Shh expression to the DP vicin-
ity and to confine Shh levels to act only on nearby
cells. As the DP moves away from the bulge, quies-
cent SCs are exposed to Shh transiently. This en-
sures a short period of quiescent SC activation
required for normal regeneration. Furthermore, our
findings show that Shh signaling in the DP fine-tunes
Wnt signaling activity and reveal the importance of
signaling cross talk in coordinating regeneration
pace.

INTRODUCTION

The activity of specialized stem cell (SC) populations in themain-

tenance of tissues that require regeneration during adult life is an

area of intensive study (Blanpain and Fuchs, 2014; Tetteh et al.,

2015). Many SC populations are sustained and regulated by in-

teractions with a ‘‘niche,’’ a term that refers to either a special-

ized supporting population in physical contact with the SCs or

a localized signaling milieu generated by nearby cells (Moore

and Lemischka, 2006). The hair follicle (HF) provides an acces-

sible and powerful system to study the interactions between

SCs and their niche (Beck and Blanpain, 2012; Tiede et al.,

2007). These interactions are the basis for the capacity of hair

follicles to undergo cycles of growth (anagen), regression (cata-

gen), quiescence (telogen), and regeneration (Botchkarev and

Kishimoto, 2003; Stenn and Paus, 2001).

During the active growth phase (anagen), the mature hair folli-

cle is composed primarily of keratinocytes arranged in concen-
This is an open access article under the CC BY-N
tric layers of differentiated cell types that comprise the hair shaft

(HS), the inner root sheath (IRS), and the outer root sheath (ORS)

(Stenn and Paus, 2001). At the bottom of the hair follicle, the

mesenchymal component of the hair follicle, the dermal papilla

(DP), is embedded in the hair bulb and surrounded by prolifer-

ating keratinocytes collectively called matrix cells. Matrix kerati-

nocytes in direct contact with the DP function as progenitor cells

(Legué and Nicolas, 2005). They undergo asymmetric divisions

to renew this matrix progenitor cell compartment and to

generate transit-amplifying progeny that are displaced away

from the DP and undergo a few divisions before differentiating

to form the constituents of the hair shaft and IRS. Growth of

the hair occurs as these constituents are added to the base of

the inner layers, the IRS and hair shaft, which are extruded

through the ORS toward the surface of the skin.

At the end of the anagen phase, proliferation in the hair matrix

ceases. Some matrix cells differentiate to form the terminal

structure of the hair (club), while the rest including thematrix pro-

genitor cells undergo programmed cell death as the catagen

phase begins (Ito et al., 2004). During the catagen phase, thema-

jority of the ORS of the lower hair follicle undergo apoptosis

(Mesa et al., 2015). Consequently, keratinocytes of the upper

ORS collapse around the hair club and form the bulge region

and the secondary germ at the base of the permanent portion

of the follicular epithelium (Hsu et al., 2011; Ito et al., 2004).

The DP survives the apoptotic environment and is drawn up

with the regressing epithelial strand to lie adjacent to the second-

ary germ. A quiescent phase of variable length ensues.

At the telogen phase, two distinct SC populations are distin-

guished based on their proliferative characteristics: bulge SCs

(BuSCs) within the bulge region and hair germ SCs (HGSCs)

within the secondary germ (Greco et al., 2009; Hsu et al.,

2014). While BuSCs are more quiescent and cycle infrequently

(quiescent SCs), HGSCs are more sensitive to activation (primed

SCs). During telogen, both SC populations are quiescent. At the

onset of a new anagen phase, HGSCs are first to proliferate and

form transit-amplifying cells (TACs) that differentiate to produce

a new pool of matrix progenitor cells. This burst of HGSC prolif-

eration marks the induction of anagen. Following TAC formation,

BuSCs are then activated for a short period to proliferate and

produce the ancestors of the anagen ORS compartment.

Some newly formed ORS cells remain in the upper part of the

hair follicle adjacent to the bulge region, return to quiescence,

and are spared to form the new bulge and secondary germ at
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the end of the cycle (Zhang et al., 2009). In contrast, lower ORS

cells expand and encase the newly regenerating hair follicle as it

grows downward.

The DP plays an important role in regulating many aspects of

the hair cycle. Specific ablation of b-catenin in the DP during

anagen results in a rapid decrease in the proliferation rates of

adjacent matrix cells, premature induction of catagen, and

abnormal regeneration (Enshell-Seijffers et al., 2010). Laser abla-

tion of DP cells during telogen prevents anagen induction (Rom-

polas et al., 2012), suggesting that signals from the DP initiate

anagen. In contrast, when the DP is removed at the onset of

regression, reduction in epithelial cell death is observed while

anagen induction in the subsequent cycle remains unaffected

and occurs in the absence of DP cells (Mesa et al., 2015).

While the DP is clearly required for anagen induction and hair

follicle regeneration, the mechanisms by which the DP governs

these processes remain poorly understood. The two-stepmech-

anism of SC activation during hair follicle regeneration is thought

to stem from the proximity of the DP to the secondary germ and

the physical separation of the DP from the bulge by the second-

ary germ (Greco et al., 2009; Hsu et al., 2014; Mesa et al., 2015).

The close proximity of the DP to the secondary germ allows sig-

nals from the DP to induce proliferation of primed SCs within the

secondary germ to form the TACs and fuel regeneration. How-

ever, the distance of the DP from the bulge is thought to buffer

the BuSCs from receiving these proliferating signals. In contrast,

the close proximity of the newly formed TACs to the bulge allows

the TACs to transmit signals that induce proliferation of quies-

cent SCs within the bulge to reconstitute the anagen ORS and

spare SCs to form the new bulge and secondary germ at the

end of the cycle (Hsu et al., 2014).

Shh signaling plays an important role in hair follicle regenera-

tion. Shh expression in the hair follicle is highly dynamic during

the hair cycle. At telogen, Shh transcripts are absent (Hsu

et al., 2014; Oro and Higgins, 2003). During the transition from

telogen to anagen, Shh expression is induced in the newly

formed TACs, and later during mid-anagen, is asymmetrically

restricted to a subgroup of matrix cells within the anterior side

of the bulb region. Ablation of Shh in the epithelial part of the

hair follicle during telogen resulted in a complete lack of hair fol-

licle regeneration (Hsu et al., 2014). However, while SC prolifer-

ation within the bulge is diminished, a burst of initial proliferation

within the secondary germ still occurs in the absence of Shh. This

is consistent with the DP as a source for the signals that induce

proliferation within the secondary germ to initiate regeneration

and suggests that Shh is dispensable for anagen induction but

required for subsequent steps in hair follicle regeneration such

as BuSC activation. Furthermore, this also provides insight on

the molecular mechanism that underlies the two-step mode of

SC activation during hair follicle regeneration. As Shh from the

TACs is required for BuSC activation, this stimulation can occur

only after the TACs population is generated. As TACs formation

requires signals from the DP that induce HGSC proliferation, SC

activation must occur in two sequential steps.

While the two-step mode of SC activation was clearly estab-

lished as the underlying mechanism that drives hair follicle

regeneration, the necessity of such a mechanism remains un-

clear. From amechanistic perspective, normal hair follicle regen-
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eration can occur whether BuSCs and HGSCs are activated

simultaneously or sequentially. Furthermore, anagen initiation

and hair follicle regeneration can be induced by topical applica-

tion of Shh agonists or overexpression ofShhwithin the epithelial

part of the hair follicle during telogen (Hsu et al., 2014; Paladini

et al., 2005), demonstrating that the signals required from the

DP to stimulate proliferation within the secondary germ can be

circumvented by ectopic activation of Shh signaling. This also

illustrates that anagen induction and hair follicle regeneration

can be regulated by alternative modes. In the current study,

we explored the effects of ectopic and constitutive activation

of Shh signaling specifically in the DP on anagen induction and

follicle regeneration.

RESULTS

Overactivation of Shh Pathway in the DP during Anagen
Does Not Alter the Biology of the Hair Follicle during the
First Cycle
To constitutively activate Shh pathway specifically in the DP dur-

ing the hair cycle, SmoM2-YFP fusion protein was expressed in

the DP postnatally (Jeong et al., 2004; Xie et al., 1998). The

forced expression of SmoM2-YFP in the DP postnatally was

achieved by crossing the Corin-cre line (Enshell-Seijffers et al.,

2010) with the ROSA26/lsl/SmoM2-YFP mouse line (Jeong

et al., 2004) (Figure 1A). Crosses were designed to obtain litters

with 50% wild-type (WT) mice and 50% SmoM2-YFP DP-ex-

pressing offspring (referred to as Smo*).

The Corin-cre mouse expresses the cre recombinase specif-

ically in the DP starting around postnatal day 3 (P3) (Enshell-

Seijffers et al., 2010). Consistently, skin sections of wild-type

and Smo* mutant littermates at P8 reveal the absence and pres-

ence of SmoM2-YPF in theDP of thewild-type andSmo*mutant,

respectively (Figures 1B and 1C). To uncover the outcomes of

Shh constitutive activation in the DP, controls and mutants

were phenotypically analyzed as follows (Figures 1D–1F). Mice

were observed for hair phenotype at P20 when all hair follicles

are in the telogen phase of the first hair cycle. At P20, the hair

coat was removed by clipping and the growth of the new hair

coat of the second cycle was followed to the end of the cycle

around P40 when hair follicles have already entered the long

telogen.

The hair coat in Smo*mutant appears normal after the first hair

cycle (Figure 1D). Hair type and structure analysis revealed no al-

terations in the Smo* mutant (Figure S1A). Furthermore, the

expression pattern of K14, trichohyalin, hair keratins (AE-13),

and GATA3 during the first anagen remain unaltered in Smo*

mutant (Figures S1B–S1D), suggesting that overactivation of

Shh pathway in the DP during mid-anagen does not affect hair

follicle biology within that time frame. To exclude negative-feed-

back loop downstream to Smo, the expression of Ptc1 andHhip,

known target genes of Shh pathway, were tested in the DP by in

situ hybridization. During anagen, Hhip is specifically expressed

in the DP of wild-type mice, while Ptc1 is comparably expressed

in both the DP and matrix cells (Figures S2A–S2D), demon-

strating not only that DP cells normally receive Shh signaling

during anagen but also respond to Shh pathway differently

than matrix cells. To expose alterations in expression of these



Figure 1. Constitutive Activation of Shh

Signaling in the DP Results in Abnormal

Regeneration

(A) Schematic representation of the ROSA26/lsl/

SmoM2-YFP and the Corin-cre alleles used to

constitutively activate Shh signaling in the DP.

SmoM2-YFP is expressed only when the stop

cassette (lsl: loxP-Stop-loxP) is deleted in the

presence of a cre recombinase.

(B and C) SmoM2-YFP expression (green) is

observed only in the DP of the Smo*mutant (B) and

not in the wild-type (WT) (C). Nuclei are in blue.

Scale bars, 25 mm.

(D and E) At the end of the first cycle (P20),

mouse pictures were taken before (D) and after (E)

clipping.

(F) A picture of the same pair of mice was taken at

P36 to show the hair growth of the second cycle.

(G and H) In situ hybridization for Hhip on P12 skin

sections from wild-type (G) and Smo* mutant (H)

mice. Scale bars, 50 mm.

(I and J) In situ hybridization for Ptc1 on P12 skin

sections from wild-type (I) and Smo* mutant (J).

Scale bars, 50 mm.

(K and L) H&E staining of skin sections at mid-an-

agen of the second cycle of WT (K) and Smo*

mutant (L). Scale bars, 200 mm.
target genes in Smo* mutant, the conditions of the in situ

hybridization were adjusted (Figures S2E–S2H). Under such

conditions, while a saturated signal forHhip and Ptc1 transcripts

was readily detected specifically in the DP of Smo* mutant mice,

very low levels of Hhip and Ptc1 transcripts were observed in

wild-type DP (Figures 1G–1J and S2E–S2H), illustrating the over-

activation of Shh pathway in the DP of Smo* mutant.

Hair Follicle Regeneration Is Abnormal When Shh
Pathway Is Forcedly Activated in the DP
While forced activation of Shh pathway in the DP does not affect

the first hair cycle, the growth of the hair coat of the second cycle

is largely diminished (Figures 1E and 1F). Skin sections of wild-

type and Smo* littermates at P28 revealed that, while wild-type

hair follicles are fully regenerated and synchronously engaged
C

in hair shaft production typical of mid an-

agen, mutant hair follicles are variably in

the initial steps of hair follicle regeneration

(Figures 1K and 1L). Anagen is morpho-

logically classified into six substages

(Anagen I [AnaI] to AnaVI) (M€uller-Röver

et al., 2001) and hair follicle regeneration

occurs during AnaI–III. AnaI morphologi-

cally resembles telogen and is distin-

guished by the slight expansion of the

secondary germ as a result of localized

proliferation within this compartment. At

AnaII, the secondary germ expands suffi-

ciently to form the matrix progenitor cells

that start to envelope the DP. Regenera-

tion is completed at AnaIII when the DP
is entirely engulfed by the matrix and displaced from the bulge.

Close inspection of the hair follicles in Smo*mice at P28 unravels

hair follicles at different steps of regeneration, from AnaI to III

(Figures S1E–S1G). This clearly illustrates that regeneration in

Smo* mutant mice is abnormal.

In addition to hair follicles lagging behind at early anagen, telo-

gen hair follicles were occasionally identified in skin sections of

Smo* mutant at P28 (Figure S1F). However, when skin sections

from wild-type and Smo* mutant littermates were examined at

later stages (P32), no telogen hair follicles were identified in

Smo* mutant mice, demonstrating that constitutive activation of

Shh signaling in the DP does not arrest the hair follicles in

telogen. However, similar to P28, the majority of the mutant hair

follicles do not surpass AnaIII. To explore whether this

AnaIII detention reflects a complete halt of the anagen phase or
ell Reports 24, 909–921, July 24, 2018 911



Figure 2. Some BuSC Properties Are Altered, but Follicle

Morphology Remains Intact When Shh Signaling Is Constitutively

Activated in the DP during Telogen

(A and B) K14 labeling was used to show the epithelial part of the follicle. The

ROSA26-YFP reporter allele was included in this experiment to label the DP in

both the wild-type (A) and Smo* (B).

(C) Staining for K14 and K6 to show the two concentric epithelial layers of the

bulge.

(D–F) Immunostaining for the stem cell markers Sox9 (D), CD34 (E), and Nfatc1

(F). Note the reduced and increased levels of CD34 (E) and Nfatc1 (F) in the

bulge of the Smo* mutant, respectively.

(G) Nfatc1 expression in wild-type follicles during the long telogen of the

second cycle. Early (P45) and late (P71) telogen follicles that correlate with

refractory and competent telogen, respectively, are shown. For each stage,

follicles with different sectional planes were included to clearly illustrate the

shift in Nfatc1 during the long telogen. Nuclei are in blue. White star marks

autofluorescence of the hair shaft.

For the short telogen of the first cycle in (A)–(F), only females were used to

ensure genuine telogen follicles. Scale bars, 25 mm.
alternatively a very slow progression through anagen, the capac-

ity of Smo* mutant hair follicles to allow differentiation and forma-

tionof the IRSandhair shaft componentswas tested.Aswild-type

follicles at P32 are in AnaVI and thus substantiallymore advanced

than the mutant, the differentiation state of Smo* mutant hair fol-

licles at P32wascompared to that ofwild-type hair follicles at P22

when the latter are inAnaIII (FigureS3). This analysis suggests that

differentiation remains unaffected in Smo* mutant hair follicles.
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The lack of hair coat (Figure 1F) concomitant with apparently

normal differentiation following abnormal regeneration (Figures

S1E–S1H and S3) in the Smo* mutant suggests that the prolifer-

ation rate of matrix cells and consequently the production rate of

hair components are reduced. To assess proliferation, immuno-

staining for phospho-Histone 3 (pH3) that marks cells in mitosis

was performed (Figures S4A and S4B). About 95%of the hair fol-

licles in wild-type mice at AnaIII (P22) or AnaVI (P32) harbor cells

positive for pH3, whereas only 5% of Smo* mutant hair follicles

were positive for pH3, suggesting the proliferation rate in thema-

trix is reduced. To further substantiate this finding, label-retain-

ing experiment was performed (Figures S4C–S4G). Wild-type

and Smo* mutant littermates were intraperitoneally (i.p.) injected

with a single dose of Edu at P28 and chased for 4 days (96 hr).

2 hr post-injection, Edu was incorporated in a large number of

matrix cells in both wild-type and Smo* mutant mice (Figures

S4D and S4E). 4 days later in the wild-type, Edu was substan-

tially diluted to the level that Edu-positive cells were barely

detected in the bulb and along the distal part of the hair follicle

(Figure S4F). In contrast, Edu-positive cells were abundantly

identified in the bulb and across all distinct layers of the distal

part of the mutant hair follicle (Figure S4G). This further corrobo-

rates the reduction in the proliferation rate of matrix cells and is in

line with the failure of Smo* mutant mice to produce visible hair

coat.

The DP Regulates Bulge SC Properties during the
Resting Phase
To explore the molecular mechanism underlying this abnormal

regeneration, SC properties and niche structure were first tested

at telogen. Using anti-K14 and YFP expression to label the

epithelial part of the hair follicle and the DP, respectively (Figures

2A and 2B), and additional structural markers such as K6, K15,

and Pcad (Figures 2C, 2D, and S1I), the overall structure of the

telogen hair follicle was revealed. The bulge, the secondary

germ, and the DP appear normal in Smo* mutant hair follicles.

Further analysis was performed to unravel alterations in the

expression of SC markers and genes known to play a role in

BuSC function (Folgueras et al., 2013; Kadaja et al., 2014; Nowak

et al., 2008; Osorio et al., 2008; Vidal et al., 2005). Immunostain-

ing with anti-Sox9, anti-Lhx2, and anti-Runx1 revealed similar

levels between wild-type and Smo* mutant hair follicles (Figures

2D, S1J, and S1K). In contrast, the BuSC marker CD34 is sub-

stantially reduced in the Smo* mutant hair follicle (Figure 2E).

Ablation of Nfatc1 in the epithelial part of the hair follicle resulted

in premature entry into anagen and continuous cycling (Horsley

et al., 2008). Nfatc1 expression is dramatically increased in

Smo* mutant hair follicles (Figure 2F). Furthermore, whereas

Nfatc1 expression in the wild-type is restricted to only a small

group of cells in the upper bulge, Nfatc1 expression is widely

expanded to almost all the cells of the mutant bulge. Note, how-

ever, that Nfatc1 upregulation is restricted only to the bulge and

Nfatc1 is completely absent in the secondary germ. Together,

these data support that (1) SC properties are altered when Shh

signaling is ectopically activated in the DP during telogen; (2)

the cells within the secondary germ do not express Nfatc1,

and therefore Nfatc1 may regulate quiescence in the secondary

germ by a cell non-autonomous mechanism (see Discussion);



Figure 3. Anagen Induction Is Delayed in the Smo* Mutant

(A and A0) Edu incorporation 2 hr post-injection in wild-typemice is shown. The

same follicle is shown in (A) and (A0); however, Pcad immunostaining was also

included in (A) to illustrate that proliferation during anagen induction occurs

only within the secondary germ. Scale bars, 20 mm.

(B and B0) The same representative follicle with no Edu incorporation from a

littermate Smo* mutant is shown with (B) and without (B’) Pcad staining. Scale

bars, 20 mm.

(C andC0) No Edu incorporation in the Smo*mutant is also observed a day later

whenwild-type follicles are already in AnaIII. The same follicle is shownwith (C)

and without (C’) Pcad stianing. Scale bars, 20 mm.

(D) Quantification of the number of Edu-positive cells per secondary hair germ.

Data are presented by box-and-whisker plots (red midline, median; box, 25th

and 75th percentiles; whiskers, minimum and maximum). p values are indi-

cated within the plot.

(E) Follicle frequency with (red) or without (green) Edu-positive cells in the

secondary germ.

Data are mean ± SD. For each genotype in (D) and (E), five mice were analyzed

and R100 follicles per mouse were scored.
and (3) the secondary germ does not form a physical barrier for

signaling between the DP and the bulge.

Anagen Induction Is Delayed When Shh Signaling Is
Ectopically Activated in the DP during Telogen
While all Smo* mutant hair follicles eventually enter anagen, the

identification of telogen hair follicles next to anagen hair follicles

at P28 (Figures 1 and S1E–S1H) suggests that anagen induc-

tion is also abnormal in Smo* mutant mice. Proliferation within

the secondary germ marks anagen induction. Therefore, to

evaluate anagen induction, Edu was i.p. injected into mice at

P20 or P21, and Edu incorporation was tested in skin sections

2 hr post-injection (Figure 3). At P20, Edu-positive cells within

the secondary germ were identified in 85% of the wild-type

hair follicles, demonstrating that anagen initiation already

occurred at P20 in wild-type mice (Figures 3A, 3A0, 3D, and
3E). In contrast, 83% of Smo* mutant hair follicles lack Edu-

positive cells within the secondary germ, illustrating the quies-

cent state of the secondary germ in Smo* mutant hair follicles

(Figures 3B, 3B0, 3D, and 3E). Edu labeling at P21 revealed

that, while the proportion of hair follicles with Edu-positive cells

and the number of Edu-positive cells per hair follicle increase in

wild-type mice (Figures 3D and 3E), the quiescent state of the

secondary germ in Smo* mutant mice remains unaltered (Fig-

ures 3C, 3C0, 3D, and 3E). Together, these data illustrate that

anagen induction is delayed when Shh signaling is forcedly

activated in the DP during telogen.

Nfatc1 Expression Is Physiologically Altered during the
Long Telogen of the Second Cycle
The delay in anagen induction is consistent with the upregulation

and expansion of Nfatc1 expression in the bulge. Based on the

loss-of-function analysis of Nfatc1 in the epidermis (Horsley

et al., 2008), Nfatc1 plays an important role in the maintenance

of quiescence, and therefore an increase in the levels of Nfatc1

is predicted to augment the quiescent state of the hair follicle

and suspend the initiation of anagen. Unfortunately, to reduce

Nfatc1 activity in vivo by cyclosporine A requires a time window

that is longer than the delay of anagen induction observed in

Smo* mutant mice (Horsley et al., 2008), and therefore, the func-

tional significance of Nfatc1 upregulation and expansion in the

Smo* mutant cannot be tested directly. Nevertheless, while the

upregulation and expansion of Nfatc1 expression in the bulge

of the Smo* mutant is a consequence of non-physiological acti-

vation of Shh signaling in the DP during telogen, similar alter-

ations in Nfatc1 expression may occur physiologically during

the normal hair cycle to control anagen induction. As the telogen

of the first cycle is too short to reliably monitor alterations in

Nfatc1 expression during this resting phase, immunostaining

for Nfatc1 during the long telogen of the second cycle in wild-

type mice was performed (Figure 2G). At early telogen (P45)

when follicles are in the refractory telogen (Plikus et al., 2008),

Nfatc1 is expressed in both the upper and lower bulge, resem-

bling the pattern of Nfatc1 expression in the Smo* mutant. In

contrast, at late telogen (P71) when follicles are in the competent

telogen (Plikus et al., 2008) and prior to anagen induction, Nfatc1

expression is confined to only the upper bulge. This clearly dem-

onstrates that downregulation of Nfatc1 during the transition
Cell Reports 24, 909–921, July 24, 2018 913
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from refractory to competent telogen does occur and suggests

that this reduction in Nfatc1 is essential to allow anagen induc-

tion. Furthermore, as the DP plays an important role in anagen

induction, these data also suggest that the DP physiologically

regulates Nfatc1 expression in the bulge.

The DP Is Involved in the Regulation of Bulge SC
Proliferation during Regeneration
Proliferation of quiescent BuSCs is restricted to AnaII–III and

plays an important role in ORS formation and function (Hsu

et al., 2014). To explore whether proliferation within the bulge

is altered in Smo* mutant hair follicles, wild-type mice at P22

andmutant mice at P28 were i.p. injected with Edu and analyzed

2 hr post-injection. This age-unmatched comparison allows the

assessment of Edu incorporation when both wild-type and

Smo* mutant mice are in AnaII–III. At this stage, almost all

wild-type hair follicles harbor at least one Edu-positive cell in

the bulge, and on average, a wild-type bulge contains four

Edu-positive cells (Figures 4A and 4D). In contrast, 57% of

mutant hair follicles lack completely Edu incorporation within

the bulge (Figures 4B–4D). These findings revealed that prolifer-

ation within the bulge region of Smo* mutant hair follicles during

early anagen is dramatically reduced and suggest that the DP

also participates in the regulation of BuSC activation during the

second step of regeneration.

The DP Orchestrates Shh Expression in the TACs
through a Shh Negative-Feedback Loop
Shh signaling in the bulge is required for the transit proliferation

of BuSCs, and Shh signaling in the bulge entails Shh expres-

sion in the TACs formed immediately after anagen induction

(Hsu et al., 2014). To explore whether Shh expression is altered

in Smo* mutant hair follicles, in situ hybridization for Shh was

performed (Figures 4E and 4F). As proliferation in the bulge oc-

curs during AnaII–III, age-unmatched skin sections with stage-

matched hair follicles were used. As previously reported, Shh

transcripts first appear in wild-type hair follicles at AnaII in a

very restricted group of epithelial cells in the vicinity of the

DP. Shh expression continues to be symmetric during AnaIII

and at later stages is restricted to the anterior side of the

bulb (Figure S5A). This asymmetric expression of Shh persists

throughout the anagen phase. In contrast to wild-type hair fol-

licles, Shh expression was not detected in Smo* mutant hair

follicles during AnaII–III. However, asymmetric expression of

Shh in the bulb of Smo* mutant hair follicles during post-regen-

eration was observed (Figure S5B). To assess Shh signaling

reception, the expression of the Shh-target gene Ptc1 was

further examined (Figures 4E and 4F). In wild-type hair follicles,
Figure 4. Proliferation within the Bulge and Shh Expression in the TAC

(A–C) Edu incorporation 2 hr post-injection in wild-type (A) and Smo* (B andC)mic

to capture the follicles of both genotypes between AnaII to AnaIII. Dashed white lin

defines the bulge. In (B) and (C), examples of Smo* follicle without or with one E

(D) Quantification of Edu-positive cells in the bulge similar to Figure 3. For each gen

value is indicatedwithin the plot. On the left, data are presented by box-and-whisk

and maximum) and on the right data are mean ± SD.

(E and F) In situ hybridization for Shh and Ptc1 reveals their expression in wild-typ

were derived from age-unmatched mice (wild-type mice between P21 and P22 an
Ptc1 transcripts were easily identified during AnaII–III in the DP,

the expanding TACs, and the bottom part of the bulge where

Edu-positive cells were often found. In contrast, Ptc1 expres-

sion was barely detected in the epithelial part of Smo* mutant

hair follicles, consistent with the reduction in Shh expression.

However, Ptc1 transcripts were expectedly identified in the

DP of Smo* mutant hair follicles as Shh signaling is forcedly

activated in this compartment of Smo* mutant hair follicles.

Together, these data support that (1) upregulation of Shh

expression in the TACs is DP dependent; (2) during regenera-

tion, this dependency is regulated by Shh signaling in the DP;

(3) a negative-feedback loop embedded within the epithelial-

mesenchymal interactions between the DP and the TACs re-

tains Shh expression and levels in close proximity to the DP;

(4) Shh expression in the TACs is uncoupled to Shh signaling

activity in the DP post-regeneration; and (5) the short period

of proliferation in the bulge during the second step of BuSC

activation is also governed by the DP.

Constitutive Activation of Shh Signaling in the DP during
Telogen Distinctively Alters the DP Transcriptome
What are the molecular changes within the DP that lead to these

phenotypic alterations and when do they occur? For this, gene

expression profiling of DP cells isolated from wild-type and

Smo* mutant mice during both telogen (P20) and anagen (P28)

was performed by RNA-sequencing (RNA-seq) analysis. To pu-

rify DP cells, both wild-type and Smo* mutant mice were de-

signed to harbor the ROSA26-YFP reporter allele (Srinivas

et al., 2001). This allowed us to endogenously label DP cells

with YFP and purify them by fluorescence-activated cell sorting

(FACS) sorting (Figure S6).

Gene expression analysis revealed that the DP transcriptome

is dramatically altered in the Smo* mutant (Figures 5A–5E and

6A). In line with the prevalent phenotypic differences at P28

(Figure 1), the expression of 2,226 genes was significantly

altered at this time point (Figure 6A). Interestingly, the expres-

sion of only 473 genes was altered in the Smo* mutant during

telogen (P20). Principal-component analysis that compares all

samples further corroborated the clear distinction of the DP

transcriptome between the two genotypes at the telogen phase

despite their overall resemblance (Figure 5C). Together, these

data support the model in which the phenotypic alterations

observed during anagen originate at least in part from tran-

scriptional changes that occur in telogen.

To further decipher the biological significance of the transcrip-

tional alterations in telogen, the expression of Shh-target genes

was first analyzed. Zooming into the RNA-seq data revealed that

the expression of the Shh-targets Gli1, Ptc1, Ptc2, and Hhip is
s Are Dramatically Reduced in the Smo* Mutant

e is shown. Note the unmatched age of thewild-type (P22) and Smo* (P28) mice

e demarcates the boundary between follicle and dermis, and the white bracket

du-positive cell in the bulge are shown, respectively. Scale bars, 50 mm.

otype, threemice were analyzed, andR100 follicles permousewere scored. p

er plots (redmidline: median, box: 25th and 75th percentiles, whiskers: minimum

e and Smo* follicles during AnaII (E) and AnaIII (F). Note that, here too, follicles

d Smo* mutant mice at P28). Dotted line delineates the DP. Scale bars, 50 mm.
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Figure 5. Gene Expression Analysis Reveals

that Constitutive Activation of Shh Signaling

in the DP at Telogen Inhibits Canonical

Wnt Signaling Activation during Anagen

Induction

(A and B) Heatmap with the associated hierarchal

clustering of altered gene expression in the

RNA-seq data of P20 (A) and P28 (B) DP cells,

respectively.

(C) Principal-component analysis of all samples.

(D) The relative mRNA levels of Shh target genes at

P20 as determined independently by the RNA-seq

analysis (upper histogram) and real-time PCR

(lower histogram). Data are mean ± SD.

(E) The change fold of genes associated with

the WNT signaling pathway whose expression is

significantly altered in the RNA-seq data of P20

is presented as a histogram of log2. Data are

mean ± SD.

(F–I) X-Gal staining in skin sections shows LacZ

expression at P20 (F and G) and P22 (H and I).

Dashed white line demarcates the DP. Scale

bars, 25 mm.
increased in Smo* mutant DP cells (Figure 5D). Real-time PCR

analysis further corroborated the incline in the expression of

these Shh-target genes in the Smo* mutant and verified the

RNA-seq data (Figure 5D). The increase of Shh-targets in Smo*

mutant mice suggests that the transcriptional alterations

observed during telogen are a direct effect of Shh activation in

the DP during telogen and not a consequence of cumulative

changes that occur in the anagen of the previous cycle.

Constitutive Activation of Shh Signaling in the DP during
Telogen Inhibits Anagen Induction by Increasing Wnt
Signaling Inhibitors
Bioinformatics analysis of the telogen RNA-seq data unraveled

that genes of the Wnt signaling pathway are altered in the Smo*

mutant (Figure 5E). Some of the altered genes such as Wif1,

Frzb, Sost, Mest, Shisa3, and Igfbp4 are known inhibitors of
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the Wnt pathway (Cruciat and Niehrs,

2013) and are upregulated in the Smo*

mutant, suggesting that Wnt signaling in

the Smo* mutant is reduced during the

transition from telogen to anagen. As

activation of the canonical Wnt signaling

plays an important role in anagen induc-

tion (Choi et al., 2013; Van Mater et al.,

2003), this analysis provides a mecha-

nistic insight to the delay in anagen in-

duction observed in the Smo* mutant.

However, the Wnt ligands Wnt5a and

Wnt5b are also upregulated in the Smo*

mutant (Figure 5E), consistent with a pre-

vious report showing that Wnt5a expres-

sion in the DP during follicle formation in

the embryo depends on Shh expression

in the epithelial part of the developing

follicle (Reddy et al., 2001). Both Wnt
ligands are known to activate both the canonical and non-

canonical Wnt signaling pathway (Mikels and Nusse, 2006).

Furthermore, in the context of hair follicle formation in the

embryo, activation of the non-canonical Wnt pathway by

Wnt5a inhibits the canonical Wnt signaling (van Amerongen

et al., 2012), further complicating the interpretation of the

RNA-seq data.

To reveal the final outcome of these alterations on canonical

Wnt signaling activation, the Axin2-LacZ Wnt reporter allele

(Lustig et al., 2002) was introduced into the wild-type and

Smo* mutant mice (Figures 5F–5I). At P20, when the wild-

type hair follicles are in the transition from telogen to anagen,

Wnt signaling activity was observed in both the epithelial

compartment of the hair follicle and the DP (Figure 5F).

However, in Smo* mutant littermates, Wnt activity is

completely absent in the secondary germ and the DP



Figure 6. Wnt5a Expression in the DP of Smo* Mutant Remains High

throughout Anagen while Canonical Wnt Signaling Activity Is

Reduced

(A) Venn diagram comparing the genes whose expression were changed be-

tween wild-type and Smo* mutant at P20 with those that were altered at P28.

(B) The change fold of genes associated with the WNT signaling pathway

whose expression is significantly altered in the RNA-seq data of both P20 and

P28 is presented as a histogram of log2. Data are mean ± SD.

(C and D) LacZ expression at P28 of wild-type (C) and Smo* mutant (D). Scale

bars, 50 mm.

(E–I) In situ hybridization for Wnt5a during telogen and follicle regeneration.

Note that the intensity of the Wnt5a signal obtained at telogen (E) and AnaI (F)

requires substantially longer incubation time than at later stages (G–I). Dotted

white line outlines the DP. Scale bars, 50 mm.
(Figure 5G). In the wild-type, Wnt activity during regeneration

persists in the DP and the adjacent matrix cells, as exemplified

in mice at P22 (Figure 5H). In Smo* mutant littermates, consis-

tent with the hair follicles remaining in the telogen phase, Wnt

signaling activity is still lacking (Figure 5I). Together, these

data illustrate that Shh signaling in the DP during telogen up-

regulates the expression of Wnt inhibitors and suggest that

the increase in Wnt inhibitors results in antagonizing the ca-

nonical Wnt signaling in both the secondary germ and the

DP, in line with the delay in anagen initiation.
Shh Signaling in the DP during Regeneration Down-
Modulates Wnt Signaling Activity
The transcriptional alterations in the DP of Smo* mutant hair fol-

licles during telogen may not only affect anagen induction but
may also persist during anagen and interfere with the normal pro-

cess of regeneration. To test this hypothesis, the gene expres-

sion changes occurred during anagen at P28 were compared

to those observed during telogen at P20 to identify common al-

terations (Figure 6A). The expression of 192 genes was found to

be altered at both time points. Here too, genes of the Wnt

signaling pathway surfaced (Figure 6B), suggesting that Wnt

signaling is also altered during hair follicle regeneration. To

assess the final outcome by which the Wnt signaling pathway

is modified, the Axin2-LacZ Wnt reporter allele was utilized (Fig-

ures 6C, 6D, and S7). At P28, Wnt signaling activity in wild-type

hair follicles was easily observed in both the DP and the adjacent

matrix cells. In contrast, while low activity of Wnt signaling was

detected inmatrix cells at the vicinity of the DP,Wnt signaling ac-

tivity was completely abolished in the DP. This demonstrates

that Shh signaling in the DP downregulatesWnt signaling activity

predominantly in the DP.

Wnt5a in the DP Antagonizes the Canonical Wnt Activity
The decrease in Wnt signaling activity and the concomitant in-

crease ofWnt5a in the DP of Smo*mutant hair follicles during an-

agen induction and regeneration is intriguing once considering

the inhibitory effects of the non-canonical Wnt activity on the ca-

nonical Wnt pathway induced by Wnt5a when forcedly ex-

pressed during hair follicle morphogenesis (van Amerongen

et al., 2012). Therefore, further analysis of Wnt5a expression

and function during hair follicle regeneration was performed

(Figures 6E–6I). In situ hybridization for Wnt5a during anagen in-

duction and regeneration reveals no expression ofWnt5a in wild-

type hair follicles during telogen and anagen induction (AnaI)

(Figures 6E and 6F). Wnt5a transcripts in wild-type mice were

first detected only in the DP when the expanding keratinocytes

start to engulf the DP (AnaII) (Figure 6G). Wnt5a expression per-

sists in the DP at high levels until IRS formation starts (Figures 6H

and 6I) and then declines to undetectable levels (Figure S5C).

Concomitant to the decrease of Wnt5a transcript levels in the

DP,Wnt5a expression is upregulated in the adjacent matrix cells

and the nascent IRS (Figures 6I and S5C). In contrast, Wnt5a

transcripts are detected in the DP of Smo* mutant already at

telogen, incline during regeneration, and persist at low but

detectable levels thereafter throughout the anagen phase (Fig-

ures 6E–6I and S5D).

The temporal expression of Wnt5a in the wild-type DP during

regeneration suggests that Wnt5a plays a role in the DP during

regeneration, and the persistent expression of Wnt5a in the DP

of Smo* mutant hair follicles is likely to contribute dramatically

to the delay in anagen induction and the abnormal regeneration

that occurred in Smo* mutant mice. To test this hypothesis,

Wnt5a was ablated specifically in the DP using a Wnt5a condi-

tional allele (Miyoshi et al., 2012). In the absence of Wnt5a in

the DP, no apparent hair phenotype was observed (Figures 7A

and 7B), suggesting a redundant role for Wnt5a with other Wnt

ligands. However, when the Wnt5a was ablated on the back-

ground of the Smo* mutant, partial rescue occurred (Figures

7C–7F). While most of the Smo* mutant hair follicles at P24

were at telogen, most of the hair follicles of the double-mutant

littermate already completed regeneration (AnaIII). Note that

the hair follicles of the wild-type control and Wnt5a-only mutant
Cell Reports 24, 909–921, July 24, 2018 917



Figure 7. Ablation of Wnt5a in the DP Partially Rescues the Phenotype of Smo* Mutant

(A–D) H&E staining of skin sections at P24 of wild-type (A), cKOWnt5a (B), Smo* (C), and Smo*/cKOWnt5a double mutant (D). Scale bars, 100 mm.

(E and F) Edu incorporation 2 hr post-injection in Smo* mutant (E) and the Smo*/cKOWnt5a double-mutant (F) littermates at P24 is shown. Nuclei are in blue. The

secondary germ and the matrix were immunostained with Pcad. Note the apparently normal regeneration in the double mutant. Scale bars, 50 mm.
littermates are more advanced in anagen (AnaVI) and already

engaged in producing hair shafts. While this rescue supports

the hypothesis that Wnt5a in the DP during regeneration re-

strains the canonical Wnt activity by stimulating the non-canon-

ical Wnt pathway, the partial nature of the rescue suggests that

Shh signaling in the DP attenuates canonical Wnt activity by

regulating multiple and redundant factors.

DISCUSSION

While the role of adult SCs in regenerative tissues is well estab-

lished, the role of quiescence in SC biology and the mechanisms

by which quiescence is acquired and regulated remain poorly

understood (Clevers, 2015). The essential role SC quiescence

plays in allowing normal hair cycle and the cyclic nature of the

hair follicle entail a tightly regulated mode of SC activation. The

two-step mechanism of SC activation is essential to accommo-

date the distinct properties of BuSCs and HGSCs. Through

constitutive and ectopic activation of Shh signaling in the DP,

we provide insight on the role of the DP in SC activation during

anagen induction and regeneration and broaden ourmechanistic

understanding on the regulation of SC quiescence.

Although Shh signaling is not required for anagen induction,

forced expression of Shh in keratinocytes (Hsu et al., 2014) or

topical application of Smo agonists (Paladini et al., 2005) dur-

ing the telogen phase resulted in anagen initiation and normal

regeneration. We show that forced activation of Shh pathway

in the DP during telogen dramatically delays anagen induction

and results in abnormal regeneration. This suggests that the

non-physiological potential of Shh pathway to induce anagen

is mediated by activation of the pathway in the epithelial part

of the hair follicle and not the DP. Furthermore, our study

provides mechanistic insight to the biological rationale of not

using the potential of Shh pathway to physiologically induce

anagen. While Shh pathway in the DP plays an important

role in follicle regeneration, it counteracts the anagen-inducing
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activity of Shh pathway in the epithelial part of the hair follicle

during anagen induction. Ways to restrict activation of the Shh

pathway to only the epithelial part of the hair follicle during

anagen induction are obviously possible experimentally (Hsu

et al., 2014; Paladini et al., 2005). However, under physiolog-

ical conditions, these ways have the potential to go awry

and compromise the robustness that characterizes anagen

induction.

We also provide some insights on the role of the DP in ana-

gen induction. Ablation of Nfatc1 in the epidermis resulted in

precocious induction of anagen, clearly illustrating the impor-

tant role Nfatc1 plays in regulating quiescence (Horsley et al.,

2008). Immunostaining for Nfatc1 revealed that Nfatc1 is readily

observed in the nuclei of the bulge but not the secondary germ

(Figure 2) (Horsley et al., 2008). As proliferation within the sec-

ondary germ stereotypically defines the induction of anagen

even when Nfatc1 is ablated, the expression of low and unde-

tectable levels of Nfatc1 in the secondary germ should be

assumed to obey a cell-autonomous mechanism of action.

Alternatively, Nfatc1 maintains the quiescence state of the

secondary germ by a cell-non-autonomous mechanism. Our

analysis supports the latter. When Shh signaling is forcedly

activated in the DP during telogen, Nfatc1 is expanded from

its restricted expression in the upper bulge to almost all of

the cells of the bulge but not to the secondary germ (Figure 2F).

This suggests not only that Nfatc1 expression is regulated by

the DP but also that cells within the secondary germ are intrin-

sically lacking Nfatc1 expression despite their proximity to the

DP. This supports a cell-non-autonomous mechanism by which

Nfatc1 controls quiescence in the secondary germ. We pro-

pose that the bulge produces and secretes Nfatc1-dependent

paracrine inhibitors that maintain the secondary germ in a

quiescent state. Anagen induction occurs when long-range sig-

nals from the DP operate on cells within the bulge and not the

secondary germ, inhibit Nfatc1 expression, and release the

secondary germ from the inhibitory effects of the bulge.



Alternatively, the signals from the DP act on nearby dermal

cells, and in turn, the latter modulates Nfatc1 activity in the

bulge to initiate anagen. Whether a direct or indirect mecha-

nism is involved, our data illustrate that the secondary germ

does not form a physical barrier for signaling between the DP

and the bulge.

Furthermore, this model reconciles previous puzzling results.

Anagen induction is prevented when the DP is removed during

telogen by laser ablation (Rompolas et al., 2012). When the DP

is ablated at the onset of catagen, only partial reduction in cell

number is observed in the regressing epithelial strand, resulting

in an elongated epithelial compartment in place of a compact

secondary germ (Mesa et al., 2015). Interestingly, in spite of

the lack of DP, anagen is induced and regeneration initiates

from the bottom of the aberrantly long basal epithelium. Conse-

quently, the ablated hair follicles regenerate new DP from adja-

cent dermal fibroblasts and appear grossly normal. Based on

our model, the long distance between the bulge and the distal

edge of the elongated epithelial component releases the basal

cells at the bottom of this component from the inhibitory effects

of the bulge and renders the anagen-inducing signal from the DP

irrelevant, and thus allows the DP-ablated follicles to enter ana-

gen. While the inhibitory signals from the bulge nicely reconcile

these previous studies, other mechanisms downstream to

Nfatc1 are also possible. During telogen of the second cycle,

bulge cells were observed to migrate to the secondary germ,

and this migration is thought to contribute to anagen induction

(Zhang et al., 2009). Elevated Nfatc1 in the bulge may restrain

the migration of bulge cells to the secondary germ and thus

inhibit anagen induction.

Our analysis also restructures the two-step mechanism

of SC activation. The fact that constitutive activation of Shh

signaling in the DP during regeneration dramatically reduces

Shh expression in the TACs (Figure 4) suggests that the DP

secretes additional signals that induce Shh expression in the

TACs and these signals are downregulated by Shh signaling

in the DP. This creates an autoregulatory circuit that restricts

the expression of Shh to a limited zone of cells adjacent to the

DP and confines the levels of Shh to act only on nearby cells.

As this negative-feedback loop is mediated through the DP

and the DP is displaced away from the bulge as hair follicles

proceed through regeneration, this also creates a very

restricted time frame in which the bulge is exposed to Shh

and ensures a short period of BuSC activation. Furthermore,

our data centralize the role of the DP in the two-step mecha-

nism of SC activation and regeneration. In both steps, BuSCs

are the target for the activation, and for both the DP is

required. While the DP directly regulates the first, the DP gov-

erns indirectly the second by controlling Shh expression. This

also provides mechanistic insight to the important role the DP

plays during regeneration: it orchestrates both TAC prolifera-

tion and bulge SC activation by regulating Shh expression

and levels.

In addition to anagen induction, canonical Wnt signaling

pathway also plays an important role in hair follicle regenera-

tion (Choi et al., 2013; Van Mater et al., 2003). Specific ablation

of b-catenin in the DP resulted in abnormal regeneration

(Enshell-Seijffers et al., 2010) that resembles the aberrant
regeneration observed when Shh signaling is constitutively

activated in the DP. This suggests that Shh signaling in the

DP downregulates the canonical Wnt signaling to fine-tune

Wnt signaling activity during regeneration. Indeed, the expres-

sion of several genes known to inhibit the canonical Wnt

signaling such as Sost, Igfpb4, Mest, and Shisa3 (Cruciat

and Niehrs, 2013) are increased during both telogen and

anagen when Shh signaling is constitutively activated in the

DP. In line with the increase in the expression of these

secreted and non-secreted inhibitors, Wnt signaling activity

during regeneration was dramatically reduced in both the DP

and the matrix of Smo* mutant follicles. However, while Wnt

activity was barely detectable in the DP, some activity was still

observed in the matrix of Smo* mutant, suggesting that Shh

signaling in the DP regulates Wnt activity predominantly within

the DP.

In addition to Wnt inhibitors, the Wnt signaling activator

Wnt5a is also increased in the Smo* mutant. Wnt5a activates

both the canonical and non-canonical Wnt signaling pathway

(Mikels and Nusse, 2006; van Amerongen et al., 2012). How-

ever, activation of the non-canonical Wnt pathway by Wnt5a

often inhibits the activation of the canonical pathway (van

Amerongen et al., 2012). This proposes that the increase in

Wnt5a in the DP with constitutively activated form of Smo

further contributes to restraining the canonical Wnt pathway

during regeneration and implies that the normal function of

Wnt5a in the DP is to antagonize the canonical Wnt signaling.

The normal burst of Wnt5a expression in the DP only during a

short period at early anagen indicates that Wnt5a in the DP is

required only during regeneration. Ablation of Wnt5a in the

DP resulted in grossly normal regeneration, corroborating the

involvement of multiple factors in constraining the levels of ca-

nonical Wnt activity. In contrast, when Wnt5a was ablated on

the background of Shh constitutive activation in the DP, partial

rescue was observed. Hair follicles enter anagen synchronously

and undergo apparently normal regeneration, although at lower

pace than controls. This not only suggests that Wnt5a substan-

tially contributes to the phenotypic consequences of constitu-

tive activation of Shh signaling in the DP but also implies that

Wnt5a acts by activating the non-canonical Wnt pathway in

the DP.

While our analysis relies on a gain-of-function approach that

largely reflects non-physiological conditions, it provides several

insights on the role of the DP in follicle regeneration. Further-

more, it broadens our understanding of mechanisms that regu-

late SC quiescence in regenerative tissues and the importance

of the niche in regulating the exit of SCs from the quiescence

state to allow controlled regeneration. However, several impor-

tant questions remain unanswered. What is the identity of the

inhibitory signals produced by the bulge, and how is Nfatc1 acti-

vation in the bulge molecularly regulated? More relevant, what

are the signals from the DP that initiate the regeneration process

and regulate the expression of Shh in the TACs during regener-

ation? What is the precise molecular role of Shh signaling in the

DP during regeneration, and how does this signaling pathway

modulate Wnt signaling activity to regulate the pace of regener-

ation? Future ablation of Smo in theDPwill resolve some of these

questions.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Guinea pig polyclonal anti-K14 Acris #BP-5009

Rabbit polyclonal anti-K14 Covance #AF-64

Mouse monoclonal anti- hair cortex Cytokeratin (clone AE13) Abcam #ab16113

Rabbit polyclonal anti-Trichohyalin Santa cruz #sc-98968

Mouse monoclonal anti-GATA3 (clone HG3-31) Santa cruz #sc-268

Rat monoclonal FITC conjugated anti-CD34 (clone RAM34) eBioscience #11-0341

Rabbit polyclonal anti-SOX9 Millipore #AB5535

Rat monoclonal anti-P-Cadherin (clone 106020) BD #MAB761
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Mouse monoclonal anti-NFATc1 (clone 7A6) Santa cruz #sc-7294

Mouse monoclonal anti-K15 (clone LHK15) Thermo scientific #MS-1068

Rabbit polyclonal anti-Lhx2 Santa cruz #sc-367972

Rabbit monoclonal anti-Runx1 (EPR3099) Novus biological # NBP1-40644

Rabbit polyclonal anti-Phospho-Histone 3 Abcam #ab5176

Chemicals, Peptides, and Recombinant Proteins

EdU (5-ethynyl-20-deoxyuridine) Invitrogen #A10044

X-gal Sigma Aldrich #B4252

Critical Commercial Assays

Click-iT reaction Alexa Fluor 555 Kit Invitrogen #C10269

RNeasy Plus Micro kit QIAGEN #74034

Nebnext Ultra Directional RNA kit NEB #E7420L

SuperScript III First-Strand synthesis system Invitrogen # 18080�051

Deposited Data

RNaseq data This study GSE115649

Experimental Models: Organisms/Strains

Mouse: Gt(ROSA)26Sortm1(Smo/YFP)Amc The Jackson Laboratory Stock No. 005130

Mouse: Gt(ROSA)26Sortm1(EYFP)Cos The Jackson Laboratory Stock No. 006148

Mouse: Axin2tm1Wbm The Jackson Laboratory Stock No. 009120

Mouse: Wnt5atm1.1Tpy (Miyoshi et al., 2012) N/A

Corin-cre (Enshell-Seijffers et al., 2010) N/A

Oligonucleotides

Primers for genotyping, see Table S1 This paper N/A

Primers for real-time PCR, see Table S3 This paper N/A

Software and Algorithms

Trimmomatic (Bolger et al., 2014) http://www.usadellab.org/cms/

index.php?page=trimmomatic

Tophat (Kim et al., 2013) http://ccb.jhu.edu/software/tophat

HTSeq (Anders et al., 2015) http://www-huber.embl.de/HTSeq

DEseq2 (Love et al., 2014) http://www.bioconductor.org/packages/

release/bioc/html/DESeq2.html
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, David

Enshell-Seijffers (David.Enshell@biu.ac.il).

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Mice
ROSA26SmoM2-EYFP (Gt(ROSA)26Sortm1(Smo/YFP)Amc, C57BL6 background) (Jeong et al., 2004), ROSA26 YFP reporter (Gt(ROSA)

26Sortm1(EYFP)Cos, FVB background) (Srinivas et al., 2001), and Axin2-lacZ reporter (Axin2tm1Wbm, C57BL6 background) (Lustig et al.,

2002) were obtained from Jackson Lab. Conditional knockout allele of Wnt5a (Wnt5atm1.1Tpy, C57BL6 background) (Miyoshi et al.,

2012) was kindly provided by Terry P. Yamaguchi (NIH). The DP-specific Corin-cre (Corintm2Bamo, FVB background) mouse was pre-

viously generated (Enshell-Seijffers et al., 2010) and kindly provided by Bruce Morgan (Harvard medical school).

Mice were housed according to Federation of Laboratory Animal Science Associations (FELASA) guidelines. All mice were bred

and maintained in a temperature-controlled room, on a 12 hr light-dark cycle, with food and water available ad libitum. All experi-

mental protocols were approved by the Animal Care and Use Committee of Bar Ilan University.

Telogen of the first hair cycle in males lasts for only two days. This confers a constraint in which the transitions between phases

(catagen to telogen and telogen to anagen) are too close to ensure a genuine telogen in males. To avoid this uncertainty, P20 females

were used to collect telogen skins as telogen in females lasts longer. For all other experiments, males were used to minimize hair

cycle variation and assigned to experimental groups according to their age or anagen substage.

METHOD DETAILS

Genotyping
Genomic DNA extraction from mouse tails was performed when mice were at P17-P20 using KAPA kit (KAPA biosystem) according

to manufacturer’s instuctions. The DNA was tested for the presence of wild-type and mutant alleles using specific primers that pro-

duce PCR products of distinguishable lengths (Table S1). PCR conditions were as follows: 94�C for 3min, 35X(94�C for 30 s, Ta�C for

30 s, 72�C for 30 s), 72�C for 2 min.

Hair Type Analysis
Hairs were plucked at the end of the first cycle at P20 and placed on a two-sided adhesive tape slides. Hair shafts were counted under

the Zeiss stereo microscope (Discovery.V12). The analysis of hair type was performed on 4 wild-type and 4mutant mice, and at least

250 hairs were scored for each mouse.

Histology and Immunofluorescence
To prepare skins for immunostaining, two protocols were used depending on the antibody (Table S2): fixed frozen and fresh frozen.

For fixed frozen, dorsal skins were harvested, fixed in 4% paraformaldehyde (PFA) in PBS for 16 hr at 4�C, dehydrated in increasing

sucrose concentrations (10%–15%-20%), embedded in Optimal Cutting Temperature (OCT) compound, frozen on liquid nitrogen,

and cryosectioned (7–10 mm) (Cryostat Leica CM3050S). For fresh frozen, dorsal skins were harvested, stretched on a membrane

to keep the skin flat, embedded in OCT compound and immediately frozen on liquid nitrogen.

Depending on the antibody (Table S2), immunostaining was performedwith or without antigen retrieval. When antigen retrieval was

not used, sections were fixed for 10 min in 4% PFA, washed twice for 10 min in PBS, permeabilized for 10 min in PBS+0.05% Tween

(PBST), and blocked for 2 hr in 10% heat inactivated sheep serum (HISS) in PBS. Sections were incubated overnight at 4�C with pri-

mary antibodies (Abs), washed 3 times for 10 min in PBS, incubated for 1 hr at room temperature with secondary Abs. Sections were

then washed 3 times for 10 min in PBS and mounted with DAPI FluoroMount-G (Electron microscopy sciences). When conducting

immunostaining with antigen retrieval, sections were fixed for 5 min in ice-cold acetone/methanol (1:1). Antigen retrieval was

performed by boiling the sections in citrate buffer, pH 6 in a microwave for 5 min. Sections were then cooled to room temperature,

permeabilized for 10 min in methanol, and washed 3 times for 10 min in PBS. Blocking and Abs incubations were as described

for immunostaining without antigen retrieval. When using mouse primary Ab, an additional blocking step was performed before

incubation with the secondary Ab.

To analyze morphology, fixed sections were stained by hematoxylin and eosin (HE) using standard methods.

In Situ Hybridization
Non-radioactive in situ hybridization of fixed sections from dorsal skins was performed with Dig-labeled RNA probes corresponding

to nucleotides (nts) 1351-1884 of Hhip (GenBank Acc. No. NM_020259), nts 410-883 of Ptch1 (NM_008957), nts 670-1111 of Shh

(GenBank Acc. No. NM_ 009170) and nts 894-1446 of Wnt5a (NM_009524). BMpurple substrate (Roche) was used for signal

detection.
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5-Ethynyl-20-deoxyuridine (EdU) Labeling
For anagen induction, follicle regeneration, and rescue experiments, 200 mg /g of EdU (Invitrogen) was intraperitoneally (i.p.) injected

2 hr before lethal administration of CO2. For label retaining experiment, 10 mg /g of EdU was i.p. injected, and 2 hr or 96 hr later, skins

were collected. EdU detection was performed using the Click-iT reaction Alexa Fluor 555 Kit (Invitrogen) according tomanufacturer’s

instructions.

X-Gal Staining
To prepare skins for X-Gal staining, fresh frozen protocol was used. Dorsal skins were harvested, embedded in OCT compound,

immediately frozen on liquid nitrogen and cryosectioned (20 mm) (Cryostat Leica CM3050S). Sections were fixed for 10 min in

0.2% glutaraldehyde (Sigma Aldrich), washed 3 times for 5 min in PBS, and incubated with 1mg/ml X-gal (Sigma Aldrich) overnight

at 37�C. Sections were washed 3 times for 5 min in PBS and mounted with Immu-Mount mounting medium (Thermo scientific).

Microscopy
Imaging of in situ hybridization and X-gal staining was performed with Zeiss upright AxioImagerM2 through a 20X objective with tiling

mode. HE staining was imaged with Zeiss upright AxioImagerM2 or Zeiss slide scannerZ1 through a 20X objective. For immunoflu-

orescence and EdU labeling, images were acquired with Zeiss LSM780 inverted confocal microscope through a 20X objective. All

images were processed with adobe Photoshop CS5.1.

Cell Sorting
To obtain a single-cell suspension, whole skin was placed dermis side down in 0.25% Trypsin (GIBCO) at 4�C overnight, minced and

stirred for 1hr in 0.2% collagenase at 37�C. The cells were then filtered with strainers (100mM, 70mM, and 40mM). YFP-positive cells

were FACS sorted onMoFlo Astrios (Backman Coulter) in enrichment 1-2 mode, followed by sorting in purify 1 mode. FACS analyses

were performed using Summit program.

RNA Sequencing and Quality Processing
Total RNA was purified from FACS-sorted cells utilizing the RNeasy Plus Micro kit (QIAGEN) according to manufacturer’s instruc-

tions. Integrity of the isolated RNA was tested using the Agilent RNA Pico Kit and Bioanalyzer at the Genome Technology center

at the Faculty of Medicine Bar Ilan University. Ribosomal depletion was performed on 100 ng of total RNA and libraries for Illumina

sequencing were performed using the Nebnext Ultra Directional RNA kit (NEB, #E7420L). Quantification of the library was performed

using dsDNAHS Assay Kit and QUBIT (Molecular Probes, Life Technologies). Additional qualitative and quantitative library measure-

ment was performed through qPCR analysis using the illumina P5 and P7 primers. For optimal load on the sequencer a standard

library with similar characteristics was used. 2nM of the library was denatured in 0.1M NaOH for 5 min at room temperature,

10pM was loaded onto the Flow Cell with 1% Phix library control. Libraries were sequenced on an Illumina HiSeq 2500 instrument,

50 cycles single read sequencing.

Bioinformatics for RNA Sequencing Data
61 base single-end reads were trimmed and quality filtered using Trimmomatic (Bolger et al., 2014) and then mapped to the mouse

genome (NCBI38/mm10) using Tophat (version 2) (Kim et al., 2013).Mapped reads for each annotated ENSEMBL gene (GRCm38.p4)

were counted using HTSeq-count tool (Anders et al., 2015). Read count normalization and differential gene expression analysis was

performed using DESeq2 (Love et al., 2014).

Real-Time PCR
Total RNAs was purified from FACS-sorted cells by using the RNeasy Plus Micro kit (QIAGEN) according to manufacturer’s direc-

tions. To prepare cDNA, total RNAwas reverse transcribed using random hexamer primers and SuperScript III First-Strand synthesis

system (Invitrogen). Real-time PCRwas performed on an OneStepPlus (Applies biosystems) machine using SYBRGreen master mix

(Thermo Fisher Scientific). Primer pairs (Table S3) were designed to work at the same settings: 95�C for 20 s, 40X(95�C for 3 s, 60�C
for 30 s). Differences were quantified based on the DDCt method.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics
Statistical and graphical data analyses were performed using Microsoft Excel and Prism 7 (Graphpad) software. For all experiments

at least 3 mice from each genotype were analyzed. To determine the significance between two groups, comparisons were made

using unpaired two-tailed Student’s t test.

Data and Software Availability
The RNaseq dataset is available in the GEO repository (GSE115649).
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