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SUMMARY

Gab1 is a scaffold protein that acts downstream of
receptor tyrosine kinases. Here, we produced condi-
tional Gab1 mutant mice (by K14- and Krox20-cre)
and show that Gab1 mediates crucial signals in the
control of both the hair cycle and the self-renewal
of hair follicle stem cells. Remarkably, mutant hair
follicles do not enter catagen, the destructive phase
of the hair cycle. Instead, hair follicle stem cells
lose quiescence and become exhausted, and thus
no stem cell niches are established in the bulges.
Moreover, conditional sustained activation of Mapk
signaling by expression of a gain-of-functionMek1DD

allele (by Krox20-cre) rescues hair cycle deficits and
restores quiescence of the stem cells. Our data thus
demonstrate an essential role of Gab1 downstream
of receptor tyrosine kinases and upstream of Shp2
and Mapk in the regulation of the hair cycle and the
self-renewal of hair follicle stem cells.
INTRODUCTION

Hair follicles are appendages of the skin, which are induced dur-

ing late embryogenesis. In this process, epithelial cells of the

forming hair follicles strongly proliferate and move deeply into

the skin to form the hair bulbs. Matrix cells of the hair follicles

then differentiate, move upward, and produce the concentric

layers of the hair follicles. In mice, hair follicle morphogenesis

is completed 2 weeks after birth, and then hair follicles begin

to cycle (M€uller-Röver et al., 2001). Catagen is the destructive

phase of the hair cycle, during which the lower two-thirds of

the follicles regress by apoptosis. In telogen, quiescent hair fol-

licle stem cells accumulate in the bulges, the stem cell niches

of the hair follicles. Finally, in anagen, stem cells are activated

and new hair is produced (Greco et al., 2009).

Bromodeoxyuridine (BrdU) pulse-chase experiments demon-

strated that quiescent stem cells, i.e., label-retaining cells, are

located in the hair follicle bulges (Cotsarelis et al., 1990; Tumbar
C

et al., 2004). Quiescence is believed to provide selective survival

advantage, also under unfavorable conditions, and to protect

stem cells from stress (Horsley et al., 2008; Kobielak et al.,

2007). For this reason, it is important to delineate the molecular

mechanisms that allow hair follicle stem cells to enter quies-

cence. The first hair follicle stem cells assemble during hair

morphogenesis shortly after birth in so-called presumptive bulge

regions and express hair follicle stem cell markers like Lhx2,

Sox9, Lgr5, and Nfatc1 (Woo and Oro, 2011). Nfatc1 is required

for entry of hair follicle stem cells into quiescence and for the

maintenance of their undifferentiated state (Horsley et al.,

2008). At the first telogen stage, the adult stem cell compart-

ments are established in the bulges and express, in addition to

the early stem cell markers, CD34 and K15 (Cotsarelis et al.,

1990; Lyle et al., 1998; Morris et al., 2004; Trempus et al.,

2003). Lineage-tracing experiments demonstrated that a subset

of these stem cells are activated and migrate down into the hair

germs to regenerate the hair follicles at anagen (Hsu et al., 2011;

Morris et al., 2004; Zhang et al., 2009). It is known that in culture

of normal hair follicle cells, only bulge stem cells produce so-

called holoclones, which exhibit long-term self-renewal capacity

over several passages (Blanpain et al., 2004).

The hair cycle represents an important biological ‘‘clock,’’ and

its fascinating properties have been investigated for many years.

Several signaling systems have been identified that participate in

the control of the hair cycle. Wnt/b-catenin and Bmp signals

induce and inhibit anagen, respectively, in the hair follicle

stem cells (Choi et al., 2013; Fuchs, 2007; Huelsken et al.,

2001). Shh enhances proliferation of matrix cells during anagen,

whereas Tgfb/Bmp signals at catagen induce apoptosis (Andl

et al., 2004; Chiang et al., 1999; Ming Kwan et al., 2004; St-Jac-

ques et al., 1998; Yang et al., 2005). Several studies report func-

tions of receptor tyrosine kinases and their ligands in murine hair

development and cycling (reviewed in Nakamura et al., 2013).

Mice carrying spontaneous mutations in Tgfa and Egfr (waved-

1 and waved-2, respectively) and Fgf5 (angora) demonstrate

the importance of Egf and Fgf signaling in hair formation (Hansen

et al., 1997; Hébert et al., 1994; Luetteke et al., 1994; Murillas

et al., 1995). Different Fgfs act at different stages: Fgf7 and

Fgf10 control proliferation at anagen, whereas Fgf18 prevents

anagen entry and is essential to maintain quiescence of hair
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follicle stem cells (Blanpain et al., 2004; Doma et al., 2013). It is

thus known that receptor tyrosine kinases and their ligands

play essential roles at different stages of hair morphogenesis

and cycle, but the specific involvement in the catagen and the

associated stem cell features could not be clearly resolved.

Grb2-associated binder1 (Gab1) is a member of an evolu-

tionary conserved family of scaffolding proteins without enzy-

matic activity (reviewed by Birchmeier et al., 2003). Gab1 is

recruited via Grb2 to activated receptor tyrosine kinases and

directly to the receptor tyrosine kinase Met (Fixman et al.,

1997; Holgado-Madruga et al., 1996; Weidner et al., 1996). Tyro-

sine-phosphorylation of Gab1 at various sites allows interaction

to multiple downstream partners, e.g., the tyrosine phosphatase

Shp2, the p85 regulatory subunit of Pi3k, phospholipase C, or

Crk (Fixman et al., 1997; Schaeper et al., 2000; Shi et al.,

2000). Null mutations of Gab1 in mice result in fetal lethality,

and developmental changes in these mice phenocopy those

observed in Met, Pdgfr, or Egfr mutants (Itoh et al., 2000; Sachs

et al., 2000).

In the present work, we produced conditional Gab1 mutant

mice (by K14- and Krox20-cre) and show that Gab1 mediates

crucial signals in the control of the hair cycle and quiescence

of hair follicle stem cells. In Gab1 mutants, hair follicles do not

enter catagen, and the pool of quiescent adult hair follicle stem

cells is not established. Instead, themutant cells continue to pro-

liferate and then become exhausted. Thus, Gab1 function is

indispensable in hair follicle stem cells for self-renewal.

RESULTS

Mutation ofGab1 in Epidermis and Hair Follicles of Mice
We examined the expression of Gab1 in mouse skin by using a

Gab1lacZ allele (Sachs et al., 2000). This is a null allele in which

essential Gab1 sequences were replaced by a lacZ cDNA con-

taining a nuclear localization signal (Figure S1A); hence, the

endogenous Gab1 promoter drives lacZ. As judged by X-Gal

staining, Gab1 was expressed in the spinous layer of interfollic-

ular epidermis and outer root sheath cells of growing hair follicle

(postnatal day 5 [P5]) (Figure S1B). No change in the Gab1

expression pattern was observed in the interfollicular epidermis

throughout the stages analyzed (Figure S1B, arrows). Remark-

ably, expression in the hair follicles had changed during the

course of the hair cycle. X-Gal staining was observed in the early

hair follicle stem cells of the presumptive bulges at catagen entry

(P15) (Figure S1B, p.Bu marks the presumptive bulge) and in the

regressing epithelial strands at full catagen (P18). During telogen
Figure 1. Deletion of Epithelial Gab1 Causes Failure of First Catagen E

(A) Box and whisker plot quantification of hair follicle length at different ages. Max

box boundaries mark quartile divisions with central lines indicating median. * indic

(B–F0) H&E staining of control (B–F) and K14-cre; Gab1fl (B0–F0) mutant skin at th

(G and H) 2hrs BrdU labeling at different stages of the hair cycle. The graph in (G)

time points. The phases of the hair cycle are indicated below. (H) BrdU staining in h

(I and J) In situ hybridization for Shh and Lef1 at P15. Hair shafts are indicated with

bar, 50 mm.

(K) Lef1 immunostaining at P15. Arrows and arrowheads show Lef1+ cells in the

(L) Quantification of cleaved caspase-3+ apoptotic cells per hair follicle at P17.

Hair follicles are outlined with dotted lines. Data are the mean ± SEM n = 3–5 mi

C

(P20), X-Gal staining was observed in the inner bulge cells and in

a subpopulation of hair germ cells (Figure S1B) (Hsu et al., 2011).

In anagen (P30), Gab1 expression was observed in a subset of

outer root sheath cells. Interestingly, in the second telogen,

both old and new bulge cells express Gab1 (Figure S1B). Thus,

Gab1 is expressed exactly in the hair follicle stem cells and pro-

genitors, where the phenotype of conditional Gab1 mutants

occurs.

To determine Gab1 functions during hair follicle development,

we introduced a conditional mutation ofGab1 usingK14-cre that

expresses cre recombinase under control of the endogenous

keratin14 promoter (Huelsken et al., 2001) and Gab1loxP allele

(Figure S1C) (K14-cre; Gab1lacZ/loxP), hereafter called K14-cre;

Gab1fl or coGab1 mutant mice (see Experimental Procedures).

Southern blot analysis confirmed efficient recombination of

Gab1 (Gab1rec) in the epidermis, but not in other tissues (Fig-

ure S1D). Until the end of morphogenesis (at P10, P12), skin

and hair of K14-cre; Gab1fl mice exhibited no overt phenotype

(Figure S1E). BrdU labeling at P10 showed no change in prolifer-

ation in hair follicles and epidermis (Figure S1F, quantified in Fig-

ure S1G; data not shown), and immunohistological analysis of

keratin10 (K10) and loricrin as well as transmission electron mi-

croscopy at P17 revealed normal epidermal differentiation (Fig-

ures S1H–S1J, quantified in Figure S1K).

Gab1 Controls Hair Cycle Entry
In normal development, hair follicles enter the first catagen, the

destruction phase of the hair cycle, at P17 and then regress.

Hair follicle regression was not observed in coGab1 mutant

mice (Figure 1A, orange; Figures 1C and 1C0). At early anagen

(P25), hair follicles were small, and at full anagen (P30), hair folli-

cles had regained their full size in control mice (Figures 1D and

1E). In the coGab1 mutants, hair follicles had still not regressed

but instead began to degenerate, which resulted in the appear-

ance of naked hair shafts (Figures 1D0, 1E0, and S1L, arrows).

Parakeratosis, characterized by the presence of nucleated cells

in the keratinized outer epidermal layers, was observed at later

stages, e.g., at P67 (Figures 1F, 1F0, and S1L, arrowheads;

data not shown; see also below). BrdU incorporation demon-

strated terminated proliferation in control hair follicles between

P17 and P25, butmutant hair follicles had highly proliferativema-

trix (Figure 1G, compare the orange and blue curves; Figure 1H,

proliferating matrix cells marked by arrows). Proliferation in

mutant hair follicles continued between P17 and P25, while con-

trol follicles resumed proliferation at P30, when they were in

anagen (Figure 1G). Closer examination of matrix cells at P15
ntry

imum and minimum lengths are marked by whiskers, whereas upper and lower

ates statistical significance. p values were calculated using the Student’s t test.

e indicated time points. Scale bars, 100 mm.

gives the percentage of hair follicles with BrdU+ hair follicle matrix at different

air follicles at P12, P17, and P25. Arrows showBrdU+ cells. Scale bars, 50 mm.

a red star. Arrows show positive staining. Counterstain: nuclear fast red. Scale

matrix and cortex, respectively.

ce per genotype. See also Figure S1.
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Figure 2. Gab1 Acts Specifically in the Hair

Follicles and Regulates the Hair Cycle

through Interaction with Grb2 and Shp2

(A) H&E staining of control and Krox20-cre; Gab1fl

mutant skin at P17 and P25.

(B and C) Quantification of BrdU+ hair follicles (B)

and cleaved caspase-3+ cells (C) in control and

Krox20-cre; Gab1fl mice at P17.

(D) Schematic representation of the Gab1 protein

with binding sites for Grb2 (2 sites), Pi3k (3 sites),

and Shp2 (2 sites). Grb2-binding mediates the

interaction to receptor tyrosine kinases. Binding of

Pi3k activates Akt signaling, whereas Shp2-bind-

ing activates Ras/Mapk signaling. The Grb2-

binding sites D341-348 and L524P sites are

mutated in Gab1DGrb2/DGrb2, the Pi3k binding

sites Y448F, Y473F, and Y590F are mutated in

Gab1DPI3K/DPI3K, and Y628F of Gab1 is mutated in

Gab1DShp2/DShp2.

(E and F) H&E staining of control and K14-cre;

Gab1fl/DGrb2 (E) and K14-cre; Gab1fl/DShp2 (F)

mutant skin at P17 and P25.

(G–J) Quantification of BrdU+ hair follicle matrix

and cleaved caspase-3+ cells of control and

K14-cre; Gab1fl/DGrb2 (G and H) and K14-cre;

Gab1fl/DShp2 mutant hair follicles at P17 (I and J).

Scale bars, 100 mm. Data are the mean ± SEM; n =

3–5 mice per genotype. See also Figure S2.
showed more dispersed proliferating cells in mutants (Fig-

ure S1M, arrows). We also determined Shh expression, which

provides proliferative signals, and expression of the Wnt effector

and target gene Lef1, which regulates differentiation of matrix

cells (DasGupta and Fuchs, 1999; St-Jacques et al., 1998;

Zhou et al., 1995). Shh mRNAs was already downregulated at

P15 in control hair follicles but persisted in the mutant (Figure 1I,

arrows). Similarly, Lef1 transcripts remained high in the mutant

hair follicles (Figure 1J, arrows). Lef1 protein was abundant in

mutant matrix cells, leading to thicker hair shafts, but in the con-
564 Cell Reports 13, 561–572, October 20, 2015 ª2015 The Authors
trols, Lef1 was detected only in differenti-

ating cortex cells (Figure 1K, arrows and

arrowheads, respectively). Moreover,

cleaved caspase-3 staining showed that

only few cells in the matrix of mutants

entered apoptosis, whereas high

numbers of apoptotic cells were

observed in controls (Figures 1L and

S1N, arrows). These data demonstrate

that Gab1 is required in catagen entry

and controls the block of proliferation

and hence the induction of apoptosis

that is associated with catagen. Gab1

function is also associated with changes

in the expression of Shh and Lef1 that

control proliferation and differentiation

signals, respectively.

We also used Krox20 (Egr2)-cre to

conditionally delete Gab1 in hair follicles,

but not in the interfollicular epidermis
(Krox20-cre; Gab1lacZ/loxP, hereafter called Krox20-cre; Gab1fl

mice). Krox20-cre indeed acts only in hair follicles, as shown

by staining of Krox20-cre; ROSA26R skin sections (Figure S2A)

(Gambardella et al., 2000). Catagen entry did not occur at P17

or P25 or at subsequent stages inKrox20-cre; Gab1fl hair follicles

(Figure 2A; data not shown), a phenotype indistinguishable to the

one inK14-cre; Gab1flmice. Accordingly, hair follicles ofKrox20-

cre; Gab1fl mice failed to halt proliferation and initiate apoptosis

at P17 (Figures 2B, 2C, and S2B; BrdU+ and cleaved caspase-

3+ cells marked by arrows). At much later stages, for instance



Figure 3. Rescue of Hair Cycle Alterations

by Conditional Activation of Mek1/Mapk

Signaling in Krox20-cre; Shp2fl Mice

(A, A0, D, and D0) H&E staining of control (A),

Krox20-cre; Shp2fl (A0), Krox20-cre; Shp2fl;

Mek1DD (D), and Krox20-cre; Mek1DD (D0) mutant

skin at P17 and P25. Scale bars, 100 mm.

(B and C) BrdU after 2 hr of labeling and cleaved

caspase-3 immunostaining of Krox20-cre; Shp2fl

mutant skin at P17. Arrows show BrdU+ (B) and

cleaved caspase-3+ (C) cells.

See also Figure S3.
at P67, we observed inflammation in the skin of both K14-cre;

Gab1fl and Krox20-cre; Gab1fl mice, as assessed by keratin6

expression and hyperproliferation in the interfollicular epidermis

(Figure S2C, compare upper and lower panels; Figure S2D,

labeled by BrdU). The similarities of phenotypes of K14-cre

and Krox20-cre mutations demonstrate that Gab1 functions

specifically in the hair follicles to regulate catagen entry. Inflam-

mation and hyperproliferation of the epidermis are secondary

events, possibly caused by the pronounced deficits in the hair

cycle.

Gab1-Dependent Recruitment of Grb2 and Shp2 Are
Essential for Catagen Entry
Gab1 is recruited to receptor tyrosine kinases through upstream

Grb2, and Pi3k and Shp2 are major signaling mediators that act

downstream of Gab1 (Maroun et al., 2000; Schaeper et al.,

2000). To address whether these interactions are essential to

control the hair cycle, we analyzed three Gab1 hypomorphic al-

leles, Gab1DGrb2, Gab1DPI3K, and Gab1DShp2, that encode Gab1

proteins unable to recruit Grb2, Pi3k, and Shp2, respectively

(scheme in Figure 2D) (Schaeper et al., 2000). Homozygous

Gab1DPI3K mice are alive and did not show a block in the hair

cycle at P17–P25 (Figure S2E; data not shown). Homozygous

Gab1DGrb2 and Gab1DShp2 mutants are embryonic lethal,

and we therefore used K14-cre; Gab1fl/DGrb2 and K14-cre;

Gab1fl/DShp2 mice for hair cycle analysis. Remarkably, both con-

ditional mutants showed hair cycle defects similar to K14-cre;

Gab1flmice (Figures 2E–2J, S2F, and S2G, and data not shown).
Cell Reports 13, 561–572,
Thus, Grb2 and Shp2 recruitments are

important for Gab1 function during the

hair cycle, while Pi3k binding is

dispensable.

The Gain-of-Function Mek1

Mutation Rescues the Shp2

Mutation in the Hair Cycle
We also produced Krox20-cre; Shp2fl

mice using a Shp2 floxed allele (Gross-

mann et al., 2009). Catagen entry did

not occur in the Shp2 mutant, and hair

follicles remained in thick skin (Figures

3A, 3A0, and S3A; data not shown) and

continued to proliferate instead of

entering apoptosis (Figures 3B and 3C,
arrows; quantified in Figure S3B), as had been observed in the

conditional Gab1 mutants. To further delineate the signaling

cascade that acts downstream of Shp2 during catagen entry,

compound mutants were produced using a conditional gain-

of-function Mek1 allele (Mek1DD) in the Shp2 background (Heu-

berger et al., 2014; Srinivasan et al., 2009) (Krox20-cre; Shp2fl;

Mek1DD, also called compound mutant mice). Remarkably, the

expression of activated Mek1 rescued the hair cycle deficits

observed in the Shp2 mutants, i.e., hair follicles successfully

entered catagen at P17, telogen at P25, and anagen at P30 (Fig-

ures 3D and 3D0; Figure S3A, third picture). In particular,

compound mutant hair follicles were no longer proliferative but

contained many apoptotic cells at P17 (Figures S3B and S3C,

arrowheads). In addition, compound mutants exhibited hyper-

plastic sebaceous glands, as did Krox20-cre; Mek1DD mice,

which also had normal hair cycle progression (Figures 3D, 3D0,
and S3A, right pictures). Sebaceous gland hyperplasia of

Mek1DD mice is similar to hyperplasia observed in Kras mutants

(Lapouge et al., 2011; Page et al., 2013), further confirming

elevated Ras/Mapk signaling in Mek1DD mice. Together, these

data show that Shp2 is required to function downstream of

Gab1 to regulate the hair cycle and that it acts via Mapk

signaling.

Gab1 Is Essential to Establish the Adult Stem Cell
Compartment in Hair Follicles
Next, we assessed the cellular and molecular mechanisms of

Gab1 function during the hair cycle and its effects on hair
October 20, 2015 ª2015 The Authors 565



Figure 4. Gab1 Ablation in Hair Follicles

Alters Gene Expression

(A) Heatmap of microarray from control and K14-

cre; Gab1fl sorted P15 integrin-a6high hair follicle

cells for selected gene categories.

(B) List of selected genes that belong to functional

Gene Ontology categories.

(C) Confirmation of the expression of selected

genes by qRT-PCR. The y axis represents the fold

change of gene expression in mutants compared

to control levels.

(D) pERK1,2 immunostaining of control and K14-

cre; Gab1fl mutant skin at P17 shows absence in

mutant presumptive bulges.

(E) pERK1,2 immunostaining of Krox20-cre;

Shp2fl; Mek1DD and Krox20-cre; Mek1DD mutant

skin at P17 shows restoration in the compound

mutant.

Counterstain: hematoxylin. Hair follicles are out-

lined with dotted lines. p. Bu, presumptive bulge;

SG, sebaceous gland. Scale bar, 50 mm. See also

Figure S4 and Table S1.
follicle stem cells. Hair follicle stem cells are formed during

postnatal development: they accumulate as early stem cells

during hair morphogenesis in the so-called presumptive bulge

region and as adult stem cells thereafter in the morphologically

discernable bulges (Nowak et al., 2008; Woo and Oro, 2011).

Fluorescence-activated cell sorting (FACS) of integrin-a6high

cells (Zhang et al., 2011) was used to enrich skin epithelial cells

in the morphogenesis-catagen transition period (P15), the

earliest time point in which phenotypic changes in coGab1 mu-

tants could be visualized (Figure S4A; see also above). Micro-

array gene profiling was used to determine changes in gene

expression of the sorted cells from control and coGab1 mu-

tants, which identified 900 differentially expressed genes (fold

change > 1.5) that are displayed in a heatmap (Figure 4A; Table

S1). Gene Ontology (GO) term analysis showed that many
566 Cell Reports 13, 561–572, October 20, 2015 ª2015 The Authors
genes encoding components of Mapk

and canonical Wnt signaling were down-

regulated in the coGab1 mutant cells

(Figures 4B and 4C). We used immuno-

histochemistry to detect phoshoErk1,2,

and we thus discovered that Mapk

signaling was active at P15 to P19 in

the presumptive bulge regions (located

below the sebaceous glands [SGs]) of

control hair follicles but was conspicu-

ously absent in the coGab1 mutants (Fig-

ures 4D and S4B, marked p.Bu and by

arrows). pErk1,2 staining was rescued

in the presumptive bulges of compound

Krox20-cre; Shp2fl; Mek1DD and single

Krox20-cre; Mek1DD mutants (Figure 4E,

marked p.Bu). Thus, our data demon-

strate that a specific Erk1,2 activation

occurs in the presumptive bulge regions

at catagen, but this is prevented in the

coGab1 mutant hair follicles. Moreover,
activation by Mek1DD rescues the Mapk deficits of Shp2

mutants.

Changes in the presumptive bulges of coGab1mutant hair fol-

licles also affected the label-retaining stem cells that are known

to require Nfatc1 (Horsley et al., 2008). Remarkably, Nfatc1

expression was downregulated in the coGab1mutant skin start-

ing at P17, and was not restored subsequently (Figure 5A;

compare orange with blue bars; Figure 5B, marked p.Bu; Fig-

ure S5A, belowSG). Lhx2 and Sox9, twomarkers of early hair fol-

licle stem cells (Nowak et al., 2008; Rhee et al., 2006; Vidal et al.,

2005), were expressed in the presumptive bulge cells in control

and mutant (Figures 5C and S5B, marked p.Bu, located below

the SGs [see merged fluorescence]). To ensure that coGab1mu-

tants have established early stem cells, we analyzed label-retain-

ing cells by repeated injection of BrdU between embryonic day



Figure 5. Maintenance of Quiescence of Hair Follicle Stem Cell Re-

quires Gab1

(A) Quantification of Nfatc1+ cells per hair follicles at the indicated time points.

Nfatc1+ cells in regressing epithelial strands are excluded from quantification.

* indicates statistical significance. p values were calculated using Student’s

t test.

(B andC) Immunostaining for Nfatc1 (B) and Lhx2 (C) in the presumptive bulges

at P17. Counterstain in (B): hematoxylin. Bu, bulge; p. Bu, presumptive bulge;

SG, sebaceous gland. Scale bars, 50 mm.

(D) Scheme of experimental design for BrdU pulse-chase experiments.

(E–G) Immunostaining after BrdU pulse-chase experiments at the in-

dicated time points for progenitors and adult stem cell markers. Scale bars,

50 mm.

C

17.5 (E17.5) and P0, followed by subsequent chases over 5 or

10 days (Figure 5D, upper scheme) (Cotsarelis et al., 1990).

BrdU label-retaining cells were concentrated at the presumptive

bulge regions at comparable levels both in control and mutant

skin (Figures 5E and 5F, marked p.Bu, seemerged fluorescence;

Figure S5C). These data indicate that quiescence of early stem

cells is correctly established in coGab1 mutants during hair

morphogenesis, as in controls, but that quiescence is then not

maintained in mutants as reflected by the loss of Nfatc1 expres-

sion at catagen entry.

We also analyzed label-retaining adult stem cells in the bulges

during the course of the hair cycle. BrdUwas repeatedly injected

between P10 and P12, followed by a 30-day chase (Figure 5D,

lower scheme). In control hair follicles, BrdU+ label-retaining cells

were detected that co-expressed CD34 (Trempus et al., 2003), a

marker of adult hair follicle stem cells (Figure 5G, left, marked by

Bu; quantified in Figure 5H; hair follicles were BrdU+ after 2 days

of pulse, Figure S5D, quantified in Figure S5E), while mutant hair

follicle cells located in the bulge area were neither label-retaining

nor CD34-expressing (Figure 5G, right, below SG; quantified in

Figure 5H). In order to test the proliferation status of stem cells,

we used short BrdU labeling at P30 without chase. In control

mice, CD34+ and K15+ bulge cells were not proliferating (Figures

5I, left, marked Bu; Figure S5F, arrows). In contrast, in the corre-

sponding regions of the mutants, BrdU+ proliferating cells were

observed that did not express the adult stem cell markers

CD34 and K15 but did express the progenitor markers Lhx2

andSox9 (Figures 5I and 5J, right; Figures S5F andS5G, arrows),

indicating that mutant cells are progenitors. We conclude that in

coGab1 mutant hair follicles, label-retaining adult stem cells are

not established. Instead, early stem cells in the mutants loose

quiescence at catagen and become exhausted. Interestingly,

the junctional zone stem cell compartment was not affected by

loss of Gab1, as judged by the presence of Lrig1 expression at

P30 (Figure S5H) (Page et al., 2013).

Shp2 Mutation Prevents Adult Stem Cell Formation in
Hair Follicles, and This is Rescued by Activated Mapk
We asked whether Shp2 mutants show a similar deficit of hair

follicle stem cells, as observed in coGab1 mutants. Indeed,

Sox9+ hair follicle cells of Shp2 mutants proliferated aberrantly

at P17, as shown by short BrdU labeling (Figure 6A, middle pic-

ture, merged fluorescence marked by arrows). Moreover, Nfatc1

expression was downregulated in the presumptive bulges of

Shp2 mutants (Figure 6B, middle picture). We then asked

whether activation of Mapk by Mek1DD could rescue the Shp2

stem cell phenotype. Indeed, presumptive bulge stem cells in

the compound mutant mice were quiescent (Figures 6A and

6B, right pictures).We also analyzed the adult stem cell compart-

ment in Shp2 and compound mutants. Adult stem cells were not
(H) Quantification of BrdU+ label-retaining cells per hair follicles of K14-cre;

Gab1fl mice at P42.

(I and J) Immunostaining for BrdU andCD34 staining (I) and Lhx2 (J) after 2 hr of

BrdU labeling. Scale bars, 50 mm.

Hair follicles are outlined with dotted lines. Bu, bulge; p.Bu, presumptive bulge;

SG, sebaceous gland. Data are themean ± SEM; n = 3mice per genotype. See

also Figure S5.
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Figure 6. Stem Cell Functions of Gab1 Mutant Hair Follicle Are

Diminished In Vitro

(A–C) Sox9 and BrdU (A), Nfatc1 (B), and CD34 (C) immunostaining of Krox20-

cre; Shp2fl and Krox20-cre; Shp2fl; Mek1DD mutant skin after 2 hr of BrdU

labeling. Arrows show BrdU and Sox9 double-positive cells (A) and Nfatc1+

cells (B). Hair follicles are outlined with dotted lines (A). Hair shafts are indi-

cated with a red star (C). Bu, bulge; p.Bu, presumptive bulge; SG, sebaceous

gland. Scale bars, 50 mm.

(D) Quantification of percentages of FACS bulge cells (CD34+integrin-a6high) of

five independent assays.

(E) Representative photo of a colony-forming assay of primary epidermal

keratinocytes isolated from control and K14-cre; Gab1fl mice stained with

Rhodamine B. n = 5 mice per genotype.

(F) Representative images of FACS purified bulge cell colonies from Gab1fl/null

before and after retroviral transduction.
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present in Shp2mutants, as assessed by the absence of CD34+

cells in the bulges (Figure 6C, middle), but were present in the

compound mutants (Figure 6C, right; data not shown). Thus,

activation of Mapk signaling rescues the loss of Shp2 and re-

stores label-retaining properties of adult hair follicle stem cells.

Gab1 Mutant Stem Cells Cannot Form Holoclones in
Culture
We used FACS to enrich for CD34+integrin-a6high cells (Blanpain

et al., 2004), i.e., adult bulge stem cells (Figures S6A and S6B,

marked by squares, quantified in Figure 6D), and cultured these

cells on feeder layers of mitomycin-treated 3T3 cells. CD34+inte-

grin-a6high cells from controls produced large and compact

growing colonies (Figures 6E, left; quantified in Figure S6C), so-

called holoclones (Barrandon and Green, 1987; Blanpain et al.,

2004). Cells from coGab1mutant hair follicles produced typically

only few and small colonies (Figures 6E, right; quantified in Fig-

ure S6C), and in some experiments, no colonies were formed.

Moreover, in mutant colonies, single cells exhibited changed

morphologies, i.e., failed to make close cell-cell contacts, but

instead remained dispersed and were often very flat (Figure S6D,

large cells are encircled). Furthermore, the few colonies formedby

coGab1mutant cells could not be passaged (data not shown).We

have also sorted CD34+integrin-a6high cells from Gab1fl/null mice

(Figure S6E) and then ablated Gab1fl by retroviral CreERT2-GFP in

cell culture,asassedbyGFP+expression (Figure6F).After tamox-

ifen-induced Cre expression, cells died and no colonies were

formed (Figure 6G). These data confirm that Gab1 is essential

for the self-renewal of hair follicle stem cells.

DISCUSSION

We produced conditional mutant mice in which the adaptor pro-

tein Gab1 was deleted in skin epithelia (by K14-cre) and specif-

ically in hair follicles (by Krox20-cre). Remarkably, hair follicles in

both Gab1mutants did not enter catagen. Loss of Gab1 caused

continuous proliferation in hair follicles, and hence catagen-

associated apoptosis was not initiated. Instead, stem cells

became exhausted, and thus no adult stem cell niches were es-

tablished in the hair bulges. By analyzing different mouse lines,

we identified the signaling cascade of Gab1 in the hair cycle.

Gab1 recruits Shp2, which in turn activates Mapk to regulate

catagen entry and quiescence of hair follicle stem cells. At

much later stages in conditional Gab1 mutants, we observed

inflammation and hyperproliferation of the skin, which are sec-

ondary to the hair cycle and stem cell deficiencies. We thus

discovered functions of Gab1, Shp2, and Mapk signaling in

hair cycle control and hair follicle stem cells.

Dissecting the Gab1/Mapk Signaling Cascade during
Catagen Entry
By taking advantage of our different Gab1 knockin mouse lines,

we found that Gab1 needs to interact with upstream Grb2 to
(G) Representative photo of a colony-forming assay of primary epidermal

keratinocytes isolated from Gab1fl/null mice stained with Rhodamine B. n = 3

mice per genotype.

See also Figure S6.



exert its role in catagen entry. The question arises which ligands

and receptors might act upstream of Gab1 and Grb2 to regulate

catagen entry. Fgf5 functions at late anagen to control catagen

entry on time. Angora mice (a deletion mutation in the Fgf5

gene) show excessively longer fur formation due to prolonged

anagen (Hébert et al., 1994). Gab1 also acts as an adaptor down-

stream of Fgf receptors in other contexts (Eswarakumar et al.,

2005). However, it should be noted that the phenotype of Gab1

and Fgf5 mutant mice are distinct: in Gab1 mutants, the hair

cycle is blocked, not only delayed, and hair shafts are not

extended. Interestingly, the hair phenotypes of dominant-nega-

tive Egf receptor mutants in part resemble those observed in

Gab1 mutants (Murillas et al., 1995). Based on our analyses as

well as others, neither the genes encoding the Egf receptor nor

those encoding any of its ligands are differentially expressed

during the hair cycle (Lien et al., 2011; Lin et al., 2004). Further-

more, the Egf receptor is essential at several stages of skin

development (reviewed in Doma et al., 2013). Thus at catagen

entry, transient changes might occur in the expression, produc-

tion or compartmentalization of components of Egf signaling.

Here, we show that Gab1 needs to recruit the downstream

tyrosine phosphatase Shp2 to mediate its effects in the hair

cycle: a hypomorphic Gab1 mutation that interferes with Shp2

recruitment as well as a conditional Shp2 mutation produced

similar phenotypes as coGab1. Direct activation of the Pi3k/

Akt cascade by Gab1 was however dispensable for hair cycle

control. In many cellular contexts, Shp2 is required for sustained

activation of Ras-Mapk signaling (Chan et al., 2008; Grossmann

et al., 2009; Heuberger et al., 2014; Sheean et al., 2014). Indeed,

activating Mapk signaling by a gain-of-function mutation,

Mek1DD, sufficed to rescue the disrupted hair cycle in Shp2

loss-of-function mutants. Our data thus demonstrate that

Gab1 plays an essential role downstream of receptor tyrosine

kinases and upstream of Shp2 and Mapk in its role in the hair

follicles.

A previous report showed that high levels of Ras/Mapk activity

can directly downregulate Shh in the hair follicles (Mukhopad-

hyay et al., 2013), and Shh controls proliferation of hair follicle

cells during anagen (Gritli-Linde et al., 2007; St-Jacques et al.,

1998). In line with these findings, our experiments showed that

Shh continued to be expressed in the hair follicles of coGab1

mutant mice when catagen entry occurred in normal postnatal

development. It had been shown that Shh promoted proliferation

of quiescent hair follicle stem cells by inducingGas1, a co-recep-

tor of Ptch1 (Hsu et al., 2014). However, our expression profiling

did not reveal a change in Gas1 expression. The effect we

observed in Gab1 mutants should therefore be independent of

Gas1. Tgfb/Bmp signaling is essential to regulate apoptosis in

catagen (Andl et al., 2004; Foitzik et al., 2000; Ming Kwan

et al., 2004; Yang et al., 2005). Although our array data indicate

a decrease in the expression of Inhba and Bmp4, overall Tgfb/

Bmp signaling was unchanged in Gab1 mutants. We also show

here that Gab1 is not required for the development of the inter-

follicular epidermis. It has been shown previously that in cell cul-

ture, Gab1 stimulates Ras/Mapk signaling in epidermal cells to

promote cell proliferation and oppose differentiation (Cai et al.,

2002). However, our in vivo BrdU-labeling and histological ana-

lyses of coGab1mutants showed no proliferation, differentiation,
C

and developmental defects in the interfollicular epidermis. Our

data thus show that the role of Ras/Mapk signaling is indepen-

dent of Gab1 in the interfollicular epidermis.

One might expect to see longer hair shafts in Gab1 mutant

mice, as in the case of angora mice. However, mutant hair shafts

in Gab1 mutants were stunted and thicker. The Lef1 expression

pattern in mutant hair follicles in part explains this phenotype:

Lef1 is expressed by hair shaft precursor cells to control their dif-

ferentiation to hair shafts (DasGupta and Fuchs, 1999; Zhou

et al., 1995). Interestingly, our data show that Lef1 expression

is expanded to the matrix in mutants leading to thicker hair

shafts. This altered differentiation might prevent longer hair shaft

formation.

Gab1 and Mapk Signaling Controls Bulge Stem Cells
Adult hair follicle stem cells are formed first at�P20, express the

markers CD34 and K15, and are quiescent (Cotsarelis et al.,

1990; Lyle et al., 1998; Morris et al., 2004). We found that early

hair follicle stem cells are correctly established in coGab1 mu-

tants during hair morphogenesis, as judged by the presence of

label-retaining cells. However, quiescence is not maintained in

mutants, as reflected by loss of Nfatc1 expression at catagen en-

try. Interestingly, Gab1 is expressed in the regressing epithelial

strand during catagen, where Nfatc1 is also expressed (Horsley

et al., 2008). The cells of the regressing epithelial strands are

essential in the establishment of the quiescent adult stem cell

niches, where Gab1 is also expressed at telogen (Hsu et al.,

2011).

Remarkably, label-retaining adult stem cell compartments are

not established in coGab1 mutant skin. Instead, Sox9+ and

Lhx2+ proliferating progenitors are found in the expected bulge

regions. Thus, in coGab1 mutant hair follicles, stem cells loose

quiescence at catagen and finally become exhausted. It is

known that in cultures of normal hair follicle cells, only bulge

stem cells produce so-called holoclones, which exhibit long-

term capacities for self-renewal over several passages (Blanpain

and Fuchs, 2014). Cells from coGab1 mutant hair follicles had

lost their self-renewal properties and produced only a few col-

onies, which were small and could not be passaged. To explore

the role of Gab1 after the establishment of adult stem cell com-

partments, we deleted Gab1 specifically in adult hair follicle stem

cells in culture. We discovered that adult stem cells also lose

their self-renewal properties upon inducible loss of Gab1.

Thus, the stem cell phenotype we observed might be indepen-

dent of the hair cycle defect. We also analyzed the adult stem

cell compartments in Shp2 and Shp2; Mek1DD compound mu-

tants. Indeed, adult stem cells were not present in Shp2mutants

but were restored in the compound mutants. Overall, our data

show that Gab1 and the associated Ras/Mapk signaling are

essential components of bulge stem cells.

EXPERIMENTAL PROCEDURES

Preparation of Conditional Mutations in Mice

The conditional mutation of Gab1 in the skin was generated by crossing mice

carrying K14-cre first to Gab1lacZ null/+ mice, then these mice were crossed to

Gab1loxP/loxP mice to obtain K14-cre; Gab1fl mice. All mice were obtained by

crossbreeding of heterozygous males carrying the cre recombinases with

the respective homozygous females. All animal experiments were conducted
ell Reports 13, 561–572, October 20, 2015 ª2015 The Authors 569



according to regulations established by theMaxDelbr€uck Center together with

the Berlin authorities (Landesamt f€ur Gesundheit und Soziales [LAGeSo]) and

the European Union.

Histopathology and Immunostaining

Dorsal skin was dissected, fixed in 4% formaldehyde, and embedded in

paraffin, from which 10-mm sections were cut and stained with H&E or by im-

munostaining as described previously (Chmielowiec et al., 2007). For BrdU

incorporation experiments, animals were injected once with 0.1 mg/g body

weight BrdU (Sigma-Aldrich) in PBS, and skin samples were collected after

2 hr, fixed in 4% formaldehyde, and embedded in paraffin followed by immu-

nofluorescence staining. To identify BrdU-label-retaining cells, pregnant mice

and 10-day-old mice were injected four times over 2 days with 50 mg/kg body

weight BrdU (Bickenbach et al., 1986) and sacrificed at the indicated time

points.

b-Galactosidase staining was performed either on whole mounts or on cry-

osections. 10-mmsections were cut, fixed in 2%glutaraldehyde, and stained in

b-galactosidase solution at 37�C until suitable blue color was observed. After

the staining, slides were washed in PBS, and counterstained with nuclear fast

red. In situ hybridization was performed using digoxigenin-labeled RNA

probes (Roche) on 10-mm sections as described (Chmielowiec et al., 2007).

FACS and Colony-Formation Assays

Dorsal skin of mice in telogen (P21 or 8 weeks old) was used for isolation of

bulge keratinocytes on a BD FACS Aria II cell sorter following established pro-

tocols (Sotiropoulou et al., 2010). For colony-formation assays, FACS bulge

cells were seeded onto mitomycin-treated Swiss 3T3 cells at 1 3 104 cells

per well in six-well plates, and cultures were maintained in E-media (15% fetal

bovine serum, 0.3 mM CaCl2) for 7–10 days. Cultures were gently treated with

0.05% trypsin-EDTA to remove feeders, fixed with 4% formaldehyde, and

stained with 0.5% Rhodamine B (Sigma). The number and diameter of cell

colonies in scanned images were measured using Adobe Photoshop. Virus in-

fections were performed as in Lan et al. (2015). Supernatants were added in

10%–20% confluency, and GFP+ cells were resorted and cultured.

Microarray Hybridization, Data Analysis, and qRT-PCR

Total RNA was isolated from P15 dorsal skin cells after FACS using TRIzol (In-

vitrogen), purified by RNeasy kit (QIAGEN), biotin-labeled using Illumina Total-

Prep RNA amplification Kit (Ambion), and hybridized to MouseRef-8 v2.0

Expression Beadchips (Illumina) as specified by the manufacturer.
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W.B. wrote the paper.

ACKNOWLEDGMENTS

We thank Drs. Carmen Birchmeier and Ruth Schmidt Ullrich (MDC) for helpful

discussions and critically reading the manuscript. We also thank Drs. Patrick

Charnay (INSERM) and Philippe Soriano (Mount Sinai School of Medicine)

for generously providing Krox20-cre andRosa26 reporter strains, respectively.

We thank Dr. Norbert H€ubner for assistance in Illumina array technology.
570 Cell Reports 13, 561–572, October 20, 2015 ª2015 The Authors
Received: January 7, 2015

Revised: July 29, 2015

Accepted: September 3, 2015

Published: October 8, 2015

REFERENCES

Andl, T., Ahn, K., Kairo, A., Chu, E.Y., Wine-Lee, L., Reddy, S.T., Croft, N.J.,

Cebra-Thomas, J.A., Metzger, D., Chambon, P., et al. (2004). Epithelial

Bmpr1a regulates differentiation and proliferation in postnatal hair follicles

and is essential for tooth development. Development 131, 2257–2268.

Barrandon, Y., and Green, H. (1987). Three clonal types of keratinocyte with

different capacities for multiplication. Proc. Natl. Acad. Sci. USA 84, 2302–

2306.

Bickenbach, J.R., McCutecheon, J., andMackenzie, I.C. (1986). Rate of loss of

tritiated thymidine label in basal cells in mouse epithelial tissues. Cell Tissue

Kinet. 19, 325–333.

Birchmeier, C., Birchmeier, W., Gherardi, E., and Vande Woude, G.F. (2003).

Met, metastasis, motility and more. Nat. Rev. Mol. Cell Biol. 4, 915–925.

Blanpain, C., and Fuchs, E. (2014). Stem cell plasticity. Plasticity of epithelial

stem cells in tissue regeneration. Science 344, 1242281.

Blanpain, C., Lowry, W.E., Geoghegan, A., Polak, L., and Fuchs, E. (2004).

Self-renewal, multipotency, and the existence of two cell populations within

an epithelial stem cell niche. Cell 118, 635–648.

Cai, T., Nishida, K., Hirano, T., and Khavari, P.A. (2002). Gab1 and SHP-2 pro-

mote Ras/MAPK regulation of epidermal growth and differentiation. J. Cell

Biol. 159, 103–112.

Chan, G., Kalaitzidis, D., and Neel, B.G. (2008). The tyrosine phosphatase

Shp2 (PTPN11) in cancer. Cancer Metastasis Rev. 27, 179–192.

Chiang, C., Swan, R.Z., Grachtchouk, M., Bolinger, M., Litingtung, Y., Robert-

son, E.K., Cooper, M.K., Gaffield, W., Westphal, H., Beachy, P.A., and Dlu-

gosz, A.A. (1999). Essential role for Sonic hedgehog during hair follicle

morphogenesis. Dev. Biol. 205, 1–9.

Chmielowiec, J., Borowiak, M., Morkel, M., Stradal, T., Munz, B., Werner, S.,

Wehland, J., Birchmeier, C., and Birchmeier, W. (2007). c-Met is essential

for wound healing in the skin. J. Cell Biol. 177, 151–162.

Choi, Y.S., Zhang, Y., Xu, M., Yang, Y., Ito, M., Peng, T., Cui, Z., Nagy, A., Had-

jantonakis, A.K., Lang, R.A., et al. (2013). Distinct functions for Wnt/b-catenin

in hair follicle stem cell proliferation and survival and interfollicular epidermal

homeostasis. Cell Stem Cell 13, 720–733.

Cotsarelis, G., Sun, T.-T., and Lavker, R.M. (1990). Label-retaining cells reside

in the bulge area of pilosebaceous unit: implications for follicular stem cells,

hair cycle, and skin carcinogenesis. Cell 61, 1329–1337.

DasGupta, R., and Fuchs, E. (1999). Multiple roles for activated LEF/TCF tran-

scription complexes during hair follicle development and differentiation.

Development 126, 4557–4568.

Doma, E., Rupp, C., and Baccarini, M. (2013). EGFR-ras-raf signaling in

epidermal stem cells: roles in hair follicle development, regeneration, tissue re-

modeling and epidermal cancers. Int. J. Mol. Sci. 14, 19361–19384.

Eswarakumar, V.P., Lax, I., and Schlessinger, J. (2005). Cellular signaling by

fibroblast growth factor receptors. Cytokine Growth Factor Rev. 16, 139–149.

Fixman, E.D., Holgado-Madruga, M., Nguyen, L., Kamikura, D.M., Fournier,

T.M., Wong, A.J., and Park, M. (1997). Efficient cellular transformation by the

Met oncoprotein requires a functional Grb2 binding site and correlates with

phosphorylation of the Grb2-associated proteins, Cbl and Gab1. J. Biol.

Chem. 272, 20167–20172.

Foitzik, K., Lindner, G., Mueller-Roever, S., Maurer, M., Botchkareva, N.,

Botchkarev, V., Handjiski, B., Metz, M., Hibino, T., Soma, T., et al. (2000). Con-

trol of murine hair follicle regression (catagen) by TGF-b1 in vivo. FASEB J. 14,

752–760.

Fuchs, E. (2007). Scratching the surface of skin development. Nature 445,

834–842.

http://dx.doi.org/10.1016/j.celrep.2015.09.015
http://dx.doi.org/10.1016/j.celrep.2015.09.015
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref1
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref1
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref1
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref1
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref2
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref2
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref2
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref3
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref3
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref3
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref4
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref4
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref5
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref5
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref6
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref6
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref6
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref7
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref7
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref7
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref8
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref8
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref9
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref9
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref9
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref9
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref10
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref10
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref10
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref11
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref11
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref11
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref11
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref12
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref12
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref12
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref13
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref13
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref13
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref14
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref14
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref14
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref15
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref15
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref16
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref16
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref16
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref16
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref16
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref17
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref17
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref17
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref17
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref18
http://refhub.elsevier.com/S2211-1247(15)01026-8/sref18


Gambardella, L., Schneider-Maunoury, S., Voiculescu, O., Charnay, P., and

Barrandon, Y. (2000). Pattern of expression of the transcription factor Krox-

20 in mouse hair follicle. Mech. Dev. 96, 215–218.

Greco, V., Chen, T., Rendl, M., Schober, M., Pasolli, H.A., Stokes, N., Dela

Cruz-Racelis, J., and Fuchs, E. (2009). A two-step mechanism for stem cell

activation during hair regeneration. Cell Stem Cell 4, 155–169.

Gritli-Linde, A., Hallberg, K., Harfe, B.D., Reyahi, A., Kannius-Janson, M., Nils-

son, J., Cobourne, M.T., Sharpe, P.T., McMahon, A.P., and Linde, A. (2007).

Abnormal hair development and apparent follicular transformation to mam-

mary gland in the absence of hedgehog signaling. Dev. Cell 12, 99–112.

Grossmann, K.S., Wende, H., Paul, F.E., Cheret, C., Garratt, A.N., Zurborg, S.,

Feinberg, K., Besser, D., Schulz, H., Peles, E., et al. (2009). The tyrosine phos-

phatase Shp2 (PTPN11) directs Neuregulin-1/ErbB signaling throughout

Schwann cell development. Proc. Natl. Acad. Sci. USA 106, 16704–16709.

Hansen, L.A., Alexander, N., Hogan, M.E., Sundberg, J.P., Dlugosz, A.,

Threadgill, D.W., Magnuson, T., and Yuspa, S.H. (1997). Genetically null

mice reveal a central role for epidermal growth factor receptor in the differen-

tiation of the hair follicle and normal hair development. Am. J. Pathol. 150,

1959–1975.
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