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Hair follicles (HFs) undergo cycles of degeneration (catagen), rest (telogen), and regeneration (anagen) phases. Anagen begins when

the hair follicle stem cells (HFSCs) obtain sufficient activation cues to overcome suppressive signals, mainly the BMP pathway, from

their niche cells. Here, we unveil that mTOR complex 1 (mTORC1) signaling is activated in HFSCs, which coincides with the HFSC

activation at the telogen-to-anagen transition. By using both an inducible conditional gene targeting strategy and a pharmacological

inhibition method to ablate or inhibit mTOR signaling in adult skin epithelium before anagen initiation, we demonstrate that HFs that

cannot respond tomTOR signaling display significantly delayed HFSC activation and extended telogen. Unexpectedly, BMP signaling

activity is dramatically prolonged in mTOR signaling-deficient HFs. Through both gain- and loss-of-function studies in vitro, we show

that mTORC1 signaling negatively affects BMP signaling, which serves as a main mechanism whereby mTORC1 signaling facilitates

HFSC activation. Indeed, in vivo suppression of BMP by its antagonist Noggin rescues the HFSC activation defect in mTORC1-null

skin. Our findings reveal a critical role for mTOR signaling in regulating stem cell activation through counterbalancing BMP-mediated

repression during hair regeneration.
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Introduction

Adult stem cells (SCs) are essential for tissue homeostasis and

regeneration. The hair follicles (HFs) provide an elegant model for

studying the balance between quiescence and activation of stem

cells responsible for these processes. Hair follicles repeatedly

cycle through bouts of degeneration (catagen), rest (telogen),

and growth (anagen) throughout adult life (Millar, 2002;

Schneider et al., 2009). This hair cycle is based on the ability of

hair follicle stem cells (HFSCs), a type of slow-cycling, label-

retaining cells residing in a niche called the bulge, to transiently

exit their quiescent status to fuel the growth phase (Cotsarelis

et al., 1990; Tumbar et al., 2004; Kandyba et al., 2013). During

the telogen-to-anagen transition, hair germ (HG) cells, a

HFSC-derived small cell cluster between the bulge and dermal

papilla (DP), are primed to launch HF regeneration responding

to DP signals (Greco et al., 2009).

At different phases of the hair cycle, HFSCs receive activating or

suppressive cues fromthesurrounding niche tobecomeproliferative

or remainquiescent (Plikus,2012). It hasbeenshownthatfine tuning

of twosignalingpathways, namelyWnt/b-cateninandbonemorpho-

genetic protein (BMP) signaling, plays key roles in driving HFs from

telogen to anagen. The activating Wnt/b-catenin signaling is

believed to facilitate the stem cell activation and anagen initiation

(Andl et al., 2002; Zhang et al., 2008; Enshell-Seijffers et al., 2010;

Rabbani et al., 2011; Plikus, 2012). Particularly, inactivation of

b-catenin in adult HFs prevents the activation of HFSCs and restrains

the entry into anagen, while overexpression of b-catenin results in

the precocious activation of HFSCs and premature anagen onset

(Lowry et al., 2005).

In contrast to Wnt-activating signals, BMP signaling plays an in-

hibitory role in the activation of HFSCs (Zhang et al., 2006; Plikus

et al., 2008). During telogen, active BMP signaling is critical for
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maintaining HFSCs in a relatively quiescent state (Horsley et al.,

2008; Plikus et al., 2008). Ablation of the BMP receptor Bmpr1a

in adult hair follicles leads to precocious HFSC activation

(Kobielak et al., 2007). Similarly, overexpression of Noggin, an

extracellular BMP inhibitor, results in a shortened telogen phase

and promotes HF growth (Botchkarev et al., 2001). Conversely,

overexpression of BMP leads to delayed HFSC activation and

prolonged telogen phase, and thus retards the HF growth

(Botchkarev et al., 2001; Plikus et al., 2008). In addition, it has re-

cently been shown that TGFb2 signaling also plays a crucial role in

the telogen-to-anagen transition in HFSC activation (Oshimori and

Fuchs, 2012).

Despite the wealth of knowledge regarding these key pathways,

little is knownabout the roleofnutrient andenergyeffectors in regu-

latingHFSCs. Themammalian target of rapamycin (mTOR), a serine/

threonine protein kinase, is a key component of a signaling pathway

that integrates amyriad of signals, ranging fromnutrient availability

and energy status to cellular stressors and growth factors, to regu-

late organism growth and homeostasis in mammals (Laplante and

Sabatini, 2012). mTOR interacts with several other proteins to

form two distinct complexes, namely rapamycin-sensitive mTOR

complex 1 (mTORC1) and rapamycin-insensitive mTOR complex 2

(mTORC2), which are functionally conserved in eukaryotes (Gan

and DePinho, 2009; Russell et al., 2011). Previous studies have

demonstrated that mTORC1 signaling is essential for the prolifer-

ation of some stem cells (Javier et al., 1997; Hay and Sonenberg,

2004; Murakami et al., 2004; Ryu and Han, 2011). Notably,

mTORC1 signaling pathway also plays a critical role in regulating

the quiescence of hematopoietic stem cells (Gan and DePinho,

2009; Gan et al., 2010) and determining proliferation versus quies-

cence in the adult forebrain neural stem cell niche (Paliouras et al.,

2012). Although mTOR signaling is vital for stem cell proliferation

and quiescence, its potential roles for HFSCs and hair regeneration

remain largely undefined.

Here, we focus on addressing the role of mTOR signaling in HFSC

activation during hair regeneration. We demonstrate that mTORC1

signaling is activated in HFSCs during the telogen-to-anagen transi-

tion.Byemployingbothan inducibleconditionalgene targetingstrat-

egy and a pharmacological inhibition method to ablate or inhibit

mTOR signaling in adult HFs before anagen onset, we show that

HFs deficient in this signaling display a remarkable delay in HFSC ac-

tivation and dramatically prolonged telogen phase. Through both

gain- and loss-of-function studies, we find that mTORC1 signaling

negativelyaffectsBMPsignaling inHFSCs. Furthermore,exogenously

suppliedBMPantagonistNoggincanrescue thedelayedHFSCactiva-

tion and prolonged telogen in mTORC1-deficient mice. Taken to-

gether, these findings shed significant new light on how HFSC

activation is orchestrated by mTORC1 signaling pathway during

hair regeneration.

Results

mTOR signaling is activated in stem cells during the

telogen-to-anagen transition

Todefine the roles ofmTOR signaling in HF regeneration, wefirst

examined the expression of pS6, the phosphorylated form of the

mTORC1downstreammolecule S6 (Wendel et al., 2004), at distinct

hair cycle stagesdeterminedaspreviouslydescribed (Muller-Rover

et al., 2001; Greco et al., 2009; Oshimori and Fuchs, 2012). After

hair morphogenesis, the first signs of active mTORC1 signaling oc-

curred at telogen, when cytoplasmic localization of pS6 was

detected in HG cells near the DP. With anagen initiating, S6 phos-

phorylation also appeared in HFSCs marked by CD34 at the base

of the bulge (Figure 1A). However, when hair follicles entered full

anagen, pS6was turned off in HFSCs (Supplementary Figure S1A).

When the first anagen and second catagen ended, HFs reached

the second telogen that was sustained for ≏1 month in WT/control

mice. The activity of pS6was extremely weak during early andmid-

telogen. Then pS6 reemerged in HG (marked by P-cadherin) and

lower bulge cells when telogen ended (Figure 1B). Particularly,

pS6 appeared several days before HG cells displayed proliferative

activity, and this expression pattern of pS6 was consistent with

the proliferation of HFSCs in HG and bulge (Figure 1C). In themean-

time,wealso examined the expression of p-Akt (Ser473), the phos-

phorylated form of Akt directly activated by mTORC2 through

phosphorylating its hydrophobic motif (Ser473) (Sarbassov et al.,

2005). By immunostaining, we showed that mTORC2 signaling

was activated in hair follicles, mainly in the inner root sheath

(IRS) rather than in the outer root sheath (ORS) including bulge

and HG, during the telogen-to-anagen transition (Supplementary

Figure S1C), which suggested that mTORC2 may not be involved

in the telogen-to-anagen transition. Thus, we focused on the

mTORC1 signaling.

We confirmed the phosphorylation pattern of S6 by performing

immunoblot analysis on proteins from isolated bulge cells of differ-

ent hair cycle stages. We isolated 1st anagen (P24, 24 days after

birth), 2nd telogen (P56), and 2nd anagen (P82) bulge cells by

FACSusing the surfacemarkersa6-integrin andCD34aspreviously

described (Blanpain et al., 2004). Immunoblot analysis showed

that pS6 was relatively highly expressed in anagen bulge cells

rather than telogen bulge cells (Figure 1D and Supplementary

Figure S1B), which was consistent with our immunostaining

results in vivo (Figure 1A–C).

To further examine mTORC1 signaling, we depilated the mid-

dorsal hair coat of 8-week-old mice to provide a proliferative

stimulus and to synchronize the anagen entry of hair follicles

(Muller-Rover et al., 2001; Chen et al., 2012). By pS6 immunostain-

ing,we found thatmTORC1 signalingwasunexpectedlyactivated in

DP ≏2 h after depilation. With anagen initiation, pS6waned in DP,

but arose in HG and bulge cells (Figure 1E). Similar to the spontan-

eous hair cycle, the appearance of pS6 coincided with the activa-

tion of stem cells in HG/bulge (Figure 1F). Overall, the activation

of mTORC1 rather than mTORC2 signaling in HG and bulge coin-

cides with stem cell activation during hair regeneration.

Genetic and pharmacological ablation of mTOR signaling results

in prolonged telogen phase

To determine whether mTOR signaling was required for adult hair

regeneration, mTOR was inducibly deleted in adult skin epithelium

by crossing mTOR(fl/fl)-floxed mice (Risson et al., 2009) with

K14-CreTM mice (Vasioukhin et al., 1999). Offspring from matings of
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K14-CreTM/mTOR(fl/+)miceyielded littersof theexpectednumbers,

genotype, andmendelian ratio. Tamoxifen (TM)was intraperitoneally

injected to induce Cre-dependent recombination in K14-CreTM/

mTOR(fl/fl) mice, which were indistinguishable from control (CON)

mice including wild type (WT), mTOR(fl/+), mTOR(fl/fl), K14-

CreTM/mTOR(fl/+), and K14-CreTM/mTOR(+/+). At P56, HFs had

entered second mid-telogen, when both K14-CreTM/mTOR(fl/fl)

(cKO) and CON HFs displayed the morphology of telogen-phase

(data not shown). At this time, we shaved themice and intraperitone-

ally injected with TM (Figure 2A). After 2 weeks, we validated that

mTOR gene was efficiently targeted by anti-mTOR and anti-pS6

immunofluorescence (Figure 2B and Supplementary Figure S2A).

K14-CreTM/mTOR(fl/fl) mice treated with TM (cKOTM), deficient

in the activationofmTORsignaling inHFSCs, exhibited significantly

delayed hair regrowth compared with control mice treatedwith TM

(CONTM); and in particular, by histological analysis, we found that

at P100, HFs of CONTM mice entered full anagen, while cKOTM HFs

still remained in telogen (Figure 2C).

In addition, pharmacological inhibition of mTORC1 signaling by

rapamycin (RAPA) (Castilho et al., 2009) before anagen initiation in

both the first and second hair cycles (Figure 2A), was also employed

to investigate the role of mTORC1 signaling in hair regeneration.

Theeffect of RAPAon repressingmTORC1 rather thanmTORC2 signal-

ing inhair follicleswasverifiedbyanti-pS6andanti-p-Akt (Ser473) im-

munofluorescence, respectively (Figure 2D, E and Supplementary

FigureS2B).Similar to thephenotypeofcKOTMmice, thehair regrowth

of mice treated with RAPA was prominently retarded compared with

that of mice treated with vehicle (CON); and particularly, HFs of

RAPA mice were restrained in telogen when CON HFs had already

entered mid-/late anagen (Figure 2F and G). To test whether the

delay of hair growth in mice treated with RAPA is due to the delay

of entire body maturation, we assessed the body weights of mice.

Figure 1mTOR signaling is activated in hair follicle stem cells at the telogen-to-anagen transition during hair regeneration. (A) Immunostaining of

pS6 in HFs during the first telogen-to-anagen transition. CD34marks the bulge. Arrowhead indicates bulge cells that express pS6. White asterisks

denote the autofluorescence (not immunostaining) on the hair shaft. Telo, telogen; Ana, anagen; P20, postnatal day20; Bu, bulge; HG, hair germ;

DP, dermal papilla. (B) pS6 immunostaining in HFs from the extended second telogen to the next anagen. P-cadherin (Pcad) marks the HG. White

arrowheadsnote twodistinct sitesof pS6 staining, namelyHGandbulge. Early Telo stands forearly telogen, the initial stageof telogen, also known

as refractory telogen;Mid Telo stands formid-telogen, a period time between early telogen and late telogen; Late Telo stands for late telogen, the

ending stage of telogen, also known as competent telogen (Plikus et al., 2008; Greco et al., 2009). (C) pS6 and Ki67 immunolocalizations in HFs

upon HFSC activation. mTOR signaling is activated at the telogen-to-anagen transition. (D) Isolated 1st anagen (P24), 2nd telogen (P56), and 2nd

anagen (P82)HFSCs throughFACSweresubjected to immunoblottinganalysis. (E) ImmunostainingofpS6 inHFsbeforedepilation (P56),0daypost

depilation (D0), and 2 days post depilation (D2). (F) pS6 and Ki67 coemerge upon HFSC activation post depilation. DAPI staining (blue) indicates

nuclear localization. Dermal–epidermal boundary is noted by dashed lines; Solid lines note the DP. Scale bar, 50 mm.
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Thebodymaturationwasdelayedinmice treatedwithRAPAinthefirst

hair cycle (Supplementary Figure S2C). However, therewas no statis-

tically significant difference between CON and RAPA mice in the

second hair cycle (Supplementary Figure S2D and E), indicating that

the delay of anagen entry in RAPA mice does not result from the

delay of entire body maturation. As expected, mice depilated in mid-

telogen treatedwithRAPA (evenwith topical applicationof RAPA) dis-

played evidently delayed hair growth (Figure 2H and Supplementary

Figure S2F). Moreover, depilated mice treated with another mTOR

inhibitor, Torin 1 (Francipane and Lagasse, 2013), also showed a

significant delay in hair regrowth (Supplementary Figure S2G).

In the extended second telogen, the hair regrowth was signifi-

cantly delayed in mTOR signaling-deficient mice whose hair coat

recovery appeared ≏1 month later than normal (Supplementary

Figure S2H and I). In spite of this delay, the HF morphologies and

established markers were normal (Figure 2I and J).

Stem cell activation is delayed in hair follicles deficient in mTOR

signaling

The mTOR/pS6 signaling pattern upon anagen initiation paral-

leled the two-step HFSC activation as previously reported (Greco

et al., 2009), together with the phenotype that cKOTM/RAPA HFs

Figure 2Mice deficient inmTOR signaling showa prominently prolonged telogen. (A) The schematic of the progression through the first and second

postnatal hair cycles and the schedule for tamoxifen (TM) and rapamycin (RAPA) administration. (B) Verification that mTORC1 signaling is deleted in

HFs of cKOTMmice by pS6 immunostaining. Arrowheads indicate cells that express pS6. (C) Phenotypes of CONTM and cKOTMmice whose mTOR sig-

nalingwasdeleted inepidermisbeforeanagen initiation. Thehaircoatsofmicewere clippedat secondmid-telogen (P56).Note thathaircoat recovery

in CONTMmice (n ¼ 10, n stands formouse number) was almost completed by P105, but cKOTM-matched littermates (n ¼ 9) still had little or no signs

of recovery.H&E-stainedskinsectionsonP100demonstrated thatHFsdeficient inmTORsignalingshowedextendedtelogen. (DandE)Validation that

mTORC1 signaling is inhibited in RAPA HFs by pS6 immunostaining. Arrowheads note pS6-expressing cells. (F and G) Phenotypes of CON and RAPA

micewhosemTOR signalingwas inhibited before anagen onset. The hair coats ofmicewere clipped respectively at first telogen (P19) and at second

mid-telogen (P56) according to the experimental needs. Note that hair coat recovery in CON mice (n ¼ 15) was almost completed by P32/P90, but

RAPA-matched littermates (n ¼ 12) still had littleor no signsof recovery. H&E-stained skin sections at P24/P87demonstrated that HFs lackingmTOR

signaling showed prolonged telogen. (H) Phenotypes of depilated mice treated with vehicle (CON) (n ¼ 15) or rapamycin (RAPA) (n ¼ 15). (I and J)

Immunostaining of bulge-specific CD34 and bulge/HG marker Lhx2 in telogen HFs. Scale bar, 50 mm.
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exhibited significantly prolonged telogen, suggesting that stem

cell activation in hair follicles might be delayedwhenmTOR signal-

ingwas lost. To figure out whethermTOR signaling functions in the

activation of HFSCs, we analyzed the proliferative activity of HFs by

immunostaining skin sections for the proliferative markers, Ki67

and BrdU. Ki67+ or BrdU+ nuclei had already occurred in HG cells

adjacent to the DP at late telogen, which spread in most HG cells

(also in HFSCs at the bulge base) as follicles began cycling in

CONTM mice, while cKOTM HG cells displayed little or no Ki67 or

BrdU staining even 10 days after late telogen (Figure 3A and

Supplementary Figure S3A).

The same results were obtained from mice treated with RAPA

before anagen onset in both the first and second hair cycles

(Figure 3B, D and Supplementary Figure S3B). Particularly, at

P22, CON HFs had already reached the first anagen and showed

Ki67+ HG cells, while RAPA HFs were still in telogen (Figure 3C).

Moreover, HFSC activation was also delayed evidently in depilated

mice treated with RAPA or Torin 1 (Figure 3E and Supplementary

Figure S3C), further conforming that mTOR signaling is required

for HFSC activation.

Thus, the delayed stem cell activation appeared to be respon-

sible for the deferred hair regeneration inmTORsignaling-deficient

Figure 3Hair follicles deficient inmTOR signaling display a delay in HFSC activation. (A–D) HFSC activation is delayed inmTORsignaling-deficient

mice. (A) Immunostainingof theproliferativemarkerKi67 in secondmid-telogen (P56)WTHFs, second late telogen (P72) andanagen I (P76) CONTM

HFs, andsecond late telogen (P72) andP82 cKOTMHFs.Note that nuclear Ki67occurs inHFSCs in second late telogenCONTMHFs, but not cKOTMHFs

(even by P82). (B) Ki67 immunostaining in telogen (P21), anagen I (P22), and P23 CON and RAPA HFs. (C) Immunolocalization of Ki67 and pS6 in

CON and RAPAmice on P22. Quantification of Ki67+HG cells (n ¼ 4,.100HG cells in eachmouse) shown at right. (D) Immunostaining of BrdU in

secondmid-telogen (P56) WT HFs, second late telogen (P69) and anagen I (P74) CONHFs, and second late telogen (P72) and P80 RAPA HFs. Note

thatnuclearBrdUoccurs inHFSCs in second late telogenCONHFs, butnotRAPAHFs (evenbyP80). (E) ImmunolocalizationofKi67andpS6 inHFsof

depilatedmice treatedwith vehicle (CON) or rapamycin (RAPA) beforedepilation (P56),0day (D0) post depilation, and2days (D2) post depilation.

Right panels, magnified images of boxed areas. Quantification of Ki67+HGs (n ¼ 5,.50HGs in eachmouse) shown at right. Data are reported as

mean+SEM. P-values were calculated using the Student’s t-test. Scale bar, 50 mm.
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mice. Basedon thesedatapresented so far,wealso suggested that

HFSCs of mTOR signaling-deficient mice were eventually activated

once they received sufficient activating cues; then HFs entered

what seemed to be an otherwise normal hair follicle cycle.

BMP signaling is consistently activated in hair follicle stem cells

when mTOR signaling is lost

At the telogen-to-anagen transition, HFSCs must overcome high

BMP signaling that maintains them in a quiescent state in order to

initiate hair regeneration (Zhang et al., 2006; Kobielak et al., 2007;

Plikus et al., 2008; Oshimori and Fuchs, 2012). The activation of

mTOR signaling in DP and HFSCs happens to coincide with the

timingwhenBMPsignalingdeclines.Given thatmTORandBMPsig-

naling seemed to have opposite effects on the activation of HFSCs,

we examined whether mTOR signaling affected BMP pathway.

First, we assessed the effects of losing mTOR signaling on BMP

signaling in HFSCs. Our data showed that nuclear phospho-

Smad1/5/8 (pSmad1/5/8), an indication of active BMP signaling

(Sapkota et al., 2007), was detected throughout the early andmid-

telogen, but began to fadeat the endof telogen,whichwasconsist-

ent with the occurrence of pS6 (Figures 4A, B and 1B). However,

pSmad1/5/8 levels remained high in mTOR signaling-deficient

HFSCs throughout this period (Figure 4A and B). Similarly,

nuclear pSmad1/5/8 still remained high in HFSCs of depilated

mice treated with RAPA while it waned in CON HFSCs 2 days post

depilation (Figure 4C). These results suggest that BMP signaling

is prolonged when HFSCs cannot sense mTOR signaling, which

gives us a hint that mTOR signaling appears to have a negative

effect on BMP signaling in HFSC activation.

To further explore the effects of mTOR signaling on HFSCs, we

examined the antiproliferative effects of pharmacological inhibition

of mTOR by rapamycin in a dose-dependent manner (0–100 nM) in

bulge cells (HFSCs) in vitro. Our results showed that rapamycin sig-

nificantly suppressed the proliferation of bulge cells even at a low

dose (1 nM) (Figure 5A). Given this, the following pharmacological

inhibition of mTOR in vitro was all achieved with 10 nM rapamycin

(Supplementary Figure S4A). Similarly, after treated with rapamycin

for 24 h, bulge cells showed defects in cell proliferation (75%reduc-

tion of BrdU incorporation) (Figure 5B).

Consistent with the observation that BMP signaling was extended

whenHFSCscannot respond tomTORsignaling in vivo (Figure4A–C),

inhibition of mTORC1 by rapamycin resulted in increased levels of

Smad1/5/8 phosphorylation that could be obviously relieved by

Noggin, a potent BMP antagonist (Plikus et al., 2008; Oshimori and

Figure 4 BMP signaling is prolonged in HFs deficient in mTOR signaling. (A and B) Immunolocalization of pSmad1/5/8 in second early telogen

(P45), second mid -telogen (P56) WT HFs, second late telogen (P72/P69) and anagen I CONTM/CON HFs, and second late telogen (P72/P69),

P76, and P82/P80 cKOTM/RAPA HFs. Note that nuclear pSmad1/5/8 (active BMP signaling) begins to wane in second late telogen CONTM/CON

HFs but not cKOTM/RAPA HFs. (C) Immunolocalization of pSmad1/5/8 in HFs of depilated mice treated with vehicle (CON) or rapamycin (RAPA)

0 day (D0) and 2 days (D2) post depilation. Scale bar, 50 mm.
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Fuchs, 2012), in bulge cells in vitro (Figure 5C). In contrast, activation

or inhibition of BMP signaling by BMP4 or Noggin had no effect on

mTORC1signaling(Figure5CandSupplementaryFigureS4B), indicat-

ing thatmTORsignalingmayact as anupstream regulatorof BMPsig-

naling. To further investigate whether mTOR signaling negatively

affected BMP signaling, we performed lentiviral shRNA-mediated

gene knockdown experiments to respectively knock down Raptor,

an essential component of mTORC1, and Rictor, a subunit of

mTORC2 (Russell et al., 2011; Laplante and Sabatini, 2012), in

bulge cells. Immunoblot analysis showed that in cells transduced

with Raptor shRNA, decreased mTORC1 activity resulted in elevated

Smad1/5/8 phosphorylation. However, reduced activity of mTORC2

did not affect Smad1/5/8 phosphorylation in cells transduced with

Rictor shRNA (Figure 5D). In contrast, activation of mTORC1 by

MHY1485, an mTOR activator (Choi et al., 2012), caused an increase

in the level of Smad1/5/8 phosphorylation, which could be reversed

by rapamycin (Figure 5E). Also, introducing Flag-tagged Rheb, a

GTPase upstreamofmTORC1 (Russell et al., 2011), into BMP4-stimu-

lated bulge cells resulted in strong suppression of Smad1/5/8 phos-

phorylation (Figure 5F). Moreover, we found that inhibition of mTOR

signaling did not have an obvious impact on Wnt/b-catenin and

TGF-b signaling, two other critical pathways involved in HFSC activa-

tion (Supplementary Figure S4C and D). Collectively, these data indi-

cate that mTOR signaling negatively affects BMP signaling in HFSCs.

Figure 5mTORC1 signaling negatively regulatesBMP signaling in HFSCs. (A) Bulge cells (1 × 10
4 cells) were plated in 24-well dishes and cultured

in the presence of different concentrations of rapamycin (0–100 nM) for 8 days. Growth curves indicate the mean of three independent experi-

ments (+SEM). (B) BrdU incorporation in H2B-GFP bulge cells treated with 10 nM rapamycin for 24 h. Quantification of BrdU incorporation in

vehicle (CON) and rapamycin (RAPA) groups shown at right. P-value was calculated using the Student’s t-test. Scale bar, 50 mm. (C)

Immunoblotting analysis of cell lysates from bulge cells stimulated with BMP4 or Noggin in the presence or absence of rapamycin for 24 h. (D)

Immunoblotting of cell lysates from scrambled, Raptor, or Rictor shRNA-transduced bulge cells. (E) Immunoblotting analysis of cell lysates

from bulge cells treated with BMP4 and stimulated with MHY1485, alone or with rapamycin, for 24 h. (F) Immunoblotting analysis of cell

lysates from control and Rheb-Flag-overexpressing bulge cells treated with BMP4. The typical blot was presented and quantification of three in-

dependent experiments is shown for C–F. Y-axis represents relative intensity (measuredwith Image J) normalized to the signal of vehicle (Control,

100%). Data are reported as mean+SEM. Student’s t-test was used to compare data. ** P, 0.01.
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Exogenously delivered BMP antagonist Noggin can rescue the

delayed HFSC activation in mTOR signaling-deficient mice

To test thehypothesis thatmTORsignalingacts positively to over-

come high levels of BMP signaling to activate HFSCs, we evaluated

whether exogenously delivered BMP antagonist Noggin could

rescue the delayed HFSC activation and extended telogen in mTOR

signaling-deficient mice. At the end of second telogen, we intrader-

mally injected cKOTMorRAPAmicewithNogginorBSA togetherwith

fluorescent beads for 4 consecutive days (Supplementary Figure

S5A). Within 3 days, nuclear pSmad1/5/8 waned in HFs of cKOTM

or RAPA mice injected with Noggin (Supplementary Figure S5B).

By Ki67 and BrdU immunostaining, we showed that the proliferation

of HFSCs near the Noggin rather than BSA beads injection site had

been greatly restored in cKOTM and RAPA mice (Figure 6A, C, and

Supplementary Figure S5C andD). Furthermore, 3weeks after injec-

tion, the delayed hair regrowth was rescued at the injection site of

Noggin beads in both cKOTM and RAPA mice (Figure 6B and D).

Taken together, thesefindingsdemonstrate thatmTORsignaling

regulates HFSC activation at least partially through counterbalan-

cing BMP-mediated suppression during hair regeneration.

Discussion

The data presented here show that mTORC1 signaling is critical

for the activationof hair follicle stemcells during hair regeneration.

By using both genetic and pharmacological approaches, we show

that loss of mTOR signaling before anagen onset in adult skin epi-

thelial cells leads to delayed HFSC activation, and consequently

results in significantly extended telogen.

Recently, it was discovered that inhibition of mTOR signaling by

systemic application of rapamycin, the specific mTORC1 inhibitor,

resulted in delayed hair cycle initiation in the first hair cycle

(Kellenberger and Tauchi, 2013). Our findings now demonstrate

that, by employing both an inducible conditional gene targeting

strategy and a pharmacological inhibition method to delete or

inhibit mTOR signaling in adult skin epithelium before anagen ini-

tiation, HFs that cannot sense mTOR signaling exhibit significantly

delayedHFSCactivationandextended telogen. Further,we identify

that mTORC1 signaling plays an essential role in promoting

stem cell activation through counterbalancing BMP-mediated re-

pression upon anagen initiation. Although depilation has been

shown to immediately induce homogeneous anagen entry over

the whole depilated back skin of the mouse by using wax/rosin

mixture (Muller-Rover et al., 2001), the potential mechanism of

anagen induction remains unclear. Our results now show that,

after depilation, mTORC1 signaling is soon activated in HFSCs,

and inhibition of this signaling leads to delayed anagen initiation,

indicating thatmTORC1signalingmayalsogovern theanagenentry

in depilation-induced hair follicle cycling. Interestingly, Stat3, an

mTORdownstreammolecule, has been shown tomediate spontan-

eous anagen entry but not pluck-induced anagen (Sano et al.,

1999, 2000). Our data now show that mTOR control both spontan-

eous anagen initiation and depilation-induced hair cycling.

Therefore, we suggest that there are multiple downstream

signals of mTOR, which separately control spontaneous anagen

entry and pluck-induced anagen, and Stat3 is one of the

downstream signals of mTOR that controls spontaneous anagen

entry.

At the beginning of telogen, extrinsic and intrinsic BMP signaling

is high, but then gradually declines in HFSCs at late telogen. In con-

trast, BMP inhibitors generated by the surrounding niche rise over

telogen, thereby lowering the threshold of BMP signaling that

Figure 6 Exogenously supplied BMPantagonist Noggin can ameliorate

thedelayedHFSCactivation inmTORsignaling-deficientmice. (AandC)

Immunostaining of Ki67 in HFs of cKOTM (A) or RAPA (C) mice intrader-

mally injectedwithBSAorNogginbeads.Rightpanels,magnifiedviews

of boxed areas. Asterisks note the injected beads soaked with BSA or

Noggin. (B and D) Hair coats of cKOTM (B) (n ¼ 6) or RAPA (D) (n ¼ 7)

mice were clipped, and mice were intradermally injected with BSA or

Noggin beads at the indicated time. Hair growth was monitored on

P95 or P90 at the injection sites (solid black circles). Amplified views

of these areas are shown on either side. Note ameliorative hair

growth at Noggin injection site. Scale bar, 50 mm.
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maintains HFSCs quiescence to launch hair growth (Plikus et al.,

2008; Oshimori and Fuchs,2012). Our data here reveal an essential

role for mTOR signaling in facilitating HFSC activation via counter-

balancing the suppressive effects of BMP signaling during hair re-

generation. Considering thatmTORpathway senses and integrates

a series of environmental cues, especially nutrient availability and

energy status, to regulate tissue growth and homeostasis (Russell

et al., 2011; Laplante andSabatini, 2012), wepropose that hair fol-

liclesmay integrateavarietyofnutrient andenergysignals fromthe

surrounding environment to get over the suppressive cues, such as

BMP signaling, to promote hair growth.

It has been shown that BMP cycle occurs out of phase with the

Wnt/b-catenin cycle, thus dividing the conventional telogen into

two functional phases: one refractory and the other competent

for hair regeneration, characterizedby high and lowBMPsignaling,

respectively (Plikus et al., 2008). Moreover, the cross talk between

BMP signaling and other signals, such as Wnt and TGFbs, at the

competent telogen plays an essential role in HFSC activation

(Oshimori and Fuchs, 2012; Plikus, 2012; Kandyba et al., 2013).

Our findings now show that the activation of mTOR signaling is

outofphasewithBMPsignalingduring the telogen-to-anagen tran-

sition and promotes stem cell activation through counterbalancing

BMP-mediated suppression, adding new evidence for cross talk

between the BMP- and mTOR-activating signaling pathways at

the competent telogen that is responsible for hair regeneration.

Although HFs deficient in mTOR signaling exhibit an unusually

extended telogen phase, they eventually overcome the high level

of BMP signaling and enter into the next hair cycle. These findings

indicate that mTOR signaling functions specifically in the HFSC ac-

tivation, and the regulation of HFSC activation does not rely on a

single factor or a certain cell type but rather delicately responds

to the global environment surrounding the HFSCs. By both

genetic andpharmacological evidences,we identify thatmTORsig-

naling functions as an important member of the complicated

signaling networks involved in hair regeneration.

At the end of telogen, HG cells begin to proliferate and generate

transit-amplifying cells (TACs) to initiateHF regeneration in response

to DP signals (Greco et al., 2009; Enshell-Seijffers et al., 2010;

Kandyba et al., 2013; Hsu et al., 2014). The activation of mTOR sig-

nalingwasnotobserved inDPat theonsetofanagen inspontaneous

hair cycle, possibly due to that it may last for only a short period of

time. Intriguingly,wedetectedstrong signsof activemTORsignaling

in DP just few hours after depilation, and as HFs began cycling, the

active signs waned in DP and appeared in HFSCs (Figure 1E and F).

This fascinating finding strongly suggests that DP is the first major

source of mTOR signaling activated transiently at the telogen-

to-anagen transition; then anagen begins when mTOR signaling is

activated in HFSCs responding to DP signals.

Consistentwith a role formTOR signaling in regulating theprolifer-

ation of stem cells (Javier et al.,1997;Murakami et al., 2004; Ryu and

Han,2011),we foundthat inhibitionofmTORsignalingblocksthepro-

liferation of HFSCs. In addition, based on our genetic evidences, to-

gether with the pharmacological results, we uncover that mTOR

signaling acts as a crucial regulator in governing the balance

between HFSC quiescence and activation during hair regeneration,

which coincides with previous studies in other tissues. For instance,

mTOR signaling is pivotal in determining proliferation versus quies-

cence in the adult forebrain neural stem cell niche (Paliouras et al.,

2012). Similarly,mTORsignalingplaysa role in regulatinghematopoi-

etic stemcell quiescence (Chen et al., 2008; Gan andDePinho,2009).

BMP signaling acts as a negative role in the proliferation of stem

cells in some niches including the bulge (Haramis et al., 2004;

Plikus et al., 2008). It seems to be a crucial step to restrain BMP sig-

naling in facilitatingstemcell activationduring tissue regeneration.

Our findings uncover a role for mTOR signaling in repressing BMP

signaling, which adds new insights into the stem cell activation.

Although our study shows that mTOR signaling appears to nega-

tively regulateBMPsignaling,weanticipate thatmTOR/pS6 signal-

ing plays an indirect role in the phosphorylation events of Smad1/

5/8 rather than regulating BMP signaling directly, and the accurate

cross talk between the two signaling requires further study.

In conclusion, we have shown that mTOR signaling plays a key

role in promoting stem cell activation at least partially through

counterbalancing BMP-mediated suppression during hair regener-

ation. Currently, we are undertaking further studies to figure out

the precise mechanism by which mTOR/pS6 pathway regulates

BMP signaling.

Materials and methods

Mice, rapamycin treatment, and BrdU labeling

mTOR-floxed mice (Risson et al., 2009) were crossed with K14-

CreERmice (Vasioukhin et al., 1999), and targeting was achieved by

intraperitoneal injection of TM (150 mg/g mice, Sigma-Aldrich) (Hsu

et al., 2011) for 5 days. For rapamycin administration, CD1 mice

(VitalRiver Laboratories,Beijing,China)wereadministeredwith rapa-

mycin (LC Laboratories) through intraperitoneal injection at a dose of

4mg/kg per day (Castilho et al., 2009) at the indicated time before

analyses. Before treated with tamoxifen or rapamycin, the back

skins of mice (all mice used in this study were sex-matched) were

shavedat P56, corresponding to themiddle stageof the secondpost-

natal telogen. For 5-Bromo-2′-deoxyuridine (BrdU) pulse experi-

ments, mice were injected intraperitoneally with 50 mg/g BrdU

(Sigma-Aldrich) prior to being sacrificed. All mice were maintained

under specified-pathogen-free (SPF) conditions and procedures per-

formed were in accordance with instructions and permissions of the

ethical committee of the Institute of Zoology, Chinese Academy of

Sciences.

Skin harvest, histology, and immunofluorescence

Back skins were harvested from the mid-dorsal areas. Distinct

hair cycle stages were judged as previously described (Muller-

Rover et al., 2001; Greco et al., 2009; Oshimori and Fuchs, 2012).

Hematoxylin and Eosin (H&E) staining and immunofluorescence

were performed as previously described (Nguyen et al., 2006; Hu

et al., 2012; Oshimori and Fuchs, 2012). Back skins from mice

were embedded and frozen in OCT (Tissue Tek). Frozen back skin

sections (8–10 mm) were fixed for 10 min with paraformaldehyde

(PFA), washed with phosphate-buffered saline (PBS), and then

blocked for 1 h in blocking buffer (5% NGS, 1% BSA, 0.3% Triton

X-100) or blocks (5% NDS, 1% BSA, 0.3% Triton X-100). For BrdU
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immunofluorescence, sections were pretreatedwith 1NHCl for 1 h

at 378C before blocked. Primary antibodies were incubated at 48C

overnight. After washing with PBS, FITC- or TRITC-conjugated sec-

ondary antibody (Santa Cruz Biotechnology) was added for 1 h at

room temperature. Sections were washed and counterstained with

4′,6-diamidino-2-phenylindole (DAPI). All images were acquired

withaZeissAxioplan2microscope.The followingprimaryantibodies

were used: rabbit anti-phospho-S6 ribosomal protein (Ser235/236)

(pS6) (1:200, Cell Signaling Technology), rabbit anti-mTOR (1:200,

Cell Signaling Technology), rabbit anti-phospho-Akt (Ser473)

(1:200, Cell Signaling Technology), rat anti-CD34 (1:400,

eBioscience), rat anti-P-cadherin (1:100, R&D Systems), goat

anti-P-cadherin (1:100, R&D Systems), rabbit anti-Ki67 (1:500,

Abcam), rat anti-Ki67 (1:500, eBioscience), goat anti-Lhx2 (1:200,

Santa Cruz Biotechnology), rat anti-BrdU (1:200, Abcam), and

rabbit anti-pSmad1/5/8 (Ser463/465) (1:500, Millipore).

Fluorescence activated cell sorting

Bulgecells fromdifferentstagesofhaircyclewere isolatedbyfluor-

escence activated cell sorting (FACS) using the surface markers

a6-integrin (CD49f) and CD34 as described previously (Blanpain

et al., 2004). DAPI was used to eliminate the dead cells. Sorted

cells were used for protein preparation for immunoblotting.

Cell culture

Mouse H2B-GFP bulge cells were cocultured with NIH 3T3 feeder

cells as described (Oshimori and Fuchs, 2012). For stimulation

experiments, we added media including rapamycin (10 nM, LC

Laboratories), human BMP4 (1 nM, R&D Systems), or mouse

Noggin (500 ng/ml, R&D Systems), and cultured for 24 h. For

MHY1485 stimulation experiments, after starved overnight, bulge

cells were stimulated with medium containing BMP4 and

MHY1485 (2 mM, Sigma) for 24 h. For overexpression experiments,

PRK-Flag-Rheb and pCDNA 3.0 plasmids, generous gifts from Jie

Chen laboratory (Ge et al., 2011), were transfected into bulge cells

by using Fugene HD transfection reagent (Promega) following the

manufacturer’s recommendations, and then bulge cells were stimu-

lated with human BMP4 (1 nM, R&D Systems) for 24 h after starved

overnight. Bulge cells were then harvested, and proteins were

extracted for immunoblotting analysis.

Lentivirus-mediated RNAi

Lentiviral constructs that encode shRNAs against mouse Raptor

andRictor were kind gifts from Jie Chen laboratory (Ge et al., 2011).

The lentiviruses were produced in 293T cells. For viral infections,

bulge cells were incubated with lentivirus in the presence of poly-

brene (80 mg/ml). Bulge cells were then harvested, and proteins

were extracted for immunoblotting analysis.

Immunoblotting

Proteins were prepared by using RAPA lysis buffer (Beyotime)

according to the manufacturer’s instruction. Protein lysates were

mixed with 5× SDS sample buffer, and heated at 958C for 5min. For

immunoblotting,proteinswereresolvedbySDS–PAGEandtransferred

ontoPVDFmembranes(Millipore).Afterblocked, thePVDFmembranes

containing proteins were incubated with primary antibodies diluted in

blockingbuffer.Thefinaldetectionwasperformedbyusingahorserad-

ish (HRP)-conjugated secondaryantibody (SantaCruzBiotechnology).

Primary antibodies used were: rabbit anti-phospho-S6 ribosomal

protein (Ser235/236) (pS6) (1:2000, Cell Signaling Technology),

rabbit anti-S6 ribosomal protein (S6) (1:2000, Cell Signaling

Technology), rabbit anti-phospho-Akt (Ser473) (1:1000, Cell

Signaling Technology), goat anti-Akt1/2 (1:1000, Santa Cruz

Biotechnology), rabbit anti-pSmad1/5/8 (Ser463/465) (1:3000,

Millipore), rabbit anti-Smad1 (1:1000, Cell Signaling Technology),

rabbit anti-Raptor (1:1000, Cell Signaling Technology), rabbit

anti-Rictor (1:1000, Cell Signaling Technology), mouse anti-Flag

(1:5000, Cell Signaling Technology), mouse anti-Rheb (1:1000, R&D

Systems),andmouseanti-GAPDH(1:5000, CellSignalingTechnology).

Protein beads injection

Micewere intradermally injectedwith recombinantmouseNoggin

(200 ng/mouse, R&DSystems) or0.1%BSA togetherwithbeads for

4 days as previously described (Chen et al., 2012). The skins were

harvested and analyzed at the indicated time.

Statistical analysis

Statistical analysis was performed using SPSS and Microsoft

Excel. Data were analyzed by using unpaired two-tailed Student’s

t-test. Significant differences between two groups were noted by

actual P-values.

Supplementary material

Supplementary material is available at Journal of Molecular Cell

Biology online.
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