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Summary

Skin hair follicles (HF) contain bulge stem cells (SC) that

regenerate HFs during hair cycles, and repair skin epithe-

lia following injury. As natural aging is associated with

decreased skin repair capacity in humans, we have inves-

tigated the impact of age on human scalp HF bulge cell

number and function. Here, we isolated human bulge

cells, characterized as CD200+ ⁄ KRT15+ ⁄ KRT19+ cells of the

HF, by dissection-combined CD200 selection in young and

aged human skin. Targeted transcriptional profiling indi-

cates that KRT15, KRT19, Dkk3, Dkk4, Tcf3, S100A4, Gas1,

EGFR and CTGF ⁄ CCN2 are also preferentially expressed by

human bulge cells, compared to differentiated HF kerati-

nocytes (KC). Our results demonstrate that aging does

not alter expression or localization of these HF SC mark-

ers. In addition, we could not detect significant differ-

ences in HF density or bulge cell number between young

and aged human scalp skin. Interestingly, hedgehog (Hh)

signaling is activated in human bulge cells in vivo, and

down-regulated in differentiated HF KCs, both in young

and aged skin. In addition, activation of Hh signaling by

lentivirus-mediated overexpression of transcription fac-

tor Gli1 induces transcription of HF SC markers KRT15,

KRT19, and Gas1, in cultured KCs. Together with pre-

viously reported knock-out mouse results, these data

suggest a role for Hh signaling in maintaining bulge cell

phenotype in young and aged human skin.

Key words: bulge; CD200; hair follicle; hedgehog; skin;

stem cells.

Introduction

Tissue-specific adult stem cells (SCs) function throughout life

to replace mature cells that are lost due to turnover, injury or

disease. In skin, a population of cells in the hair follicle (HF)

has been identified as multipotent SCs (HF stem cells, HFSCs)

(Claudinot et al., 2005). In mouse models, HFSCs renew HF and

sebaceous epithelia during normal hair cycling, as well as inter-

follicular epidermis after trauma (Morris et al., 2004; Ito et al.,

2005; Levy et al., 2005, 2007). Thus, HFSCs are currently viewed

as a promising target for therapy of pathologies that require skin

regeneration (Limat et al., 2003). However, to utilize or target

HFSCs for therapeutic purposes, it is critical to better understand

their regulation.

Substantial progress has been made during the past several

years in understanding skin HFSC biology in mice. However,

human skin differs from murine skin in many aspects of HFSC

biology. For instance, as opposed to the mouse HFSC niche, the

so-called bulge for its protuberance, the human ‘bulge’ is less

morphologically distinct. In addition, certain genes that are used

as specific mouse HFSC markers, such as CD34 or p63, are not

limited to HFSCs in human skin (Fiuraskova et al., 2005).

Human HFs consist of several concentric epithelial sheaths

with the outer root sheath (ORS) forming the outermost layer.

The ORS is contiguous with the basal layer of the epidermis, and

separated from the dermal compartment by a basement mem-

brane. The human HFSC niche (also referred to as the bulge) is

the portion of the ORS that is localized between the insertions of

sebaceous gland (SG) and arrector pili (AP) muscle (Ohyama

et al., 2006). Keratin (KRT) 15 and KRT19 are the most reliable

markers for the human bulge (Michel et al., 1996; Liu et al.,

2003; Orringer et al., 2006). KRT15 promoter activity is

restricted to the bulge region of adult mouse HFs, whereas

KRT15 protein is expressed in the bulge region as well as in the

ORS of the upper HF and basal layer of interfollicular epidermis,

in mice (Liu et al., 2003) and humans (Orringer et al., 2006).

These observations suggest that KRT15 protein expression

persists in differentiated cells after KRT15 mRNA production is

turned off. KRT19 is an intracellular protein expressed in

[3H]-thymidine label-retaining cells of murine HF bulge cells

(Michel et al., 1996), and in the bulge and ORS of the lower part

of the HF in humans (Orringer et al., 2006). However, since

KRT15 and KRT19 detection requires cell permeabilization,

these markers are not suitable for purification of intact cells.

Recently, CD200, a cell surface protein that protects cells from

autoimmune destruction in mouse (Rosenblum et al., 2006),

has been identified as an additional specific marker of human

bulge cells (Ohyama et al., 2006).

In addition to being structurally complex, the HF is a dynamic

structure that undergoes life-long cycles of growth (anagen),

regression (catagen) and resting (telogen) periods of its lower

(or cycling) portion. In humans, HFs cycle independently from

each other, and � 90% of all human scalp HFs are in
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anagen (Krause & Foitzik, 2006). In addition, nonbalding (occipi-

tal, i.e. back of the head) scalp HFs are not subject to age- or

gender-related hair loss, thus ensuring a reliable supply of HFs

throughout life.

Accumulating evidence suggests that impairment of SC func-

tion may be a major mediator of reduced capacity and vigor that

invariably accompanies the passage of time in most organs

(Edelberg & Ballard, 2008). However, animal studies have shown

that the effects of age on SC number and function vary among

tissues. For instance, murine hematopoietic SCs increase in num-

ber with age, but have an impaired ability to differentiate into

lymphoid cells (Sudo et al., 2000). In contrast, aging does not

alter mouse muscle SC number, but decreases muscle SC self-

renewing capacity and propensity to differentiate into myoblasts

(Conboy et al., 2003). The impact of aging on skin SC functions

remains largely unknown. A recent study has shown that the

number of epidermal SCs (localized in the basal layer of the epi-

dermis and distinct from HFSCs) is constant throughout life in

mice (Giangreco et al., 2008). However, human skin keratino-

cytes (KCs) isolated from the epidermis of aged donors have

decreased growing capacity in culture compared to cells origi-

nating from young donors (Barrandon & Green, 1987). Thus, it

remains unclear whether skin SCs are intrinsically modulated

with aging or whether their diminished function reflects age-

mediated alterations of their environment (Zouboulis et al.,

2008).

To gain insight into the mechanisms of human HFSC mainte-

nance in healthy human skin and during aging, we have devel-

oped methodologies to isolate, count and profile gene

expression in adult human bulge cells from young (< 40 years)

and aged (> 70 years) healthy individuals. We could not detect

any significant age-associated alterations in the number or mar-

ker expression level of scalp bulge cells in human skin. In parallel,

we provide evidence that the hedgehog (Hh) signaling pathway

is activated in human bulge cells in vivo, and down-regulated in

differentiated cells of the HF, both in young and aged skin.

Finally, we show that activation of Hh signaling by lentivirus-

mediated overexpression of transcription factor Gli1 induces

HFSC marker expression in human KCs in vitro. Taken together,

these data indicate that aging does not significantly alter bulge

cell number or expression of SC markers in human skin in vivo,

and suggest a role for Hh signaling in maintaining expression of

bulge cell markers in human skin throughout life.

Results

Human bulge KCs, enriched in HFSCs, are defined

as CD200+ ⁄ KRT15+ ⁄ KRT19+ cells of the HF

Scalp skin sections were analyzed by immunohistochemistry to

localize CD200, KRT15 and KRT19 protein expression. Consis-

tent with previous reports (Ohyama et al., 2006; Kloepper et al.,

2008), we observed that CD200+ cells of human HFs are local-

ized in the ORS, between the SG and the insertion of the AP

muscle, the area known as human bulge (Fig. 1A). In addition,

immunostaining of consecutive sections indicated that CD200+

cells also express KRT15 and KRT19 proteins, albeit KRT15 and

KRT19 protein expression extends above and below the bulge,

respectively (Fig. 1B). As summarized in Fig. 1C, human bulge

KCs, enriched in HFSCs, can be identified as CD200+ ⁄ KRT15+ ⁄
KRT19+ cells of the HF.

Isolation and characterization of human bulge cells

in young human skin

Fresh scalp biopsies were obtained from individuals aged

40 years or under (‘young’), and bulge cells were isolated based

on selective cell surface expression of CD200. As CD200 is

expressed in various cells in the dermal endothelium as well as in

bulge cells (see Fig. 1B), we first isolated whole HFs from fresh

skin biopsies (see Methods). Hematoxylin staining of isolated

HFs showed that all cell layers were intact and separated from

the surrounding dermal tissue, interfollicular epidermis and SGs

(Supporting Fig. S1). Total HF KCs were dissociated by trypsin,

and CD200+ cells were purified by magnetic immunosorting

using anti-CD200 antibody as described in Methods. Transcript

levels of HFSC markers were quantified in CD200+ (bulge KCs)

and CD200) (differentiated HF KCs) cell populations by quanti-

tative real-time reverse-transcription polymerase chain reaction

(Q-PCR). CD200 mRNA levels were 7.7-fold higher in CD200+

vs. CD200) HF cells (n = 6, P < 0.05). KRT15 and KRT19 mRNA

levels were 5.9- and 50-fold higher, respectively, in CD200+

compared to CD200) cells of the HF (n = 6, P < 0.05) (Fig. 2A).

In contrast, transcripts for transglutaminase 1 [TGM1, enzyme

involved in cornified-envelope formation and present in the

inner root sheath of human HFs (Commo & Bernard, 1997)]

were more highly expressed in differentiated HF KCs compared

to bulge cells (Fig. 2B, n = 3, P = 0.022). Taken together, these

data demonstrate that dissection-combined CD200 selection

yields a highly enriched human scalp bulge cell population,

defined as CD200+ ⁄ K15+ ⁄ K19+ cells of the HF.

Additional markers of young human bulge KCs

Several gene products have been identified (mostly from micro-

array analyses) as selectively expressed in murine or human

bulge cells, compared to differentiated HF KCs. These gene

products include CD34 (Morris et al., 2004; Tumbar et al.,

2004), follistatin (Ohyama et al., 2006), Dkk3 (dickkopf homo-

log 3) (Morris et al., 2004; Tumbar et al., 2004), Tcf3 (Blanpain

et al., 2004; Tumbar et al., 2004), Gas1 (growth arrest-specific 1)

(Blanpain et al., 2004; Tumbar et al., 2004), CCN2 ⁄ CTGF (con-

nective tissue growth factor) (Tumbar et al., 2004), S100A4

(Tumbar et al., 2004), Nestin (Li et al., 2003) and Bmi-1 (Claudi-

not et al., 2005). We used immunostaining or Q-PCR to deter-

mine the relative expression of these gene products in human

bulge cells, compared to differentiated HF KCs.

CD34 and follistatin expression were studied by immunohisto-

chemistry. As previously reported (Poblet et al., 1994, 2006;

Ohyama et al., 2006; Orringer et al., 2006; Kloepper et al.,
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(A)

(C)

(B)

Fig. 1 Characterization of human bulge cell

markers. (A) CD200+ cells were stained in red by

immunohistochemistry (magnification = 100·).

Black rectangle identifies boundaries of 400·
magnification shown in left inset. Positive cells are

located in the outer root sheath of the hair follicle

(HF), between insertions of sebaceous glands (SG)

and arrector pili muscle (AP). Asterisk shows lumen

of the HF (hair shaft was lost during staining). (B)

Consecutive sections of human scalp skin biopsies

from young individuals were stained for KRT15,

CD200, and KRT19 by immunohistochemistry.

Upper and lower limits of CD200 positive staining

superimpose with those of KRT19 and KRT15

respectively (highlighted by black lines). Daggers

indicate hair shafts remnants. (C) Schematic

representation of localization of protein used as

human bulge cell markers. Bulge cells are

CD200+ ⁄ KRT15+ ⁄ KRT19+.

(A) (B)

Fig. 2 Characterization of isolated human bulge

cells from young human skin. (A) CD200, KRT15

and KRT19 mRNA levels were measured by Q-PCR

on CD200+ (bulge) and CD200) (differentiated)

cells of the hair follicle (HF) in young (< 40 years)

individuals. N = 6; *P < 0.05. (B) Transglutaminase

1 (TGM1) mRNA levels in same cell populations.

N = 3; P = 0.022.
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2008), we observed that CD34 immunoreactivity was not

detected in human bulge KCs, but in the lower part of the ORS

(corresponding to the cycling portion of the HF) as well as

dermal cells surrounding the HF (Fig. 3A). Q-PCR analysis of

CD200+ ⁄ KRT15+ ⁄ KRT19+ cells confirmed lack of selective

expression of CD34 transcripts in human bulge KCs (data not

shown). In parallel, we observed that follistatin was expressed in

the ORS of human HFs and in lower parts of rete ridges of inter-

follicular epidermis (Fig. 3B). These data indicate that follistatin

protein expression extends beyond the bulge, as observed

previously (Ohyama et al., 2006), and is therefore not a specific

protein marker for HFSCs.

With the exception of Bmi-1, Dkk3, Tcf3, Nestin, Gas1, CCN2

and S100A4 transcripts were selectively expressed in young

human bulge cells, compared to differentiated HF KCs (respec-

tively 12.2-, 2.3-, 1.7-, 5.3-, 3.6- and 1.9-fold higher in CD200+

(A)

(C)

(B)

Fig. 3 Additional markers of young human bulge

keratinocytes. (A, B) Frozen scalp skin sections from

young individuals were immunostained for CD34

(A) and follistatin (B). Original

magnification = 100·. Black rectangle indicates

location of left inset (magnification 400·). Black

arrows represent upper and lower limits of bulge

area. Representative of at least four individuals.

(C) Quantitative expression of gene transcripts for

various potential hair follicle (HF) stem cell markers

in bulge (CD200+) and differentiated (CD200))

cells of the HF in young human skin. N = 6;

*P < 0.05; NS = not significant vs. bulge cells.

Gas1, EGFR, CCN2 and S100A4 are represented in

separate bar graphs to account for higher basal

expression levels.
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vs. CD200) cells in young individuals, n = 6, P < 0.05, Fig. 3C).

In addition, we found that Dkk1 and Dkk4, but not Dkk2, were

also selectively expressed in young human bulge cells compared

to differentiated HF KCs, although barely detectable by Q-PCR

(Fig. 3C). Additional screening revealed that epidermal growth

factor receptor (EGFR) was also selectively expressed in young

human bulge cells compared to differentiated HF KCs

(3.0 ± 0.25 fold, n = 6, P = 0.0001) (Fig. 3C).

Aging does not alter bulge cell number

in human skin

To assess the effects of aging on human bulge cell number,

fresh scalp biopsies were obtained from the nonbalding scalp of

15 young and 13 aged individuals, and HFs were plucked and

counted. HF density did not significantly differ between aged

and young scalp skin (Fig. 4A, P = 0.080, n = 15 and 13 for

young and aged, respectively). Noteworthily, we did not observe

any gender-associated alteration of HF numbers (young: seven

women, eight men; aged: seven women, six men) (data not

shown). As we found the number of CD200+ cells per 4 mm

biopsies too small to be reliably counted, we measured double-

stranded DNA (dsDNA) content as a surrogate for cell number.

As shown on Fig. 4B, dsDNA measured in these conditions

correlates with cell number, as assessed with cultured KCs

(measurements in triplicates, R2 = 0.9991). In addition, we

observed that aging did not significantly alter the number of

CD200+ ⁄ K15+ ⁄ K19+ cells in human scalp skin, whether cell

number was normalized per biopsy (Fig. 4C) or per HF (Fig. 4D)

(n = 5–6, P = 0.41 and 0.44, respectively). Overall, our data

indicate that skin aging does not significantly alter the number

of bulge cells in human scalp skin in vivo.

Aging does not alter bulge marker expression

in human skin

To evaluate the effects of aging on HFSCs, HFSC marker expres-

sion was determined in fresh scalp skin biopsies obtained from

individuals aged 70 years and above (‘aged’). Compared to

young scalp skin (Fig. 1), we observed similar protein expression

and localization of HFSC marker protein expression by immuno-

chemistry: cells of human HFs, localized in the ORS, between

the SG and the insertion of the AP muscle (bulge area) were

all positive for CD200, KRT15 and KRT19 (not shown). Corres-

pondingly, Q-PCR analysis of CD200+ and CD200) KCs from

aged HFs showed that expression of HFSC markers CD200 and

KRT19 was similar in aged vs. young HFSCs (Fig. 5A). KRT15

mRNA expression was slightly higher (1.9-fold) in aged vs. young

bulge KCs (n = 6, P = 0.048). Overall, these data indicate that

human skin aging is not associated with alteration of the bulge

(A) (B)

(C) (D)

Fig. 4 Effect of aging on hair follicle (HF) and bulge cell number in human skin in vivo. Hair follicles were isolated from nonbalding scalp skin samples from young

(< 40 years) and aged (> 70 years) individuals, and counted. (A) Number of HFs per biopsy, N = 13 (aged) and 15 (young). (B) Validation of double-stranded DNA

(dsDNA) measurement assay linearity with cultured keratinocytes: fluorescence signal correlates with cell number. Measurements in triplicates, R2 = 0.9991. (C, D)

dsDNA was quantified as surrogate for cell number, and normalized per biopsy (B), or per HF (C). N = 6–5, each measurement was done in duplicate. Differences

between young and aged were not significant (see text).
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compartment size, or level of expression of CD200, KRT15, and

KRT19 in bulge cells.

Further Q-PCR analyses of aged bulge KCs indicated selective

expression of the same SC markers expressed in bulge cells from

young skin (shown in Fig. 3C). Taken together, these data sug-

gest that human HFSCs are characterized by increased expres-

sion of Dkk3, Dkk4, Tcf3, S100A4, Gas1, EGFR, and CCN2,

compared to differentiated HF KCs in young and aged human

skin in vivo (Fig. 5B).

Cyclin-dependant kinase inhibitors are not altered

in aged human HF bulge KCs

Cellular proliferation is governed by cyclin-dependent kinases

(CDKs), which associate with cyclins to drive cells through the

cell cycle. CDK activities are negatively regulated by CDK inhibi-

tors (Sherr & Roberts, 1999; Shapiro, 2006). CDK inhibitors are,

at least in mouse, potent blockers of adult SC proliferation in

various tissues. For instance, the product of the p16INK4a gene is

transcriptionally upregulated in forebrain, pancreas, and hema-

topoietic SCs of older mice (Janzen et al., 2006; Krishnamurthy

et al., 2006; Molofsky et al., 2006), resulting in decline of SC

proliferation capacities in these organs. The product of the

p16INK4a gene has also been shown to be increased in epidermal

and dermal compartments of human skin with aging (Ressler

et al., 2006). Other CDK inhibitors have been shown to similarly

regulate adult SC proliferation potential in other mouse tissues

(Boyer & Cheng, 2008). To evaluate whether HFSCs are simi-

larly regulated by natural aging in humans, we quantified CDK

inhibitors gene products in bulge KCs of young and aged indi-

viduals. Our results show no significant difference in the expres-

sion of p15INK4b (P = 0.166), p16INK4a ⁄ p19INK4d (P = 0.095),

p21Cip1 ⁄ Waf1 (P = 0.393), or p27Kip1 (P = 0.225) between bulge

KCs of young and aged individuals (n = 6 per group) (Support-

ing Fig. S2).

Hedgehog pathway components are selectively

expressed in human bulge cells relative to

differentiated HF KCs

In a variety of tissues, several developmental pathways govern

SC maintenance, differentiation and lineage commitment,

including Notch, Wnt ⁄ b-catenin, Hh, Bmi-1 and p63 pathways

(Katoh & Katoh, 2006; Ross & Li, 2006). We therefore quantified

transcript levels of components and target genes of potentially

relevant developmental pathways in human bulge and differen-

tiated HF KCs from young individuals. Our results revealed that,

among the tested pathways, many components and target

genes of the Hh pathway were upregulated in bulge cells com-

pared to differentiated HF KCs. These gene products include the

transmembrane receptors patched (Ptch)-1 and smoothened

(Smo), and the downstream transcription factors Gli1, Gli2, and

Gli3 (Fig. 6A). In contrast, we found that expression of Hhip (Hh

interacting protein), an antagonist of the Hh pathway (Chuang

& McMahon, 1999; Olsen et al., 2004), was not significantly dif-

ferent in bulge cells vs. differentiated HF KCs (n = 6, P = 0.467).

The same approach was used to investigate developmental

pathways in HFSCs from aged individuals. Analysis of gene

expression indicated that Hh signaling pathway is also activated

(A)

(B)

Fig. 5 Aging does not alter bulge marker expression in human skin. Total

RNA from bulge (CD200+) and differentiated (CD200)) cells of the hair follicle

(HF) were isolated from scalp skin biopsies of young (< 40 years) and aged

(> 70 years) individuals, and analyzed by Q-PCR for human HF stem cell

markers. (A) Quantitative expression of CD200, KRT15 and KRT19 human

bulge cell markers. (B) Direct comparison of gene transcript levels of various

potential additional bulge cell markers between young and aged individuals.

Gas1, EGFR and CCN2 are represented in separate bar graphs to account for

higher expression levels. N = 6; *P<0.05; NS = not significant vs. young

counterpart.
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in aged bulge KCs, compared to differentiated HF KCs. Expres-

sion of Gli1 and Ptch1 [Hh responsive genes (Ingham & McMa-

hon, 2001)], Gli2, Gli3, and Smo, but not Hhip, were

significantly elevated (Fig. 6B). Direct comparison of bulge KCs

from young and aged human skin indicated that the Hh path-

way component and target genes were expressed at similar lev-

els (Fig. 6C). No statistical difference was observed in the

expression of Gli1 (P = 0.218), Gli2 (P = 0.588), Gli3

(P = 0.527), Ptch1 (P = 0.541), Smo (P = 0.563), or Hhip

(P = 0.582) between young and aged bulge cells (n = 6).

As shown in Fig. 7, the Hh transmembrane receptor and tar-

get gene product Ptch is preferentially expressed in the bulge

area of human HFs (ORS below the SG and above the insertion

of the AP muscle). Double immuno-fluorescence staining con-

firmed co-expression of Ptch and CD200 within HF bulge KCs

(Fig. 7B). Taken together, these data indicate that the Hh path-

way is preferentially activated in HFSCs, relative to differentiated

HF KCs, and that selective Hh pathway expression is not altered

with aging.

Hedgehog signaling pathway maintains the HFSC

phenotype in human keratinocytes

To gain insight into the role of the Hh pathway in human bulge

cells, we overexpressed Gli1 in the NTert-2G immortalized KC

cell line (referred to as NTert-Gli1). Gli1 protein was detected in

the majority of NTert-Gli1 cells, but not in NTert-GFP controls

(Fig. 8A): immunofluorescence signal was primarily detected in

perinuclear areas, and as punctuate staining in cell nuclei

(Fig. 8A). Q-PCR analysis indicated that basal Gli1 expression

levels were near Q-PCR detection limits in NTert-GFP control

KCs, whereas Gli1 was readily detected (81 · 10)3 fold the lev-

els of housekeeping gene 36B4) in NTert-Gli1 KCs (Fig. 8B), with

Gli1 transcript levels similar to those measured in scalp skin

in vivo (104 · 10)3-fold the levels of 36B4 in young bulge cells,

Fig. 6C). Induction of the Hh target gene Patch1 (2.3-fold,

P < 0.05) indicated that Gli1 was active in NTert-Gli1 KCs

(Fig. 8B). Interestingly, further analyses showed that activation

of Hh pathway increased expression of the human HFSC mark-

ers KRT15 (2.4-fold), KRT19 (detected from undetected), and

Gas1 (2.4-fold vs. GFP controls) in human KCs (n = 3, P < 0.05)

(Fig. 8B). However, Gli1 overexpression did not significantly alter

expression of CD200, which was near Q-PCR detection limits in

these cells (Fig. 8B). These results show that Hh pathway acti-

vation promotes expression of characteristic HFSC markers in

human skin KCs.

Discussion

The present study was designed to evaluate the effects of aging

on human HFSC characteristics in vivo. We demonstrate that

aging does not significantly alter total number of human scalp

skin HFs, tissue distribution of SC marker proteins (CD200,

KRT15, KRT19), SC mRNA expression per cell (i.e. normalized to

housekeeping gene), bulge cell dsDNA content per skin surface

area, or bulge cell dsDNA content per HF. In addition, we iden-

tify Hh signaling pathway as being preferentially activated in

human HF bulge cells, compared to differentiated HF cells, both

in young and aged human skin in vivo. In vitro experiments

revealed that increased expression of Gli1 induces expression of

several HFSC markers in human KCs, and suggest a role for Hh

signaling in maintaining bulge cell phenotype in human skin.

Putative HFSCs have been identified as quiescent cells in vivo

by label-retaining cell studies (Cotsarelis et al., 1990; Ohyama

et al., 2006), and have been localized in the bulge area of human

HFs, i.e. the ORS located between the insertion of the AP muscle

and SGs (Ohyama et al., 2006). Here, we describe a dissection-

combined CD200 selection of bulge cells from fresh human skin,

(A)

(B)

(C)

Fig. 6 Hedgehog (Hh) pathway components are selectively expressed in

human bulge cells vs. differentiated hair follicle (HF) keratinocytes (KCs).

Transcript levels of Hh pathway components and target genes were

quantified by Q-PCR in bulge (CD200+) and differentiated (CD200)) cells of

human HFs. N = 6; (A) young and (B) aged individuals. *P < 0.05; NS = not

significant vs. differentiated HF KCs. (C) Quantitative expression of levels of

Hh pathway components and target genes transcripts in bulge cells of young

and aged individuals. NS = not significant vs. young counterpart.
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and show that the isolated cells express several HFSC markers,

i.e. CD200, KRT15, KRT19, Dkk3, and Tcf3. It should be noted

that bulge localization, which is highlighted by positive expres-

sion of CD200 protein and mRNA, by itself is not sufficient to

identify these cells as true SCs. Mouse and rat studies have previ-

ously shown that bulge-localized cells were all SCs, based on

their ability to self-renew in vitro and to generate all skin epithe-

lial lineages (epidermis, HFs, sebaceous and sweat glands) when

isolated and grafted onto nude mice (Blanpain et al., 2004;

Claudinot et al., 2005; Fuchs, 2008). However, similar experi-

ments have yet to be carried out with human bulge cells to

determine the homogeneity of the CD200+ cell population.

(A)

(B)

Fig. 7 The hedgehog transmembrane receptor and target gene product Ptch is expressed in CD200+ cells of the bulge area of human hair follicles. (A, B) Ptch

protein expression was stained by immunohistochemistry 100· magnification (A). Black rectangle in A identifies boundaries of 200· magnification shown in B.

(C) Double immunofluorescence staining of human bulge area. Human scalp sections were stained with CD200 (green) and Ptch (red). Overlay shows that Ptch

is expressed by CD200+ cells of the human bulge area. Magnification = 400·. Representative of at least three individuals.
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Age-related alterations of skin structure and function, which

include skin atrophy, loss of elasticity and tone, and impaired

wound healing (Rittié et al., 2010), are consistent with the con-

cept of age-related decline of skin HFSC functions. Here, we

were unable to show any statistically significant effects of aging

on (i) HF count, (ii) bulge cell dsDNA content per skin surface

area, (iii) bulge cell dsDNA content per HF, (iv) CD200+ bulge cell

mRNA expression per cell (i.e. normalized to housekeeping

gene), (v) tissue distribution of SC marker proteins (CD200,

KRT15, KRT19) relative to morphological limits of the human

bulge. These results suggest that aging has no significant effects

on the size of the bulge compartment in human scalp skin

in vivo. It should be noted that there were substantial overlaps

between young and aged groups in the values of HF density and

bulge cell dsDNA content per HF (Fig. 4). Although the mean

values in the aged group were modestly lower, the two groups

were not statistically different. While a much larger sample size

(112 subjects estimated by power analysis) might have revealed

a statistical difference, the biological importance of a subtle

decrease remains to be clarified. Nevertheless, it is possible that

age-associated changes do exist, but are too subtle to be mea-

sured by our analytical techniques. In addition, our data do not

rule out a possible age-related decrease in self-renewal capacity

of HFSCs, or in the capacity of HFSCs to generate optimally func-

tioning transient amplifying cells, which are characterized by

high proliferation and differentiation capacity. Alternatively,

potential age-related decline of HFSC clonogenic properties

could be associated with extrinsic signals from the SC niche, as

suggested in the epidermis and other tissues (Zouboulis et al.,

2008). Reported age-related alterations of dermal structure

and function (Rittié et al., 2010) are consistent with this view.

Additional ex vivo functional studies are required to test these

possibilities.

Several Hh signaling pathway components were selectively

expressed in bulge vs. differentiated KCs. Among these, were

transcription factors Gli1, 2, and 3, and the pathway receptors

Ptch1 and Smo. Gli1 and Ptch1 are Hh target genes and their

expression indicates Hh pathway activity (Ingham & McMahon,

2001). Interestingly, Gas1, which is preferentially expressed in

young and aged bulge cells compared to differentiated HF KCs

(Fig. 4B), prevents cell cycling by blocking entry to S phase. In

addition, Gas1, which is a GPI-anchored plasma membrane

protein, has been shown to facilitate Hh ligand binding to Ptch1

receptor, thereby increasing Hh signaling activity in presence of

low concentration of ligand (Martinelli & Fan, 2007; Seppala

et al., 2007). In parallel, we found that Hhip, a Hh ligand-bind-

ing protein antagonist of the pathway (Chuang & McMahon,

1999; Olsen et al., 2004), was expressed at low levels through-

out the HF. Altogether, these observations strongly support Hh

pathway activation in human bulge cells.

Consistent with our findings that Hh signaling is activated

in bulge cells of human HFs, Ghali et al. (1999) have shown

immunoreactivity for Gli1 in bulge KCs and in a subpopulation

of mesenchymal cells in the vicinity of the HF bulge. We were

unable to detect Gli1 protein in skin samples by immunohisto-

chemistry using three different antibodies. Additional studies

have reported signs of activation of Hh signaling in murine

bulge cells, including positive Gli2 immunostaining in the per-

manent portion of the follicle below the SGs (Niemann et al.,

2003), as well as in CD34+ Lgr5) upper bulge KCs and

CD34) Lrg5+ secondary hair germ progenitor cells (Jaks et al.,

2008).

(A)

(B)

Fig. 8 Overexpression of Gli1 increases human hair follicle stem cell markers in human keratinocytes (KCs). Gli1 or GFP (negative control) were stably

overexpressed in NTert-2G KCs. Gli1 overexpression was confirmed by immunofluorescence (A) and mRNA quantification (B). Stem cell marker gene transcripts

were quantified by Q-PCR in NTert-GFP and NTert-Gli1 KCs (B). N = 3; *P < 0.05; NS = non significant vs. NTert-GFP. ND = not detected.
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Given the apparent activation of the Hh pathway in HFSCs,

identification of the source of Hh ligands is of interest. Despite

multiple attempts, we were unable to identify Hh ligand express-

ing cells in HF KCs. The two ligands Sonic and Indian Hh (Shh

and Ihh, respectively) could not be reliably detected in HF KCs by

Q-PCR. A possible explanation for this observation is that Hh

ligand(s) is produced by cells located in areas surrounding HFs.

To our knowledge, Hh ligand expression has not been exten-

sively studied in human skin. In contrast, animal studies have

shown that Shh is primarily expressed in the hair bulb (terminal

lower part of the HF) and epidermis (Iseki et al., 1996), whereas

Ihh is expressed in sebocytes (Niemann et al., 2003). Similar

studies in human skin are necessary to identify the source of Hh

ligands. Alternatively, Gli expression could be the result of non-

canonical Hh signaling activation, as Gli can be induced by the

Ras or TGF-b pathways (Athar et al., 2006). Consistent with the

later hypothesis, we show that CTGF ⁄ CCN2, a direct target of

TGF-b (Grotendorst et al., 1996; Secker et al., 2008), is selec-

tively elevated in young and aged bulge cells, compared to dif-

ferentiated HF KCs (Fig. 5B). Moreover, we show that Gli3 as

well as Gli1 are expressed in bulge cells at relatively high levels

(Fig. 6C). In the presence of Hh ligand, processed Gli3 is gen-

erally described as a transcriptional repressor of Hh targets

(Ingham & McMahon, 2001). However, it has been suggested

that, during development, an activating form of Gli3 could

induce Hh targets such as Gli1 (Ingham & McMahon, 2001).

Detailed analyses are required to determine the basis of Hh

pathway activation in human bulge cells.

We demonstrate that overexpression of Gli1 in human KCs

increases expression of several markers of human bulge SCs

including KRT15, KRT19 and Gas1. These results confirm a previ-

ous report by Kasper et al. (2006), which demonstrated upregu-

lation of KRT15 and 19 in a similar culture model. Importantly,

the same group recently reported that Gli1 overexpression in

immortalized KCs triggers additional SC characteristics including

compact colony formation, which is associated with repressed

extracellular signal-regulated kinase basal activity, even in the

presence of retrovirus-mediated EGFR overexpression (Neill

et al., 2008). Although overexpression of Gli1 recapitulates

some of the HFSC characteristics, it is unlikely that Gli1 over-

expression alone could induce pluripotency in KCs. The extent

to which Hh cooperates with other factors in the maintenance

of HFSC phenotype is an important area for further study.

A key role of Hh signaling in promoting some bulge KCs’ char-

acteristics is in agreement with published animal studies that

have provided genetic evidence for a role of Hh signaling for

maintenance of the HFSC niche. Indeed, it has been shown that

disruption of Hh signaling in KRT14+ cells (basal layer of epider-

mis and ORS of HF, including the bulge) results in depletion in

the HFSC niche (Gritli-Linde et al., 2007). In addition, Vidal et al.

(2005) reported that inactivation of the transcription factor Sox9

in skin depletes HFSCs, and is accompanied by thickening of the

epidermis, and expression of epidermal markers, such as KRT1

and KRT10 in the HF. Interestingly, expression of Sox9 com-

pletely depends on Hh signaling during hair induction, and is

restricted to the bulge compartment in adult mice (Vidal et al.,

2005). These results suggest that Hh and ⁄ or Sox9 expression in

HFSCs prevents KC differentiation toward the epidermal pheno-

type. Consistent with this view, recent studies in Drosophila sug-

gest that Hh acts by blocking differentiation towards a default

fate, thereby maintaining spatially selected cells in specific inter-

mediate states (Vincent et al., 2008). It is plausible that, in skin,

Hh signaling maintains spatially selected bulge cells in a quies-

cent state, blocking differentiation to epidermal KCs.

The role of Hh pathway in adult SC maintenance has been

described in various other tissues, including mouse brain (Mac-

hold et al., 2003; Palma et al., 2005; Ninkovic et al., 2008), gut

(Nielsen et al., 2004), liver (Sicklick et al., 2006), hematopoietic

system (Trowbridge et al., 2006; Dierks et al., 2008; Zhao et al.,

2009), and human mammary gland (Liu et al., 2006) and fetal

epidermis (Adolphe et al., 2004; Zhou et al., 2006). To our

knowledge, this study is the first to report sustained activity of

Hh signaling in human HF bulge cells throughout life. Consider-

ing these findings together with evidence that disruption of Hh

pathway components or effectors depletes the HFSC niche in

animal models discussed above, one should carefully consider

potential long-term deleterious outcomes of anti-cancer therapy

that blocks Hh signaling (Rubin & de Sauvage, 2006).

Experimental procedures

Human subject description and tissue procurement

All procedures involving human subjects were approved by the

University of Michigan Institutional Review Board, and all subjects

provided written informed consent prior to entering the study.

Healthy volunteers aged £ 40 (‘young’) and ‡ 70 years (‘aged’)

were enrolled with no racial ⁄ ethnic distinction. Two 4-mm full-

thickness punch biopsies were obtained by trained medical

personnel from the nonbalding region of the occipital scalp of

healthy volunteers. For SC isolation, punch biopsies were placed

into Hanks’ Balanced Salt Solution (HBSS; Invitrogen, Carlsbad,

CA, USA) containing penicillin and streptomycin (Invitrogen),

and processed immediately. For immunohistochemistry experi-

ments, skin biopsies were embedded in Tissue-Tek optimal cut-

ting temperature (OCT) compound (Miles, Naperville, IL, USA),

frozen in liquid nitrogen, and stored at )80 �C until processing.

Total HF cell suspension preparation

Fresh scalp skin biopsies were washed three times with HBSS,

and external hairs were cut off with scissors. The epidermis con-

taining the upper part of the HF infundibulum was removed

using a sterile scalpel. The remaining tissue was incubated in

4 mg mL)1 dispase (Invitrogen) in HBSS overnight at 4 �C. Indi-

vidual HFs were plucked out of the tissue with forceps. In some

cases, individual HFs were counted separately on two biopsies

and the two numbers were averaged. Isolated HFs were rinsed

in HBSS, incubated with 0.05% trypsin, 0.53 mM EDTA (Invitro-

gen) at 37 �C for 30–45 min. The HF containing solution was
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regularly pipetted up and down during digestion to promote cell

dissociation. Total HF cells were peletted by centrifugation at

1000 g for 3 min and resuspended into magnetic assisted cell

separation buffer (MACS buffer: PBS supplemented with 2 mM

EDTA and 0.5% bovine serum albumin). Cell clumps and hair

shafts were eliminated by filtration through a sterile 70 lm pore

cell strainer (BD Falcon ⁄ ThermoFisher Scientific, Pittsburgh, PA,

USA), and total HF cells were resuspended into MACS buffer.

Cell sorting

The CD200+ (bulge) and CD200) (differentiated) HF KCs were

separated using magnetic cell sorting with the indirect micro-

bead MACS� system (Miltenyi Biotec, Bergisch Gladbach, Ger-

many). Total HF cell suspensions were incubated with human

IgGs (Sigma, St Louis, MO, USA) for 15 min at 4 �C, and labeled

with a mouse anti-CD200 antibody (AbD Serotec, Raleigh, NC,

USA) at 4 �C for 15 min. After three washes with MACS buffer,

cells were incubated with microbeads coupled with rat anti-

mouse IgG1 antibodies (Miltenyi Biotec) at 4 �C for 15 min.

After three washes with MACS buffer, cell suspension was

loaded onto a column containing a ferromagnetic matrix

exposed to the magnetic field of a permanent magnet. CD200)

cells were washed out of the column with three washes with

MACS buffer, and CD200+ cells were eluted from the column

according to the manufacturer’s instructions.

Double-stranded DNA

Double-stranded DNA quantification was used as a surrogate

for evaluating cell number. Aliquots of total HF, CD200+ and

CD200) cell suspensions were lyzed in cell lysis buffer (RLT buf-

fer of RNeasy kit; Qiagen, Chatsworth, CA, USA), and dsDNA

was quantified using PicoGreen� dye (Invitrogen). Fluorescence

signal was measured on an ABI 7300 (Applied Biosystems, Foster

City, CA, USA) using the SybrGreen dye detection range, and

converted into ng dsDNA using a standard curve ran in parallel.

Assay linearity was confirmed with serial dilutions of dsDNA

obtained from cultured KCs prepared in the same conditions.

Results were normalized to number of HFs or skin area (4 mm

round biopsies i.e. 12.6 mm2).

RNA extraction and cDNA preamplification

Total RNA from CD200+ and CD200) cells were isolated in the

presence of carrier RNA using an RNeasy Micro kit (Qiagen).

Total RNA were reverse transcribed with random primers using a

cDNA archive kit (Applied Biosystems). Complementary DNA

was quantified using Oligogreen� dye (Invitrogen), and equal

amounts of cDNA were preamplified using a Taqman� preamp

master mix kit (Applied Biosystems) in a 14-cycle reaction using

the same primers as the ones used for subsequent Q-PCR. For

cultured cell samples, no cDNA preamplification was performed,

and RNA extraction, quantification, and reverse transcription

were performed as previously described (Rittié et al., 2008).

Quantitative real-time reverse-transcription

polymerase chain reaction

cDNA was quantified by Q-PCR using Taqman PCR master-mix

and validated primers-probes sets (Applied Biosystems). Effi-

ciency and accuracy of preamplification reaction was verified in

pilot studies by running identical samples preamplified and not,

in parallel (not shown). Q-PCR results were normalized to the

level of housekeeping gene 36B4 (internal control), and are

presented as normalized fold change or fold vs. 36B4 x 1000

(= 2)DCT · 103), with DCT=CT36B4 ) CTTarget.

Immunohistochemistry

OCT-embedded skin sections (7 lm) were fixed in 2% para-

formaldehyde or acetone ⁄ methanol (8:2, v ⁄ v), and immuno-

histochemistry was performed using a Link-Label IHC

Detection System (Biogenex, San Ramon, CA, USA). Primary

antibodies directed against CD200, KRT15, KRT19, Ptch, CD34

and follistatin were from AbD Serotec, Millipore (Billerica, MA,

USA), Sigma, AbCam (Cambridge, MA, USA), Biogenex and

R&D Biosystems (Minneapolis, MN, USA) respectively. Slides

were counterstained with hematoxylin (BioCare, Concord, CA,

USA), and mounted with supermount medium (Biogenex).

Digital images were captured on a Zeiss microscope. When

needed, images were merged using the Canon Utilities

PHOTOSTITCH 3.1 software. For immunocytochemistry, cells were

seeded on Lab-Tek chambers (Nunc ⁄ ThermoFisher Scientific,

Pittsburg, PA, USA) for 3 days, and immunostaining was

performed as described elsewhere (Di Marcotullio et al., 2006)

using anti-Gli1 antibody (sc-6152; Santa Cruz, Santa Cruz, CA,

USA), biotinylated anti-goat antibodies (Vector Laboratories,

Burlingame, CA, USA), and streptavidin-Alexa-488 fluorescent

marker (Invitrogen).

Immunofluorescence double-staining

OCT-embedded scalp skin sections (7 lm) were fixed in ice-cold

acetone ⁄ methanol (8:2, v ⁄ v), and incubated with 0.3% hydro-

gen peroxide for 15 min, protein block (Biogenex) for 20 min,

anti-CD200 for 30 min, and anti-mouse IgG1 fluorescein isothi-

ocyanate-conjugated antibodies (Caltag ⁄ Invitrogen) for 10 min.

Sections were then fixed in 2% paraformaldehyde containing

1% Triton X-100 for 10 min at 4 �C, followed by anti-Ptch (30¢),
biotinylated anti-rabbit antibody (Vector Laboratories) (10¢), and

steptavidin-Alexa-594 (10¢) (Invitrogen). Images were captured

on a Zeiss fluorescence microscope and overlay was performed

using Spot Advanced software.

Plasmid construction, lentiviral production and cell

culture

Human Gli1 cDNA (GenBank #BC013000) in pOTB7 vector was

purchased from OpenBiosystems (Huntsville, AL, USA), and used

as template to produce blunt-end PCR products using PhusionTM
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DNA polymerase (New England Biolabs, Ipswich, MA, USA), and

the following PCR primers: 5¢-CAC-CAT-GTT-CAA-CTC-GAT-

GAC-CCC-3¢ (forward) and 5¢-TTA-GGC-ACT-AGA-GTT-GAG-

GAA-TTC-3¢ (reverse). The resulting Gli1 cDNA was cloned in a

pENTRTM TOPO� vector (Invitrogen). All constructions were veri-

fied by sequencing (University of Michigan DNA Sequencing

Core). Subsequent subcloning into lentiviral vector (pLenti4 ⁄ -
TO ⁄ V5-DEST; Invitrogen) and viral particles generation in 293-FT

cells were performed as previously described (Stoll et al., 2009).

NTert-2G KCs (primary KCs immortalized by stable expression of

human telomerase catalytic domain TERT) (Dickson et al., 2000)

were kindly provided by Dr James G. Rheinwald (Harvard Medi-

cal School, Boston, MA, USA). Human KC cell lines stably

expressing Gli1 (NTert-Gli1) or eGFP (NTert-GFP, negative con-

trol) were generated and cultured as previously described (Stoll

et al., 2009).

Statistical analysis

Data are expressed as mean ± standard error of the mean.

Comparisons among groups were made with the paired or

unpaired Student’s t-test. All P-values are two-tailed, and con-

sidered significant when less than 0.05.
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in vivo.
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