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Hair production is fueled by stem cells (SCs), which transition
between cyclical bouts of rest and activity. Here, we explore why
hair growth wanes with age. We show that aged hair follicle SCs
(HFSCs) in mice exhibit enhanced resting and abbreviated growth
phases and are delayed in response to tissue-regenerating cues.
Aged HFSCs are poor at initiating proliferation and show di-
minished self-renewing capacity upon extensive use. Only mod-
estly restored by parabiosis, these features are rooted in elevated
cell-intrinsic sensitivity and local elevation in bone morphogenic
protein (BMP) signaling. Transcriptional profiling presents differ-
ences consistent with defects in aged HFSC activation. Notably,
BMP-/calcium-regulated, nuclear factor of activated T-cell c1 (NFATc1)
in HFSCs becomes recalcitrant to its normal down-regulating cues,
and NFATc1 ChIP-sequencing analyses reveal a marked enrichment of
NFATc1 target genes within the age-related signature. Moreover,
aged HFSCs display more youthful levels of hair regeneration when
BMP and/or NFATc1 are inhibited. These results provide unique
insights into how skin SCs age.
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In adult tissues, stem cells (SCs) must replace cells lost to acute
injury and normal biological activity (homeostasis). Aging can

be viewed as a failure to maintain proper tissue homeostasis,
resulting in a decline in tissue function and delayed response to
tissue damage (1). Age-related extrinsic changes in external,
systemic, and/or local tissue environment, coupled with intrinsic
changes from repetitive use, are all potential underlying causes
for SC malfunction. However, the relative contributions of these
factors on SC aging vary among SC populations. Studies on
hematopoietic and melanocyte SCs show that age-related in-
trinsic perturbations can impair SC function (2–4). Mesenchymal
SCs, cardiac SCs, and liver progenitor cells also show age-related
declines in performance (5–7). The impact of extrinsic pertur-
bations is evident from studies on muscle and neural SCs, where
exposure to a youthful systemic environment can restore SC
functional capabilities (7–10). Most recently, it was shown that
cardiomyocytes rely upon systemic growth and differentiation
factor 11 (GDF11), a member of the transforming growth factor
β (TGF-β) superfamily, which declines with age (11).
The skin has some of the most recognizable age-associated

changes. In humans and other mammals, skin shows an age-
related decline in homeostasis, with both dermal and epidermal
thinning, reductions in epidermal proliferation and injury repair,
loss of dermal elasticity, wrinkling, and notably, hair thinning and
eventual loss (12). Periods of rest in hair follicles (HFs) also be-
come longer as animals age, and in humans, hair density declines
with age. It has been suggested that the progressive dormancy of
HFs during aging is a reflection of a declining capacity of SCs to
initiate a new hair cycle, but this has not been formally tested and
the underlying mechanisms remain largely unexplored.
HFs undergo cyclic rounds of growth (anagen), degeneration

(catagen), and rest (telogen), termed the “hair cycle” (13).
During anagen, HFs regenerate and develop into mature HFs. In
close association with the dermal papilla at the base of the ma-
ture follicle, transit-amplifying matrix cells proliferate rapidly
and then progress to terminally differentiate to form the hair
shaft and its channel. At the start of catagen, most cells in the
lower two-thirds of the follicle are eliminated by apoptosis, and

the dermal papilla regresses. It stops when it reaches the base of
the noncycling portion of the HF, a region referred to as the
“bulge.” HFs then enter the dormant telogen phase of the hair
cycle, which gets longer with aging.
A critical component of anagen is the activity of HFSCs, which

drive these cyclical rounds of HF regeneration (13). Several
studies have shown that the bulge region within the HF is a niche
for HFSCs, with the majority of label retaining/slow cycling cells
found in the bulge after pulse-chase experiments (14, 15). When
isolated and placed in vitro, bulge cells initiate colonies; over time,
a few grow to large holoclones, consisting of small, undifferentiated
cells with long-term proliferative potential; cells from holoclones
also exhibit multipotency when engrafted onto Nude mice in vivo
(16). Lineage tracing studies show that cells within the bulge and/or
its base (hair germ) fuel the hair cycle (17–19).
The identification of a population of adult HFSCs that can

regenerate hair has led to their purification and molecular char-
acterization. Transcriptional profiling shows that HFSCs prefer-
entially express a set of highly enriched (signature) genes, including
transcription factors [Sox9, Tbx1, Lhx2, TCF3/4, and nuclear factor
of activated T-cell c1 (NFATc1)], that maintain them in a qui-
escent, undifferentiated state (15, 17). HFSCs remain quiescent
until the next wave of HF regeneration is initiated. A new hair
cycle begins when the balance of Wnt-activating and bone
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morphogenic protein (BMP)-inhibitory cues from the SC niche
and surrounding dermis is shifted (19–21). Sensitive to BMP
signaling for its transcription and calcium for its nuclear locali-
zation, NFATc1 is among the quickest to respond, being down-
regulated/lost upon HFSC activation and fate commitment (22, 23).
In this study, we focus on how HFSCs change as they age and

how this contributes to the phenotypic and hair cycle-related
features of aging skin. Using a mouse model, we show that aged
HFSCs are considerably more quiescent than young HFSCs, and
they are more difficult to activate, resulting in significantly more
sluggish entry into anagen. In vitro, the most striking defect in
aged HFSCs is their reduced colony-forming efficiency (CFE).
Aged HFSC holoclones that do grow can be passaged, but show
signs of diminished self-renewal in later passages. Intriguingly,
the CFE defect can be partially rescued by plating HFSCs from
aged HFs that have been depilated, a process known to reduce
BMP6 and fibroblast growth factor 18 (FGF18) niche levels (19).
Age-related differences in systemic factors have modest impact
relative to local and intrinsic changes in BMP signaling/sensi-
tivity. Digging deeper, we use transcriptional profiling and ChIP
sequencing (seq) analyses to unearth key age-related perturbations
in BMP-/calcium-mediated regulation of NFATc1, which when
rectified, restore transcriptional and physiological features of aged
HFSCs to their youthful state.

Results
HFs Become Increasingly Dormant with Age. We set out to examine
what effects age would have on the regenerative process of the
hair cycle and the relationship to possible changes in HFSC
functionality with age. When HFs enter anagen in C57BL/6 mice,
the skin transitions from pink to black, reflecting the coactivation
and differentiation of melanocyte SCs resident in HFs from
Anagen IIIa until catagen (24). As judged by this and histological
analyses, the first two hair cycles in C57BL/6 mice were largely
synchronous, reflecting the ability of neighboring HFs to co-
ordinate HFSC activities (25). Thereafter, hair growth became
increasingly asynchronous (26) such that by the ∼eighth hair
cycle, aged mice (defined here as animals 22–24 mo of age)
displayed discrete domains of anagen-phase HFs (black) in-
terspersed with large patches of telogen-phase (pink) skin (Fig.
1A). This patchiness was not attributable to age-related changes
in melanocyte differentiation, as the numbers of melanocyte SCs
within the bulge of telogen-phase HFs did not change with age
(SI Appendix, Fig. S1A), nor did the numbers of differentiated mel-
anocytes within the hair bulb of anagen-phase HFs (SI Appendix,
Fig. S1B), and hair shaft pigmentation was unaffected (SI Appendix,
Fig. S1C). Rather it was a faithful indicator of whether HFs were
in the telogen phase or anagen phase.
Using this assay, we next monitored hair cycle progression for

100–200 d in cohorts of young and aged animals (SI Appendix,
Fig. S1 D–F). Quantifications revealed that although aged HFs
cycle, the percentage of the area of HFs entering anagen under-
goes a dramatic decline with age (94 ± 4% to 21 ± 10%, P =
0.005) (Fig. 1B). As summarized by heat map, the skins of young
animals (defined here as animals 2–4 mo of age) repeatedly and
synchronously entered anagen during the observation interval
(Fig. 1C). By contrast, very few HFs of aged mice cycled more
than once, and many HFs never entered anagen during this time
(Fig. 1C). We also observed ∼threefold more independent anagen
domains during a single hair cycle in aged skin (6.1 ± 0.8 to 1.9 ±
0.2 domains), reflecting the increasingly asynchronous, regional
domain-based activation of HFs.
To probe more deeply into the age-related differences in HF

cycling, we quantified durations of anagen and telogen within
regionally matched subdomains of HF activity from young and
aged mice. These analyses revealed that aged HFs spend more
than twice as long in the telogen phase as their younger coun-
terparts (92 ± 3 d vs. 43 ± 1 d) (Fig. 1D). Even more noteworthy
was a corresponding shortening of the anagen phase of aged HFs
(10 ± 1 d vs. 16 ± 1 d) (Fig. 1E). The outcome of these age-
related differences was an overall shorter hair coat (Fig. 1F) with

a sparser and more ragged appearance. Together, these data
show that in aged animals, the HFs of the dorsal coat are more
dormant, staying in telogen for longer periods of time and are
punctuated by shorter periods of anagen.

Aged HFSCs Have a Delayed Response to Activation Cues. To further
explore the underlying cause for age-related regional variation in
hair cycling, we asked whether this might be rescued by depila-
tion (hair plucking by waxing), a procedure that stimulates tel-
ogen HFs of young mice to enter anagen. Both in young and
aged mice, depilation removes not only the hair shafts (club
hairs), but also an inner bulge layer of BMP6- and FGF18-
expressing cells that otherwise poses a high threshold for acti-
vation of the outer bulge layer of quiescent HFSCs (19). The skin
of young and aged animals was monitored for appearance of skin
pigmentation after depilation.
In the representative young animal (2 mo of age) shown in Fig.

2A, early telogen-phase HFs entered anagen within ∼5 d post-
depilation, rather than ∼20 d without depilation (Fig. 1B). As
judged by pink→black skin transitions, HFs in the representative
aged animal (24 mo of age) responded and in a much more
synchronous fashion than their nondepilated counterparts, sug-
gesting that local niche signals might in part underlie age-related
asynchrony. That said, anagen entry was clearly delayed by sev-
eral days in aged vs. young mice (Fig. 2A).
To examine the kinetics of HFSC activation after depilation,

we used a series of 5-ethynyl-2′-deoxyuridine (EdU) labeling ex-
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Fig. 1. Hair cycle dynamics in aged animals. (A) Representative images of
young and aged animals with hair clipped (shaved) during anagen. Arrows
point to domains of anagen growth on aged animal. (B) Quantification of
the cumulative percentage of back skin area that enters anagen in young
(blue bars) and aged (red bars). n = 7 aged animals; n = 8 young animals. (C,
Left) Heat map showing overlay of anagen from all animals observed. Warm
colors (yellow/white) signify areas of highest anagen activity and cool colors
(purple/blue) areas of low activity. (C, Right) Quantification of the number of
individual domains present during a single anagen cycle in young and aged
animals. Data are mean ± SEM. Quantification of time discrete areas of back
skin spend in telogen (D) and anagen (E), and length of individual awl hairs
from young and aged animals (F). Data are mean ± SEM.
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periments to determine when HFSCs were proliferating after
depilation (Fig. 2B). We examined EdU incorporation from 24
to 96 h after depilation, as this has been previously shown to be
when HFSCs proliferate during anagen (27). EdU was admin-
istered by i.p. injection twice daily every 12 h in groups of animals
from 24 to 48 h (early pulse), 48–72 h (mid-pulse), 72–96 h (late
pulse), and 0–96 h (continuous pulse). EdU incorporation in
HFSCs (CD34highα6-integrinhigh) was quantified by fluorescence-
activated cell sorting (FACS) for each time point.
As judged by the incorporation of EdU, fewer aged HFSCs were

induced to proliferate in the early stage after depilation (11 ±
2.5% compared with 31 ± 4.2% EdU+ HFSCs) (Fig. 2 B and C).
EdU incorporations from mid- to late pulses were similar. How-
ever, HFSC proliferation throughout anagen (total EdU incor-
poration after 4 d of labeling) was decreased in aged HFSCs (39 ±
1.0% compared with 55 ± 3.0% EdU+ HFSCs) (Fig. 2D). When
monitored at 4-mo intervals, cycling was sustained up until 12 mo
of age, when EdU incorporation began to drop (SI Appendix, Fig.
S2A). This decline did not appear to be reflective of elevated
apoptosis, as activated caspase3 immunolabeling was comparable
in aged and young HFs (SI Appendix, Fig. S2B). Together, these
results pointed to an age-related delay in HFSC activation fol-
lowing depilation. These results further suggested that aged HFSCs
may have an intrinsically higher threshold for activation than
younger HFSCs.

Aged HFSCs Are More Sensitive to BMP Signaling in Vitro and in Vivo.
To test for possible intrinsic differences in HFSC activation, we
began by using FACS to purify HFSCs on the basis of surface
markers CD34 and integrin-α6 (16). Analysis of FACS profiles
indicated that HFs in aged and young mice contained equivalent
numbers of HFSCs, similar to what has been reported for epi-
dermal SCs (28) (SI Appendix, Fig. S2C). Immunolabeling and
quantifications for additional HFSC markers corroborated this
similarity (SI Appendix, Fig. S2 D and E). Upon culture, however,

aged HFSCs grew more slowly and formed significantly fewer
colonies than young HFSCs (1.6 ± 0.4 vs. 10 ± 1.0 colonies per
104 cells) (Fig. 3 A and B; SI Appendix, S3 A–C). This decline in
CFE surfaced by 12 mo of age and progressed thereafter (SI
Appendix, Fig. S3 D–G). Overall, our findings were in good
agreement with prior studies reporting an age-related decline in
SC colony formation in vitro (29–31).
Aged and young HFSCs adhered comparably, ruling this out

as the basis of the defect in CFE (SI Appendix, Fig. S3H). More-
over, when plating 104–105 aged HFSCs, colony-forming efficiencies
followed a linear trend, ruling out a density-dependent contribution
to differences in plating efficiencies (SI Appendix, Fig. S3I). Digging
deeper, we discovered that only a few aged HFSC colonies grew to
the typical size of holoclones [10–30 mm2, 2 × 104 to 5 × 104 cells
(32)] (SI Appendix, Fig. S3J). Even the average size was smaller for
aged vs. young colonies (8.5 ± 2.0 mm2 vs. 22 ± 1.9 mm2) (Fig. 3B).
Nevertheless, most of the cells within the aged colonies were tightly
packed and undifferentiated, which are both hallmarks of clones
derived from SCs (Fig. 3A, Lower). Moreover, when colonies were
picked and passaged, they gave rise to colonies in the normal
numbers and sizes of their younger counterparts (Fig. 3C). It was
only after 10 rounds of passaging that we observed a decrease in
the self-renewal capacity of aged HFSCs (Fig. 3D). Taken to-
gether, despite their equivalence in numbers between 2 and 24 mo
and their equivalent adhesion, aged HFSCs do not proliferate in
vitro as effectively or as long term as young SCs.
To pursue these differences further, we cultured young and

aged HFSCs following depilation (Fig. 3E). Activated HFSCs
(aHFSCs) from young and aged animals both formed colonies
with ∼10-fold improved efficiencies. Quantifications revealed that
CFE was reduced from a 10-fold difference in telogen to only
twofold difference for aged vs. young HFSCs postdepilation (11 ±
1.1 aged to 19 ± 3.1 young colonies 48 h postdepilation, 13 ± 2.2
aged to 27 ± 3.0 young colonies 72 h postdepilation) (Fig. 3F).
Moreover, differences in colony size were restored to youthful
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Fig. 2. HFSC activation is delayed in aged animals.
(A) Representative images of a young (Upper) and
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resentative FACS plots used for quantifying EdU in-
corporation into the bulge after depilation.
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levels by depilation (25 ± 1.5 mm2 to 24 ± 1.3 mm2 at 48 h
postdepilation, but 20 ± 0.8 mm2 to 26 ± 1.7 mm2 by 72 h
postdepilation). We attribute the slight reduction in colony size
in the young mid-time point to the large number of colonies
formed in the assay. These results suggest that aged HFSCs can be
activated to proliferate but require a stronger stimulus to do so.
Because HFSC activation requires inhibition of BMP signaling
and enhanced Wnt signaling, we tested their effects in our cul-
tures. As shown in Fig. 3 G and H, aged HFSCs were intrinsically
more sensitive to BMP4 than younger HFSCs, as judged by levels
of inhibitor of DNA binding 1 (Id1) and Id2 expression, estab-
lished downstream targets of activated BMP signaling, as a read-
out of BMP signaling responsiveness. In contrast, they showed
no difference in response to WNT3A, as judged by expression
of the highly sensitive Wnt target gene, Axin2. This finding is
in agreement with the depilation experiment, as depilation is

known to stimulate HFSC activation in part by reducing BMP6
levels in the niche (19).
Given the heightened sensitivity of aged HFSCs to BMP sig-

naling and their improved colony-forming ability when cultured
from a bulge exposed to a depilation-induced reduction in BMPs,
we turned to addressing whether BMP signaling is elevated in
aged HFSCs in vivo. Postdepilation analyses revealed that in
contrast to young HFSCs, which down-regulated phospho-SMAD1/
5/8 (pSMAD1/5/8) in the bulge, aged HFSCs failed to do so (Fig.
4A). This was also true for ID2 (SI Appendix, Fig. S4A) and similar
results were obtained for ID1 (not shown). These data provided
compelling evidence that elevated sensitivity to BMP signaling was
responsible for keeping aged follicles in a more quiescent state.

Exploring the Impact of Systemic and Local Environment on Aged
HFSC Behavior and BMP Signaling. We next addressed whether
age-related systemic changes might contribute to the behavior
of aged HFSCs, as seen in neural SCs, muscle SCs, and cardio-
myocyte systems (7, 9, 11). Using parabiosis, we surgically joined
mice so that they shared a circulatory system (12, 33, 34). For this
study we established isochronic (young–young and aged–aged)
and heterochronic (young–aged) parabiotic pairs of mice to ex-
amine the impact of the systemic environment on aged HFSC
function (Fig. 4B) (13, 35). Eight weeks following surgery, we
then isolated and cultured telogen-phase HFSCs (tHFSCs).
While parabiosis did not significantly affect CFE in the young

heterochronic mice, it did enhance CFE in aged HFSCs from
heterochronic mice (Fig. 4 C and D). That said, these effects
were relatively modest, and colony size was not substantially
improved in aged HFSCs cultured from the aged animal of
heterochronic vs. isochronic pairs. Additionally, after testing the
effects of depilation on this process, we found no differences in
CFE or colony size between HFSCs from heterochronic and iso-
chronic aged animals (Fig. 4E). Similar results were obtained in
vivo, when we examined EdU incorporation and HFSC behavior
following depilation of isochronic and heterochronic pairs (not
shown). Taken together, these results suggest that the systemic
environment is not the major contributing factor to the delay in
HFSC activation or the defects in CFE seen in aged HFSCs.
We next turned to addressing the impact of local environment,

namely skin epidermis, dermis, and adipose tissue, as possible
sources of elevated BMP signaling. As judged by quantitative
PCR with reverse transcription (qRT-PCR), Bmp2, Bmp4, and
Bmp6 but not Bmp7 mRNAs were significantly elevated in adi-
pose tissue of aged vs. young skin (Fig. 4F). There were also
minimal increases in Bmp2 within skin epithelium and in Bmp6
within both the epithelium and dermis. Consistent with this ob-
servation, when young and aged follicles were synchronized by
depilation and allowed to enter into competent telogen (40 d
after depilation), higher levels of pSMAD1/5/8 and ID2 were
detected in the bulge of aged follicles (Fig. 4G and SI Appendix,
Fig. S4B). By contrast, no age-related differences were noted in
Wnt mRNAs (SI Appendix, Fig. S4C).
When taken together with prior studies showing that dermal

BMP4 and BMP6 and adipocyte BMP2 are potent inhibitors of
anagen in young mice (20, 23), our results suggested that during
aging, local BMP levels rise and powerfully impact HFSC acti-
vation. If so, aged HFs would need a larger reduction in BMP
signaling in the local environment to initiate anagen. To explore
this possibility in greater detail, we reduced the BMP contribu-
tion provided by the Keratin 6 inner bulge by plucking different
sized areas (1, 1.5, 2, and 3 mm2) of the telogen-phase skin of
aged and young mice. Interestingly, anagen initiation hair regrowth
occurred in all of the regions plucked in young animals, whereas
hair regrowth in aged mice was only observed if the plucked
regions with an area of least 2 mm2 (Fig. 4H and I). Even then, the
2-mm2 plucked area showed hair regrowth in only 40% of the aged
animals tested.
Conversely, we used the BMP antagonist Noggin to titrate the

levels of BMP in young and aged HFs. Noggin was injected in-
tradermally into young and aged animals and EdU incorporation

Young Aged

KT
DF KT

DF

R
ho

da
m

in
e 

B
D

IC
Telogen Phase

R
ho

da
m

in
e 

B

Young Aged
Post-depilation

BA

C

D

E

F
ol

d 
E

nr
ic

hm
en

t

F

G H

Young Aged
1st Passage

R
ho

da
m

in
e 

B

Fig. 3. Aged HFSC function is diminished in vitro. (A, Upper) CFE from tel-
ogen-phase back skins. Colonies from FACS-isolated young and aged HFSCs
are stained with Rhodamine B. (A, Lower) Differential interference contrast
(DIC) images of cells within colonies. Note the small, compact, and un-
differentiated cells within the colony. DF, dermal fibroblast; KT, keratino-
cyte. (B) Quantification of CFE and colony sizes (in mm2). n = 5 young; n = 4
aged. Data are mean ± SEM (C) Image of young and aged colony formation
after first passage in vitro. (D) Long-term passage ability of young and aged
HFSCs. Data are presented as percent holoclones formation. n = 10 colonies
for each group. (E) CFE after depilation at specified time points. Colonies from
FACS-isolated young and aged HFSCs stained with Rhodamine B. (F) Quanti-
fication of CFE and colony size. n = 4 for both groups. Data are mean± SEM (G)
qRT-PCR for Id1 and Id2 after BMP4 treatment of HFSC colonies in vitro. n = 4
for each group. Data are mean ± SEM. (H) qRT-PCR for Axin2 and HPRT after
WNT3a treatment of HFSC colonies in vitro. n = 4 for each group. Red dashed
line denotes the level above which expression is enriched. Data are mean ± SEM.

Keyes et al. PNAS | Published online November 26, 2013 | E4953

D
EV

EL
O
PM

EN
TA

L
BI
O
LO

G
Y

PN
A
S
PL

U
S

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
16

, 2
02

1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1320301110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1320301110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1320301110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1320301110/-/DCSupplemental/sapp.pdf


www.manaraa.com

in HFs was scored 5 d postinjection. Indeed, a higher dosage of
Noggin was necessary to induce similar levels of HF activation in
aged and young animals (Fig. 4J). These data clearly indicate that
local skin environment imposes a higher threshold for activation in
aged vs. young animals. Moreover, because plucking the hair can
counteract this threshold, our findings are consistent with the
notion that the key inhibitory factor restricting HFSC activity in
older mice is BMP signaling.
Finally, even though these data showed that age-related

changes in dermal and s.c. macroenvironment contribute signif-
icantly to differences in aged HFSC behavior, an analysis of age-
related differences in the behaviors of the clustered HF triplets
of tail skin indicated that additional complexities are involved. In
young mice, nearly 50% of clusters displayed three anagen-phase
HFs; in aged animals, most clusters contained only a single anagen-
phase HF (SI Appendix, Fig. S4 D–F). These differences offered
a unique insight, because in contrast to the regional heteroge-
neity of aged back-skin follicles, the differences in anagen HFs
within closely juxtaposed triplets were not easily explained by
putative variations across the dermis. When taken together with
the enhanced intrinsic sensitivity of aged HFSCs to BMP signaling,
these findings suggest that both intrinsic and extrinsic changes
in BMP signaling contribute to the age-related phenotypes we
observe here.

aHFSCs of Aged Mice Are More Similar to tHFSCs of Younger Mice
than to Young aHFSCs. To explore the molecular mechanisms
underlying age-related decline in HFSC function, we used high-

throughput RNA sequencing (RNA-seq) to transcriptionally pro-
file young and aged HFSCs in the telogen phase and aHFSCs (48 h
postdepilation). The relationship of each cell population to the
others was revealed by unsupervised hierarchical clustering algo-
rithms. As shown by heat map, aHFSCs of aged mice were more
similar to tHFSCs of younger mice than to young aHFSCs (SI
Appendix, Fig. S5A).
In aged HFSCs, most genes ≥twofold changed following acti-

vation were down-regulated relative to their young counterparts
(Fig. 5A). This cohort included genes encoding extracellular ma-
trix (ECM) proteins, such as lumican, collagens, fibronectin,
laminins, and tenascin-C, as well as stefins and cysteine proteases
implicated in ECM remodeling (SI Appendix, Table S1). These
changes, and others involved in cell migration, were consistent
with the sluggishness of agedHFSCs in initiatingHFdown-growth.
Pathway and functional analyses of age-related changes after

HFSC activation were consistent with alterations in proliferation
and survival (SI Appendix, Fig. S5B). Moreover, genes prefer-
entially down-regulated in aging were predicted to promote
these processes, whereas those that were up-regulated were im-
plicated in suppressing them. Notably, however, we did not find
evidence for up-regulation of the Ink4a/4b locus encoding p16
and p19ARF stress-response proteins, which are often up-regu-
lated in aging (14, 36, 37).

NFATc1 Is Elevated in Aged HFSCs and Delays Entry into Anagen.
Given the transcriptional similarities between depilation-acti-
vated aged HFSCs and their young telogen-phase counterparts,

telogen after depilation

iso hetero isohetero

young aged

R
ho

da
m

in
e 

B

young isochronic aged isochronicyoung-aged 
heterochronic

A B

D

Young Aged

F G

E

H I

pS
M

A
D

1/
5/

8 
D

A
P

I 
Young Aged

48hrs post-depilation

Young Aged

pS
M

A
D

1/
5/

8 
D

A
P

I 
40d post-depilation

C

J

HG

Fig. 4. Systemic and local factors impact on aged
HFSCs. (A) Images of HFs sectioned and immunos-
tained for pSMAD1/5/8 48 h after depilation. Brack-
ets in young and aged HFs denote the bulge area.
HG, hair germ. (Scale bar, 20 μM.) (B) Schematic of
parabiosis pairs. Isochronic young represents young–
young animal pairing, heterochronic represents
young–aged animal pairing, and isochronic aged
represents aged–aged animal pairing. (C) Holoclone
forming efficiency of HFSCs from telogen-phase
back skins after parabiosis. Colonies from FACS-
isolated young and aged HFSCs stained with Rho-
damine B. (D) Quantification of CFE and colony size.
n = 3 isochronic pairs; n = 3 heterochronic pairs.
Data are mean ± SEM. n.s., not significant. (E)
Quantification of CFE and colony size of HFSCs 48 h
after depilation after parabiosis. Data are mean ±
SEM. (F) qRT-PCR for BMPs from whole-tissue lysates.
Data are represented as fold enrichment (aged/
young). n = 4 for each group. Data are mean ± SEM.
*P < 0.05. (G) Images of HFs immunostained for
pSMAD1/5/8 40 d after depilation. (Scale bar, 20
μM.) (H) Representative images of animals after
depilation and regrowth of hair (Left and circle in
Center). Areas of hair plucked are indicated on di-
agram (Right). (I) Quantification of hair regrowth
on young and aged animals. n = 5 young; n = 5
aged. Data are mean ± SEM (J) Quantification of
HFs with EdU+ hair germs after Noggin injection at
the indicated levels. n = 3 for each group. Data are
mean ± SEM.

E4954 | www.pnas.org/cgi/doi/10.1073/pnas.1320301110 Keyes et al.

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
16

, 2
02

1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1320301110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1320301110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1320301110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1320301110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1320301110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1320301110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1320301110/-/DCSupplemental/sapp.pdf
www.pnas.org/cgi/doi/10.1073/pnas.1320301110


www.manaraa.com

we cross-referenced our differentially expressed transcripts with
the bulge signature gene set (transcripts up-regulated in young
HFSC versus young epidermal SCs) (15, 23). Interestingly, only
5% of the age-related changes were part of this signature (Fig.
5B and SI Appendix, Fig. S5C and Table S2). Among this small
cohort was a sustained signature transcript encoding NFATc1,
an established BMP-/calcium-regulated, HFSC transcription fac-
tor whose ablation stimulates precocious entry of HFs into anagen
(22) (Fig. 5C). As judged by immunofluorescence, nuclear NFATc1
was prominent in both young and aged tHFSCs; following depila-
tion, however, nuclear NFATc1 dramatically plummeted in young
but not aged HFSCs (Fig. 5D).
To test whether elevated nuclear NFATc1 levels might be

contributing to the age-related defects in the activation of HFSCs
and their entry into anagen, we used the small peptide inhibitor
VIVIT, to block NFAT activity. VIVIT inhibits calcineurin-
mediated dephosphorylation of NFATc1 proteins and efficiently
blocks its nuclear translocation (22, 38). Quantifications revealed
that VIVIT erased the significant differences between NFATc1
levels in depilation-induced aged vs. young HFSCs (Fig. 5E). By
contrast, VIVIT did not dramatically alter NFATc1 levels in
young HFSCs, which naturally down-regulate NFATc1 upon dep-
ilation. Similarly, whereas VIVIT did not significantly affect the
proliferation and activation of young HFSCs, VIVIT profoundly
affected proliferation and activation of aged HFSCs 48 h post-
depilation (Fig. 5 F and G). These effects were maintained in vitro,
as CFE and colony size were similar between aged and young
animals treated with VIVIT and depilation before culture (Fig.
5H). Overall, these experiments demonstrate that by inhibiting
NFATc1 activity, aged HFSCs restore the activation kinetics
and CFE to more youthful levels.

NFATc1 Targets Are Enriched Among Genes That Are Differentially
Expressed in Depilation-Activated HFSCs from Aged vs. Young Mice.
To determine the extent to which NFATc1 might contribute to
the aged HFSC signature, we performed chromatin immuno-
precipitation followed by deep sequencing (ChIP-seq) analysis

for NFATc1 with FACS-isolated quiescent HFSCs. A total of 3,438
genes bound NFATc1 (∼15% of all genes) (SI Appendix, Table S3),
with peaks enriched in promoter and/or gene proximal regions (SI
Appendix, Fig. S6 A and B). The NFATc1 ChIP-seq was specific, as
its motif was enriched among the peaks (SI Appendix, Fig. S6C).
Fig. 6B shows representative ChIP-seq signal tracks of three
NFATc1 target genes in HFSCs. Consistent with NFATc1 expres-
sion, ChIP–qRT-PCR confirmed that these genes are signifi-
cantly enriched in HFSCs (NFATc1+) compared with interfollicular
epidermal cells [(IFEs) NFATc1−].
Even more interesting, of the 185 genes that are more highly

expressed in depilation-activated aged HFSCs, nearly 40% bound
NFATc1 (P < 0.0001) (Fig. 6A). Moreover, consistent with
NFATc1’s role as both a transcriptional activator and repressor
(39, 40), NFATc1 bound to 19.5% of the 1,180 genes (P= 0.0001)
which showed lower expression in aged HFSCs than young ones
following depilation. This was notable, considering that less than
15% of mouse genes showed NFATc1 binding.
The age-related NFATc1 target genes were enriched for func-

tional annotations, such as epithelial neoplasia and development
(up-regulated genes) and cell stimulation, mitosis, and differenti-
ation (down-regulated genes) (SI Appendix, Fig. S6D). Moreover,
this group was significantly enriched for HFSC signature genes
(P < 0.0001). Together, these findings indicate that the elevated
NFATc1 in aged HFSCs contributes markedly to the maintenance
of the quiescent bulge signature.
To test the physiological relevance of these findings, we depi-

lated young and aged animals, along with aged animals treated
with VIVIT, and used qRT-PCR to measure the response of
NFATc1 targets 48 h postdepilation. As shown in Fig. 6C, HFSCs
from aged mice with VIVIT treatment had decreased mRNA
levels of representative examples of the NFATc1 up-regulated
genes and elevated expression of down-regulated genes. Overall,
these findings suggest a heightened sensitivity of our differentially
regulated age-related genes to fluctuations in NFATc1 activity.
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showing overlap of bulge signature gene set with
age-related up- and down-regulated genes after
depilation. (C) Nfatc1 fragments per kilobase of
exon per million reads (FPKM) levels from RNA-seq
samples. n.s., not significant. Error bars represent
both cross-replicate variability and uncertainty as
estimated by Cufflinks (41). (D) Merged images of
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son. Data are mean ± SEM.
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Repetitive Use Renders Young HFSCs Old.Given our ability to detect
a decline in the CFE of aged HFSCs that persists even when in
vivo depilation-induced activation preceded the culturing, we
wondered whether additional HFSC use might accentuate this
defect, perhaps even exhausting their long-term self-renewal
potential. To test this possibility, we subjected aged mice to
multiple rounds of depilation (5–7, 42). Indeed after eight more
hair cycles, their hair coats were significantly thinner and grayer
than those of untreated aged and treated young mice (Fig. 7A).
Notably, FACS quantifications revealed a nearly twofold decline
in aged vs. young HFSC numbers following these multiple rounds
of depilation (Fig. 7B). These differences were corroborated by
immunofluorescence microscopy (SI Appendix, Fig. S7 A and B)
underscoring a strong correlation between the age-related, depi-
lation-enhanced decrease in hair regeneration and the concomi-
tant decline in HFSC activation. We also documented a decline in
melanocytes, which corroborated the hair graying in the repetitive
depilation of young mice (SI Appendix, Fig. S7 C and D). Inter-
estingly, this was not seen in the 24-mo-aged mice that we had
used for our studies (SI Appendix, Fig. S1).
After eight rounds of depilation, young animals (now 7 mo

old) had progressed through comparable numbers of hair cycles
to untreated 22 to 24-mo-aged mice (Fig. 7C) (43). If HFSC use
leads to a decline in SC activation potential, this should now be
detectable in vitro. Indeed when isolated and cultured, these
tHFSCs exhibited a greater than twofold decline in CFE and
nearly threefold decline in colony size over equivalently aged
mice that underwent only their normal four and not eight cycles
(Fig. 7 D and E). These experiments suggest that increased use
of HFSCs, at least in these wound-induced states, has a marked
cell-autonomous effect on SC activation.
Finally we tested to see whether the HFSCs from the re-

petitively depilated SC niche had acquired other features of aged
HFSCs. RNA-seq analyses of young tHFSCs after eight depila-
tion-rounds revealed that the repetitively depilated younger
HFSCs exhibited a program of gene expression that resembled
the singly depilated 24-mo old HFSCs (aHFSCs) (SI Appendix,
Fig. S5A). As shown in the diagram in Fig. 7F, ∼35% of the
NFATc1 target genes were shared among the differentially
regulated gene sets after single depilation of aged mice and re-
petitive depilation of young mice. Additionally, when samples
were clustered on the basis of NFATc1 target expression, the
repetitively depilated HFSCs sample more closely resembled
singly depilated aged HFSCs (SI Appendix, Fig. S6E).

Discussion
The Hair Cycle, SC Function, and Aging. One of the most striking
phenotypes associated with old age is the decline in hair density.
Our studies show that with age, domains of HF regeneration
become more asynchronous and complex, periods of HF dor-
mancy become longer, and periods of hair growth are shortened.

These changes in dormancy and growth worsen beyond the initial
loss of synchrony in the fourth hair cycle, suggesting that there
are changes with age that contribute to the decline of HF ac-
tivity. Surprisingly, HFSCs and melanocyte SCs from aging HFs
were present in equivalent numbers to young HFs, and therefore
changes in hair cycle activity were not based in a decline in the
SC pool. Indeed, only when subjected to repetitive rounds of hair
depilation did mice exhibit declines in both HFSCs and mela-
nocyte SCs, manifested in hair thinning and graying. These
results are akin to the reduced capacity of hematopoietic SCs to
regenerate bone marrow after serial rounds of transplantation
(44). Together, these findings suggest that for mice, in the ab-
sence of wounding, inflammation, and/or other assaults that
enhance use, skin SCs are in adequate supply to fuel hair growth
and pigmentation during the normal lifetime of the animal.
Our hair cycle activity analyses revealed that the anagen signal

is still present in aged animals with a frequency and duration not
dissimilar to young animals. This indicates that the delay in
anagen entry is not due to a lack of stimulus, but rather a defect
in the ability of HFSCs to initiate anagen effectively. Moreover,
enhanced periods of HF dormancy even exist within triplets of
tail skin HFs and thus extend beyond the macroenvironment to
the microenvironment. Moreover, when given a strong stimulus
(depilation) to proliferate, aged HFs progress uniformly to ana-
gen, similarly to younger animals. These findings demonstrate that
aged HFSCs are not irreparably damaged or senescent. We also
saw no signs of inappropriate lineage commitment of progenitors
(as seen in aged hematopoietic SCs). In these regards, the features
of aging HFSCs appeared to be distinct from many other
SC populations.

Self-Renewal vs. SC Activation.When mice were 12 mo of age, and
progressing thereafter, the ability of their HFSCs to form colo-
nies in vitro began to decline. Coincident with this decline was
a progressive inability of HFs to fully regrow their hair coat
during anagen (SI Appendix, Fig. S3). A priori, these could either
be signs of a decline in self-renewal and/or an indication that
aging HFSCs are intrinsically more resistant to activation/pro-
liferation. Our findings provide evidence in support of both pos-
sibilities. Thus, CFE was not fully restored by depilation-induced
stimulation of aged HFSCs, and aged HFSC-derived holoclones
did show a decline in self-renewal after 10 passages in vitro or
after multiple rounds of depilation in vivo. That said, the lion’s
share of the age-related hair defects were attributable to enhanced
BMP/NFATc1 signaling within aged HFSCs.

The Influence of Intrinsic vs. Macroenvironmental Factors in HFSC
Aging. Our parabiosis studies in which we exposed aged HFSCs
to a young systemic environment gave an ∼2X increase in CFE in
vitro, which is comparable to the rejuvenation seen in neural SC
populations after heterochronic parabiosis (9). Moreover, we did
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up- and down-regulated genes after depilation (as
identified by RNA-seq). Up-regulated (70/185) P = 1.6e-
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not see a deleterious effect on young HFSCs cultured from
heterochronic vs. isochronic pairs. The specific improvement on
aged HFSCs was intriguing in light of the elevated systemic
GDF11 found in younger mice (11). TGF-β–signaling agonists
have been shown to counteract intrinsic BMP signaling in HFSCs
(45), which might be expected to preferentially benefit aged
HFSCs. That said, the effects of heterochronic parabiosis in aged
HFSCs in vivo were considerably less dramatic than seen either
in vitro or compared with aged muscle SCs (satellite cells). Whether
this reflects the more avascular nature of telogen HFs compared
with muscle tissue (24, 46) awaits further investigation.
Modeling of HF cycling predicts that increases in inhibitor

levels or decreases in excitatory signals can uncouple anagen syn-
chrony, which then relies solely on intrinsic activation mechanisms
to initiate anagen (25). Our data support this model, as aged
HFSCs are more quiescent and harder to activate than their
younger counterparts. Additionally, by dissecting the relative im-
portance of extrinsic vs. intrinsic factors, we learned that the age-
related decline in HFSC activity is due to a combination of both
enhanced intrinsic sensitivity of HFSCs to BMP signaling and also
an elevation in the local BMP levels within aged skin.

Mechanistic Insights Underlying the Age-Related Decline in HFSC Activity.
Tracing mechanism, we were led to BMP-regulated Nfatc1 and
NFATc1 activity as a key contributor to the enhanced internal
threshold that aging HFSCs display when challenged with ana-
gen cues. By selectively forcingNfatc1 down-regulation (by blocking
BMP activity) and/or NFATc1 (by blocking NFATc1 transcriptional
activity), we provided compelling evidence that failure to properly

down-regulateNfatc1/NFATc1 during HFSC activation delays entry
of aging HFs into the hair cycle. Collectively, these changes render
aging HFSCs less competent to respond to anagen cues and pro-
liferate. Although not sufficient on its own, local environment does
contribute to this response, as BMP levels are elevated in the sur-
rounding adipose tissue of aged mice. This imposes a higher envi-
ronmental threshold for the activation of aged HFSCs, as revealed
by our hair-plucking experiments. Overall, the outcome is a less
coordinated, asynchronous anagen among neighboring HFs, a
lethargic response of HFSCs to anagen activation cues and a
thinning of hair density with age.
Finally, our ChIP-seq analyses revealed that of the changes in

gene expression that are specific to aged HFSCs, ∼22% are
NFATc1 targets. Moreover, many of these changes both inNfatc1/
NFATc1 and its target genes were recapitulated in HFSCs from
younger animals that were subjected to repetitive depilation.
These findings underscore a correlation between age-related de-
cline in HFSC activity and enhanced HFSC use. Moreover, they
highlight the special importance of enhanced BMP/NFATc1 sig-
naling in explaining many of the age-related changes in HFSCs
that we see.
In closing, a number of questions remain. Are there specific

NFATc1 target genes which are key to the aging process, or do
the constellation of age-related NFATc1 targets contribute col-
lectively? Why are so many genes down-regulated in their ex-
pression in aged HFSCs? A number of these are NFATc1 targets,
but is NFATc1 directly involved in their repression or are there
other contributing factors that account for this? Do non-NFATc1–
bound gene changes contribute to the intrinsic sensitivity that aged
HFSCs seem to have in BMP/NFATc1 signaling? If so, how? Are
there other factors that account for the use-related decline in self-
renewal observed in long-term passaging in vitro or repetitive
depilation in vivo, or will reducing BMP/NFATc1 signaling be
sufficient to restore long term the youthfulness of aged HFSCs?
Although beyond the scope of the present study, the answers to
these questions will assuredly continue to bring interesting new
twists to the fascinating process of aging in the skin.

Materials and Methods
Mice and Labeling Experiments. Aged (22–24 mo of age) C57BL6 animals were
obtained from the National Institutes of Aging aged rodent colony and
young animals (2–4 mo of age) were obtained from Jackson Laboratories.
For animals from the aged rodent colony, we specified animals with “good
hair coats” to avoid animals with clear signs dermatitis, fighting, scratching,
and inflammation. Aged animals used in this study were also given a quick
necropsy to discard animals with visible neoplasia. K14-RFP mice for in vitro
colony growth studies were generated previously (27). Depilation of HFs was
performed on anesthetized mice as described (42). For hair-plucking ex-
periments, back skin hairs were clipped and the area of hairs to be plucked
was marked using a template. Hairs were removed with forceps and moni-
tored for hair growth. For EdU pulse experiments, mice were injected i.p.
(50 μg/g) (Sigma-Aldrich) at times specified twice daily (12-h intervals). VIVIT
(10 mg/kg) was injected i.p. once daily. Parabosis surgeries were performed
as previously published (33). Parabiotic pairs were joined at 2 mo (young)
and 24 mo (aged) of age and were kept 2 mo before analysis. For Noggin
injections, recombinant mouse Noggin (R&D Systems) was injected intra-
dermally with FluoSpheres (Invitrogen) for 3 consecutive days. EdU was ad-
ministered 4 d after the last Noggin injection and animals were collected and
EdU incorporation was scored in the hair germs of follicles near the injection
site (marked by the FlouSpheres).

All animals were maintained in an American Association for the Accred-
itation of Laboratory Animal Care (AAALAC) International-approved Com-
parative Bio-Science Center at The Rockefeller University and procedures
were performed using institutional animal care and use committee-approved
protocols that adhere to the standards of the National Institutes of
Health (NIH).

Hair Cycle Study. For the monitoring of the hair cycle, young (2 mo) and aged
(24 mo) animals back skin hairs were trimmed with electric clippers and entry
of HFs into anagen was observed by hair regrowth and by the appearance of
darkening skin. Animals were checked on 3–4 d time intervals for 200 d and
areas that entered into anagen were recorded. An independent set of young
animals (n = 3) was used to monitor the second hair cycle and a second set
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Fig. 7. HFs of repetitively depilated young mice share similarities with those
of singly depilated aged mice. (A) Three-millimeter biopsy punches from back
skins of young and aged control and repeatedly depilated animals. n = 5
young; n = 4 aged. rnd, rounds. (B) Quantification of CD34+ α6-intergrin+

HFSCs in depilated animals by flow cytometry. Data are mean ± SEM. n.s.,
not significant. (C) Schematic diagram illustrating experimental timeline of
depilation experiment. By 7 mo of age, C57BL6/J animals undergo three to
four hair cycles. Animals that were repetitively depilated undergo eight hair
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control and repetitively depilated animals stained with Rhodamine B. (E)
Quantification of CFE and colony size. n = 4 for each group. Data are mean ±
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(n = 5) of young mice for cycles 3 and 4, for aged animals (n = 7). Mice were
singly caged to avoid anagen as a result of wounding. Areas where hair
growth was observed were retrimmed so future events could be observed.
To monitor individual areas for anagen and telogen entry, the back skin was
divided into 15 areas and the time intervals between the occurrences of
anagen were determined.

For analysis of hair cycle data, regions of skin that had entered into anagen
(based on pigmentation) were shaded on a to-scale map of back skin. These
mapswere scanned, digitized, and analyzed in a customMATLAB (MathWorks)-
based pipeline. Images of each time pointwere segmented using awatershed
algorithm, and both the area and number of anagen regions were calculated
and expressed as a percent of the 2D area of back skin, assumed to be the
same for all mice. To compare the overall pattern and frequency of anagen in
young and aged mice, segmented binary images of each time point were
summed over the 200 d analyzed, such that the image intensity in a given
region would correspond to the number of times it was found to be in
anagen. The summed image was smoothed using a median filter with a 64 ×
64-pixel window and displayed as a heat map.

RNA-Seq and Analysis. FACS-isolated HFSCs were sorted directly into TrizolLS
(Invitrogen). Three animals were pooled per condition. RNA was purified
using the Direct-zol RNA MiniPrep kit (Zymo Research) per manufacturer’s
instructions. Quality of the RNA for sequencing was determined using an
Agilent 2100 Bioanalyzer; all samples used had RNA integrity numbers >8.
Library preparation using the Illumina TrueSeq mRNA sample preparation
kit was performed at the Weill Cornell Medical College Genomic Core facility
(New York), and RNAs were sequenced on Illumina HiSEq 2000 machines.
Alignment of reads was done using Tophat with the mm9 build of the
mouse genome. Transcript assembly and differential expression was de-
termined using Cufflinks with Refseq mRNAs to guide assembly (47). Analysis
of RNA-seq data was done using the cummeRbund package in R (41).
Transcripts regulated both greater than and less than 1.5-fold were used in
Ingenuity Pathway Analysis (IPA) (Ingenuity Systems) to find enriched
functional annotations.

Cell Culture. HFSC viability was determined using trypan blue (Sigma) staining
using a hemocytometer after FACS isolation. Equal numbers of live cells were
plated, in triplicate, onto mitomycin C-treated dermal fibroblasts in E-media
supplemented with 15% (vol/vol) serum and 0.3 mM calcium (48). After
14 d in culture, cells were fixed and stained with 1% (wt/vol) Rhodamine B
(Sigma). Colony diameter was measured from scanned images of plates us-
ing Image J and colony numbers were counted. For long-term passaging, 10
colonies were individually cloned and grown for 20 passages. Holocone
formation was determined by growth and morphology of cells. To measure
adhesion in CFE assays, HFSCs from K14-RFP mice were seeded onto feeder
cells and allowed to adhere for 12 h. Media was changed and the number of
cells in 10 independent fields was counted. For colony growth, individual
colonies were imaged and cells were counted manually in the colonies. For
BMP4-treatment experiments, freshly isolated HFSCs grown in vitro for
12 d were serum starved for 24 h then treated with recombinant Bmp4 (R&D
Systems) at 100 ng/mL for 4 h. For Wnt treatment, cultures were treated with
Wnt3a (R&D Systems) at 100 ng/mL for 12 h. Cells were collected directly in
TRIzol (Invitrogen) and RNA was extracted for qRT-PCR (see qRT-PCR).

Histology and Immunofluorescence. Back skin tissues were embedded in op-
timal cutting temperature compound and frozen, cryosectioned (10–12 μm),
and fixed in 4% (wt/vol) paraformaldehyde and then subjected to immu-
nofluorescence microscopy or H&E staining as previously described (49). The
antibodies (and their dilutions) used were as follows: anti-LHX2 (rabbit,
1:1,000; laboratory of E.F.), anti-CD34 (rat, 1:100; Pharmingen), anti-GFP
(rabbit, 1:500; Invitrogen), anti-Ki67 (rabbit, 1:500; Novocastra), anti-NFATc1
(mouse, 1:500; Abcam), Id2 (rabbit, 1:1,000; BioCheck Inc.), KIT (rat, 1:1,000; BD
Pharmingen), Keratin 5 (guinea pig, 1:500; laboratory of E.F.), MITF (mouse,
1:100; Abcam), TYRP1 [rabbit, 1:1,000; a gift from V. J. Hearing (National
Cancer Institute, NIH, Bethesda, MD)]; Active Caspase-3 (Rabbit, 1:1,000;
R&D Systems), and anti-pSmad1/5/8 (rabbit, 1:1,000, Millipore). Secondary
antibodies conjugated to Alexa-488 and Alexa-647 (Molecular Probes) were
used for imaging. Nuclei were stained using 4′,6-diamidino-2-phenylindole
(DAPI). EdU staining was performed using the Click-iT EdU Alexa Fluor 488
Imaging Kit (Life Technologies) per manufacturer’s instructions. MOM Basic Kit
(Vector Laboratories) was used for blocking when primary antibodies were
generated from mice (Nfatc1 antibody). Preparation of tail skin whole-
mounts for imaging were done as described in ref. 50. Imaging was per-
formed on Zeiss Axioplan 2, Zeiss Apotome, and Zeiss Inverted LSM 780 laser

scanning confocal microscopes. Figures were prepared using ImageJ, Adobe
Photoshop, and Illustrator CS5.

Flow Cytometry. Preparation of adult mice back skins for isolation of HFSCs
and staining protocols were done as previously described (48). Briefly, s.c. fat
was removed from skins with a scalpel, and skins were placed dermis side
down on trypsin (Gibco) at 37 °C for 45 min. Single-cell suspensions were
obtained by scraping the skin to remove the epidermis and HFs from the
dermis. Cells were then filtered through 70-mm and then 40-mm strainers.
Cell suspensions were incubated with the appropriate antibodies for 30 min
on ice. The following antibodies were used for FACS: integrin α6 (eBio-
sciences, PE-conjugated), CD34 (eBiosciences, AlexaFluor 647-conjugated), and
Sca-1 (eBiosciences, Alexa Fluor 700-conjugated). DAPI was used to exclude
dead cells. Cell isolations were performed on FACSAria sorters running FACS-
Diva software (BD Biosciences). FACS analyses were performed using LSRII
FACS Analyzers and results analyzed with FlowJo. For EdU incorporation into
HFSCs, staining was performed using Click-iT EdU Alexa Fluor 488 Flow
Cytometry Kit (Life Technologies) per manufacturer’s instructions.

qRT-PCR. RNA was purified from FACS-sorted cells by directly sorting into
TrizolLS (Invitrogen) and purified using Direct-zol RNA MiniPrep kit (Zymo
Research). Equivalent amounts of RNA were reverse-transcribed by Super-
Script VILO cDNA Synthesis Kit (Invitrogen). cDNAs were normalized to equal
amounts using primers against β-actin. cDNAs were mixed with indicated
primers and Power SYBR Green PCR Master Mix (Applied Biosystems),
and qRT-PCR was performed on an Applied Biosystems 7900HT Fast Real-
Time PCR system. Primer sequences for qRT-PCR were obtained from Roche
Universal ProbeLibrary.

ChIP-Seq and Data Analyses. All materials, methods, and sequencing have
been described (23, 48). Independent immunoprecipitations were performed
on FACS-sorted populations from female mice. Cells (20 × 106) were used for
ChIP with anti-Nfatc1 antibody (Abcam, ab2796). Briefly, sorted cells were
cross-linked in 1% (wt/vol) formaldehyde solution, resuspended, lysed, and
sonicated to solubilize and shear cross-linked DNAs. For sonication, lysates
were treated with 1% (vol/vol) Triton X-100 and then subjected to a Bio-
ruptor Sonicator (Diagenode, UCD-200) according to a 30× regimen of 30-s
sonication followed by 60-s rest. The resulting whole-cell extract was in-
cubated overnight at 4 °C with 20 μL of Dynal Protein G magnetic beads
(Invitrogen) which had been preincubated with ∼10 μg of the appropriate
Ab. After ChIP, samples were washed, and bound complexes were eluted
and reverse–cross-linked.

ChIP DNA was prepared for sequencing. Adaptor Oligo Mix (Illumina) was
used in the ligation step. A subsequent PCR step with 25 amplification cycles
added the additional Solexa linker sequence to the fragments to prepare
them for annealing to the Genome Analyzer flow cell. After amplification,
a range of fragment sizes between 150–300 bp was selected and the
DNA was purified and diluted to 10 nM for loading on the flow cell.
Sequencing was performed on the Illumina HiSEq 2500 Sequencer fol-
lowing manufacturer protocols.

ChIP-Seq reads were aligned to themouse genome (mm9, build 37) using
Bowtie aligner (49, 51). The SPP software (52) was used for calling peaks
with data from ChIP input as controls. Annotated mouse RefSeq genes
with a peak at their promoter proximal [±2 kb of transcription start site
(TSS)], promoter distal (−50 to −2 kb of TSS), or gene body (+2 kb of TSS to ±2 kb
of transcription end site) were considered as targets. The Multiple EM for
Motif Elicitation (MEME) software suite (48, 53) was applied to 150-bp
sequences around the ChIP-Seq peak summits for enriched motifs, with the
program MEME for motif discovery and Motif Alignment and Search Tool
(MAST) for motif scanning (P value <0.0005). ChIP-Seq signal tracks were
presented by Integrative Genomics Viewer (IGV) software. ChIP-seq raw data
have been deposted in the Gene Expression Omnibus database (www.ncbi.
nlm.nih.gov/geo) (accession nos. GSE52328 and GSE48878).

Statistics. Student t test was used to determine the significance between two
groups with Prism5 software. Box-and-whisker plots are used to describe
the entire population without assumptions about the statistical distribution.
For all statistical tests, the 0.05 level of confidence was accepted as a sig-
nificant difference.
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