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SIRT7 activates quiescent hair follicle stem cells to
ensure hair growth in mice
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Abstract

Hair follicle stem cells (HFSCs) are maintained in a quiescent state
until activated to grow, but the mechanisms that reactivate the
quiescent HFSC reservoir are unclear. Here, we find that loss of
Sirt7 in mice impedes hair follicle life-cycle transition from telogen
to anagen phase, resulting in delay of hair growth. Conversely, Sirt7
overexpression during telogen phase facilitated HSFC anagen entry
and accelerated hair growth. Mechanistically, Sirt7 is upregulated
in HFSCs during the telogen-to-anagen transition, and HFSC-
specific Sirt7 knockout mice (Sirt7f/f;K15-Cre) exhibit a similar hair
growth delay. At the molecular level, Sirt7 interacts with and
deacetylates the transcriptional regulator Nfatc1 at K612, causing
PA28c-dependent proteasomal degradation to terminate Nfatc1-
mediated telogen quiescence and boost anagen entry. Cyclosporin
A, a potent calcineurin inhibitor, suppresses nuclear retention of
Nfatc1, abrogates hair follicle cycle delay, and promotes hair
growth in Sirt7�/� mice. Furthermore, Sirt7 is downregulated in
aged HFSCs, and exogenous Sirt7 overexpression promotes hair
growth in aged animals. These data reveal that Sirt7 activates
HFSCs by destabilizing Nfatc1 to ensure hair follicle cycle initiation.
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Introduction

Hair follicles (HFs) build up within 2 weeks after birth in mice to

produce what is considered a “mini-organ” in the skin (Stenn &

Paus, 2001). HFs undergo many growth–rest cycles over time; these

cycles comprise anagen (growth), catagen (regression), and telogen

(rest) phases that are driven by HF stem cells (HFSCs) (Millar, 2002;

Schmidt-Ullrich & Paus, 2005; Rishikaysh et al, 2014). These stem

cells are found within the HF outer root sheath (ORS), or “bulge”

(Cotsarelis et al, 1990). A complex molecular cascade accompanies

HF transition, comprising inhibited BMP and activated Shh and

Wnt/b-catenin/Lef-1 signaling (Sato et al, 1999; Botchkarev et al,

2001; Huelsken et al, 2001; Reddy et al, 2001). The BMP signal

maintains HFs in the telogen phase (Blanpain et al, 2004). If BMP is

antagonized by an inhibitory signal, such as de novo Noggin expres-

sion (Botchkarev et al, 2001), a new HF cycle is initiated that coin-

cides with the telogen-to-anagen transition. Here, Shh signaling

activates the Wnt/b-catenin/Lef-1pathway, which boosts cell prolif-

eration and hair shaft formation (Botchkarev et al, 2002; Alonso &

Fuchs, 2003; Andl et al, 2004; Zhang et al, 2006). During the

anagen-to-catagen transition, TGF-b1 signaling promotes HF degen-

eration by arresting keratinocyte proliferation arrest and inducing

apoptosis. The HF then returns to a quiescent state (Foitzik et al,

2000; Botchkarev & Kishimoto, 2003).

Hair thinning and loss are prominent characteristics of aging.

These features are largely attributable to HFSC reservoir depletion,

functional decline, and extended dormancy (Lei & Chuong, 2016). In

aged mice, HFSCs usually fail or delay to start a new hair cycle owing

to an imbalance between quiescence and activation signaling in HFs.

Numerous transcription factors, including Sox9, Tbx1, Lhx2, TCF3/

4, Foxc1 and Nfatc1, help maintain a quiescent and undifferentiated

HFSC status (Blanpain et al, 2004; Tumbar et al, 2004; Horsley et al,
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2008). For example, Foxc1 deletion compromises quiescence by

suppressing BMP and Nfatc1 signaling; this effect causes premature

HFSC activation (Lay et al, 2016; Wang et al, 2016). NFATc1 is

essential for HFSC quiescence (Horsley et al, 2008): During aging,

hyper-accumulation of nuclear Nfatc1 extends the dormant period of

HFSCs (Keyes et al, 2013). The precise mechanisms governing

NFATc1 dynamics in normal adult hair cycling and aging, however,

are poorly understood. Understanding the mechanisms that evoke

quiescent HFSCs is equally important to help treat or prevent age-

associated hair thinning and loss.

The sirtuin protein family is involved in regulating longevity (Wu

et al, 2018). Data from phenotypic analyses of knockout mice

suggest that Sirt1, Sirt6, and Sirt7 are potential longevity-associated

genes (Vakhrusheva et al, 2008; Kawahara et al, 2009; Kanfi et al,

2012; Satoh et al, 2013; Vazquez et al, 2016). Sirt7 is an NAD+-

dependent deacylase and its expression declines in senescent cells

(Blank & Grummt, 2017; Wu et al, 2018). Many studies have uncov-

ered links between Sirt7 and aging: Sirt7�/� mice have a shortened

lifespan by up to 50% and exhibit multiple aging phenotypes, includ-

ing hepatic steatosis, gonadal fat pad content depletion, cardiac

hypertrophy, and hematopoietic stem cell reduction (Shin et al,

2013; Ryu et al, 2014; Yoshizawa et al, 2014; Araki et al, 2015;

Mohrin et al, 2015; Tang, 2015; Vazquez et al, 2016; Tang et al,

2019). Here, using genetically modified mice, we aimed to explore

the role of Sirt7 in HFSCs and hair loss with aging.

Results

Loss of Sirt7 delays telogen-to-anagen transition in murine HFs

Loss of Sirt7 accelerates aging in mice (Vazquez et al, 2016). Hair

dysfunction is a common characteristic in the elderly. Remarkably,

we observed a notable decrease in Sirt7 expression in hair follicles

(HFs) in aged mice (18 months) compared to that of young mice

(3 months). By contrast, Sirt1 and Sirt6 exhibited only a marginal

change in expression level (Appendix Fig S1A). We thus focused

our attention on Sirt7. First, to examine the role of Sirt7 in aging-

related hair regeneration, we generated whole-body Sirt7 knockout

(KO) mice. Immunohistochemical (IHC) staining and Western blot-

ting confirmed that Sirt7 was expressed in Sirt7+/+ HFs (skin) but

was absent in Sirt7�/� HFs (skin) (Appendix Fig S1B and C). Sirt7�/�

and Sirt7+/+ mice showed only a marginal difference in the first

postnatal hair cycle (postnatal days P6, P10, P14, to P20), with

comparable levels of hair growth and color (Appendix Fig S1D and

E). This finding indicates that the initial HF morphogenesis per se is

not affected by Sirt7 loss.

To assess whether Sirt7 regulates adult hair growth, we shaved

the hair coat of female Sirt7+/+ and Sirt7�/� mice on postnatal day

(P) 60, when the HFs of both genotypes were in the second telogen

phase (Fig 1A). We evaluated hair coat recovery based on skin

pigmentation and hair shaft growth as described (Stenn & Paus,

2001; Chai et al, 2019). By P120, Sirt7+/+ mice recovered an almost

full hair coat, while the Sirt7�/� mice showed only ~ 25% recovery

(Fig 1A and B). In parallel, hematoxylin and eosin (H&E) staining of

the unshaved skin showed that at P90, a large population of Sirt7+/

+ HFs had developed to a full size, indicating the entry of anagen

phase, while Sirt7�/� HFs remained in telogen phase (Fig 1C, left).

By the time, the Sirt7�/� HFs had progressed into mid-anagen phase,

and at around P130, the Sirt7+/+ HFs had already moved to the next

telogen phase (Fig 1C, right). Once they enter anagen phase, P-

cadherin+ cells in the hair germ (HG) respond to growth signals and

become proliferative, as indicated by Ki67 expression (Horsley et al,

2008). Consistently, we observed high Ki67 expression at P74 (early

anagen) in Sirt7+/+ HGs, but low-to-no Ki67 in Sirt7�/� HFs even at

P90 (Fig 1D and E).

To confirm our findings, we generated a well-described depila-

tion model to induce homogenous and synchronized HF cycling

(Plasari et al, 2010). Seven days after depilation, the dorsal skin of

Sirt7+/+ mice showed deep pigmentation, indicating anagen entry,

while that of Sirt7�/� mice remained pink, indicative of telogen

phase (Appendix Fig S1F). Indeed, Sirt7�/� mice showed an

extended telogen phase by almost 30 days (Fig 1F). Together, these

data suggest that loss of Sirt7 delays the telogen-to-anagen transition

in murine HFs.

Induced Sirt7 expression shortens telogen phase and facilitates
anagen entry

We next asked whether forced Sirt7 expression in HFs in telogen

phase would promote anagen entry. We used an inducible Sirt7 trans-

genic mouse line (Sirt7-TG) (Tang et al, 2017), in which Sirt7 expres-

sion could be induced by doxycycline (Dox) at the desired time. Sirt7-

TG and wild-type (WT) littermate control mice were exposed to Dox

(2 mg/ml, dissolved in water) at P42, when the HFs of both geno-

types were both in telogen phase. We first confirmed Sirt7 overex-

pression by IHC staining at P56 (Appendix Fig S1G). Then, we

examined hair coat recovery after shaving the telogen dorsal hair at

P45. Strikingly, by P100, Sirt7-TG mice had recovered an almost full

hair coat, while their WT littermates recovered only up to 50% hair

(Fig 1G and H). Consistently, Sirt7-TG HGs showed prominent Ki67

expression by P65 (Fig 1I and J), significantly ahead of Ki67 expres-

sion in WT HGs, which was detectable from P74. Morphological anal-

ysis of the unshaved dorsal skin also suggested early anagen entry of

Sirt7-TG HFs compared to WT HFs (Fig 1K). Thus, forced Sirt7 over-

expression shortened the HF telogen phase by almost 20 days

compared to WT mice (Fig 1L). Taken together, we detected an unal-

tered first hair cycle but an altered second hair cycle in our Sirt7

mutants: Sirt7�/� mice showed an extended telogen phase and Sirt7-

TG mice showed a shortened telogen phase (Fig 1M).

Sirt7 deletion delays HFSC activation

HFSCs reside in the HF bulge: During hair regeneration in adult-

hood, these HFSCs undergo sequential activation and quiescence.

HF cycling is regulated by the amount of dynamic signals (Hsu et al,

2011). We noted that a burst of Sirt7 expression first appeared in

the HFSCs residing in the late telogen bulge. The expression levels

progressively increased during the telogen-to-anagen shift in Sirt7+/+

HFs, regardless of normal hair cycling or induction by depilation

(Fig 2A and B, and Appendix Fig S2A). By contrast, Sirt7 levels

remained constant in the interfollicular epidermis (IFE) and intra-

dermal white adipose tissue (dWAT), and almost comparable in the

sebaceous gland (SG) (Appendix Fig S2B–D). Thus, Sirt7 expression

in HFSCs was specifically coupled with hair cycling progression.

Consistently, anagen bulge HFSCs showed a 2-fold increase in Sirt7
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expression compared to those telogen bulge HFSCs (Appendix Fig

S2E).

Of note, CD34 staining and FACS analysis showed that the

number of HFSCs was comparable between Sirt7+/+ and Sirt7�/�

mice (Appendix Fig S2F and G). This finding was consistent with

our observation of normal HF morphogenesis in Sirt7�/� mice and

encouraged us to explore whether Sirt7 promotes HFSC activation.

To that end, we generated epidermal bulge stem cell-specific Sirt7
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Figure 1.
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KO mice (Sirt7f/f;K15-Cre) by crossing Keratin 15 (K15)-CrePGR (Cre

activation induced by mifepristone) mice to Sirt7 floxed mice (Sirt7f/f)

(Morris et al, 2004; Oshimori & Fuchs, 2012). At P42, we treated

Sirt7f/f;K15-Cre mice and Sirt7f/f littermates with mifepristone and

confirmed Sirt7 deletion in bulge stem cells by IHC staining at P74

(Appendix Fig S2H). Compared to other organs and tissues, only the

skin exhibited prominent Cre expression and a significant Sirt7

reduction by 50%, thus ruling out possible off-target effects

(Appendix Fig S2I). Notably, Sirt7f/f;K15-Cre mice possessed an

equivalent number of HFSCs compared to their littermate controls

(Appendix Fig S2J).

To assess the impact of Sirt7 loss in epidermal stem cells on HF

cycling, we clipped the dorsal hair of both genotypes at P60 (at

terlogen phase, Fig 2C) and monitored the subsequent hair growth.

Sirt7f/f control mice fully recovered the hair coat by P125, while

Sirt7f/f;K15-Cre mice presented an almost 50% recovery (Fig 2C and

D). This extension in telogen phase in Sirt7f/f;K15-Cre mice was

evidenced by H&E and low Ki67 staining in HG and bulge cells in

the Sirt7f/f;K15-Cre skin (Fig 2E–H). Additionally, the HFSC number

was comparable between Sirt7f/f;K15-Cre and Sirt7f/f mice (marked

by CD34) (Fig 2F, lower panel and Appendix Fig S2K), again impli-

cating that Sirt7 loss has little impact on HF development but shifts

HF cycling (Fig 2I).

To further confirm that Sirt7 contributes to HFSC activation, we

conducted a BrdU pulse-chase experiment in Sirt7+/+ and Sirt7�/�

mice following depilation-induced hair cycle synchronization at

telogen phase. Depilation removes an inner bulge layer of BMP6

and FGF18-expressing cells that consequently activates quiescent

HFSCs (Hsu et al, 2011). On post-depilation days 2 and 4, we

found that much fewer Sirt7�/� bulge cells incorporated BrdU,

indicating less activation of HFSCs at early anagen phase

(Appendix Fig S3A and B). Despite this apparent delay, the

number of BrdU-labeled bulge cells eventually increased in Sirt7�/�

HFs, indicating that Sirt7 deletion most likely delays rather blocks

HFSC activation. IFE/SG growth and dWAT expansion are highly

synchronized with the hair cycle (Li et al, 2001; Kruglikov &

Scherer, 2016; Reichenbach et al, 2018). Consistently, we observed

a similar delay in IFE/SG proliferation and dWAT expansion in

Sirt7�/� mice (Appendix Fig S3C–G).

To assess whether the effects of Sirt7 on HFSCs are cell autono-

mous, we labeled bulge SCs from Sirt7+/+, Sirt7�/�, and Sirt7-TG

mice as CD34+/integrin-a6+ and purified them by FACS from the

telogen phase HFs. The cells were allowed to grow for 14 days, as

described (Blanpain et al, 2004). We found that the Sirt7 deficiency

resulted in a lower number of colonies; by contrast, Sirt7 overex-

pression significantly boosted colony formation efficiency (CFE)

(Fig 3A and B). The Sirt7 KO colonies were also smaller in size than

the WT colonies; conversely, forced Sirt7 expression promoted

colony expansion (Fig 3C). Of note, we observed a minimal change

in the Annexin-V/PI signals between Sirt7+/+ and Sirt7�/� colonies

(Appendix Fig S3H). Further, the expression of the stem cell marker

Lgr5 (Jaks et al, 2008) was equivalent in Sirt7+/+ and Sirt7�/� colo-

nies, arguing against visible differences in stem cell differentiation

(Appendix Fig S3I). After four rounds of passaging, Sirt7+/+,

Sirt7�/�, and Sirt7-TG colonies shared comparable CFEs, indicative

of equivalent self-renewal abilities. Notably, Sirt7 KO colonies

derived from P4 were still smaller in size (Appendix Fig S3J–L),

which is suggestive of deficient proliferation as a result of Sirt7 loss.

Intriguingly, the level of CDK4, which is required for HFSC activa-

tion and proliferation (Horsley et al, 2008), was significantly down-

regulated in Sirt7�/� but elevated in Sirt7-TG colonies

(Appendix Fig S3M). Together, these data support that Sirt7 is

essential for HFSC activation during HF cycling.

Sirt7 counteracts Nfatc1 activity during HF progression

Multiple pathways are involved in dynamic HFSC activation, includ-

ing the Wnt/b-catenin, sonic hedgehog (Shh), BMP/SMAD1/5,

Notch1, BMP/NFATc1, and TGF-b/SMAD2/3 signaling pathways

(Kulessa et al, 2000; Andl et al, 2002; Oshimori & Fuchs, 2012;

Samuelov et al, 2012; Wang et al, 2016; Bassino et al, 2017). To

determine which of these signaling pathways might rely on Sirt7, we

◀ Figure 1. Sirt7 promotes HF telogen-to-anagen transition.

A The hair coats of Sirt7�/� and Sirt7+/+ mice were clipped on P60 in the mid-second telogen phase. Images were captured at P60, P120, and P150.
B The postnatal day when the hair coat recovered by 25, 50, 75, and 100% in shaved Sirt7�/� and Sirt7+/+ mice. n = 6 mice/genotype. Box-and-whisker plots: mid-line,

median; box, 25th and 75th percentiles; whiskers, minimum, and maximum.
C H&E staining of the skin in unshaved Sirt7�/� and Sirt7+/+ mice on P90 and P130.
D Representative immunofluorescence images showing Ki67 and p-cadherin (Pcad, labeling HG cells) expression in Sirt7�/� and Sirt7+/+ HFs on P74 and P90. The HF

boundary and dermal papilla (DP) are denoted by the dotted and dashed lines, respectively.
E Percent Ki67-positive cells in each hair germ in D; n = 3 mice and 10 HGs were counted in each mouse.
F Telogen duration in Sirt7�/� and Sirt7+/+ mice. n = 6 mice per genotype. Box-and-whisker plots: mid-line, median; box, 25th and 75th percentiles; whiskers, minimum,

and maximum.
G The hair coats of Sirt7-TG and WT mice were clipped on P45, and images were captured on P56 and P90.
H The postnatal day when the hair coat recovered by 25, 50, 75, and 100% in shaved Sirt7-TG and WT mice. n = 6 mice per genotype. Box-and-whisker plots: mid-line,

median; box, 25th and 75th percentiles; whiskers, minimum, and maximum.
I Representative immunofluorescence images showing Ki67 and Pcad expression in Sirt7-TG and WT HFs at P60 and P65. The HF boundary and DP are noted by the

dotted and dashed lines, respectively.
J The percentage of Ki67-positive cells in each HG; n = 3 mice, and 10 HGs were counted in each mouse.
K H&E staining of skin tissues in unshaved Sirt7-TG and WT mice on P65.
L Telogen duration in Sirt7-TG and WT mice. n = 6 mice per genotype.Box-and-whisker plots: mid-line, median; box, 25th and 75th percentiles; whiskers, minimum, and

maximum.
M Abstracted HF cycling in Sirt7�/�, Sirt7+/+, Sirt7-TG, and WT mice mentioned above. The red star indicates anagen entry in Sirt7�/� and Sirt7-TG mice; the black

arrows show the date of doxycycline feeding.

Data information: Scale bar, 50 lm for immunofluorescence images; 200 lm for H&E staining images. The data represent the means � s.e.m. **P < 0.01, ***P < 0.001,
determined by Student’s t-test.
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performed pathway screening by Western blotting. We found that

Sirt7 depletion significantly upregulated but Sirt7 overexpression

attenuated Nfatc1 expression in HFSC colonies, while other genes/

pathways were minimally affected (Fig 3D and E, and Appendix Fig

S3N). We validated this finding in human keratinocyte HaCaT cells:

Here, SIRT7 knockdown (KD) resulted in significantly elevated

NFATc1 expression, whereas SIRT7 overexpression dose depen-

dently downregulated NFATc1 protein levels (Fig 3F and G).

Nfatc1 is preferentially expressed in HFSCs, regulating dozens of

genes to maintain HFSC quiescence (Horsley et al, 2008; Keyes

et al, 2013). The attenuation of Nfatc1 is indispensable for HFSC

activation during natural HF cycling, i.e., the telogen-to-anagen

transition (Horsley et al, 2008). We thus went on to examine

whether SIRT7 inhibits NFATc1 transcriptional activity. Using an

NFAT-luciferase reporter assay in conjunction with the calcium

ionophore ionomycin and phorbol myristate acetate (Ino/PMA), we

found that SIRT7 overexpression in HEK 293T cells significantly

inhibited NFATc1 transcriptional activity (Fig 3H). These data indi-

cate a possible causal regulation of Nfatc1 signals by Sirt7.

Intriguingly, the decline in Nfatc1 levels coincided with Sirt7

induction in bulge HFSCs from P56 to P74 in Sirt7f/f mice (Fig 3I,

left). Conversely, Sirt7 deletion in HFSCs led to Nfatc1 nuclear

retention even at P74 in Sirt7f/f;K15-Cre mice (Fig 3I, right). We

also observed prolonged Nfatc1 nuclear accumulation during the

telogen-to-anagen transition in Sirt7�/� mice (Appendix Fig S3O)

but Nfatc1 elimination even in the early telogen phase in Sirt7-TG

bulge cells (Fig 3J). These results suggest that Sirt7 counteracts

Nfatc1 activity to maintain HFSC quiescence. To test this possibil-

ity, we compared the expression profiles of Nfatc1 target genes in

HFSC colonies isolated from Sirt7�/�, Sirt7+/+, and Sirt7-TG mice.

Here, Nfatc1 downstream genes were enriched in Sirt7�/� HFSCs

(Fig 3K). By contrast, a reversal of the gene expression profiles

was observed in Sirt7-TG HFSCs (Fig 3L). Together, these data

implicate that Sirt7 inhibits Nfatc1 signaling in HFs during the

telogen-to-anagen transition.

Sirt7 deacetylates Nfatc1

We noticed a marginal change in NFATc1/Nfatc1 mRNA levels upon

Sirt7 KD or KO (Appendix Fig S4A and B), and thus reasoned that

Sirt7 might regulate Nfatc1 via a post-translational modification. We

first examined whether SIRT7 interacts with NFATc1. Indeed, SIRT7

co-immunoprecipitated with NFATc1 (Fig 4A), and reciprocally,

NFATc1 was observed in the anti-SIRT7 immunoprecipitates

(Fig 4B). We also detected an endogenous interaction between

SIRT7 and NFATc1 in HEK 293T cells (Fig 4C). Furthermore,

in vitro GST pull-down assay confirmed that the interaction was

direct (Fig 4D). We next performed domain mapping to identify

which portion of the SIRT7 protein mediates the interaction with

NFAT1c. After N- or C-terminal deletion, we found that the SIRT7

catalytic domain (CA) specifically interacted with NFATc1 (Fig 4E).

Meanwhile, the NFATc1 regulatory domain (N domain), which

regulates NFATc1 stability and nuclear import, bound to SIRT7

(Fig 4F). Moreover, endogenous interaction between SIRT7 and

NFATc1 was observed in human keratinocyte HaCaT cells (Fig 4G

and H).

SIRT7 belongs to the sirtuin family of deacetylases (Blank &

Grummt, 2017). We thus examined whether NFATc1 is deacetylated

by SIRT7. Using pan acetyl lysine antibodies, we found that SIRT7

overexpression greatly decreased NFATc1 acetylation levels; this

effect was abolished upon nicotinamide (NAM)—a general sirtuin

inhibitor—treatment (Fig 4I). By contrast, overexpression of an

enzyme dead SIRT7 mutant (H187Y) had little effect on NFATc1

acetylation levels (Fig 4J). Likewise, we observed similar increase

in endogenous NFATc1 in HaCaT cells subjected into SIRT7 knock-

down by siRNAs (Appendix Fig S4C). Together, these data implicate

that NFATc1 is a target of SIRT7 deacetylase.

We next investigated which deacetylation sites are occupied by

SIRT7. We screened for acetyl lysines of NFATc1 after NAM treat-

ment through LC-MS/MS (noting that NAM robustly enhanced over-

all acetylation levels) and found K612 as a novel NFATc1

acetylation site (Appendix Fig S4D). We reason that K612 is likely a

major deacetylation site for sirtuins because the acetylation levels of

the NFATc1-K612R mutant were insensitive to NAM (Appendix Fig

S4E). These findings encouraged us to examine whether SIRT7

directly deacetylates NFATc1 at K612 in vitro and in vivo. Here, we

found that SIRT7 efficiently erased acetyl groups from WT-NFATc1

but had no marked visible effect on the NFATc1 K612R mutant

(Fig 4K and L). SIRTs 1, 2, and 6 have similar functions as SIRT7 in

terms of their deacetylase activity (Blank & Grummt, 2017). We thus

examined the interactions between NFATc1 and Sirt1/2/6/7.

Profoundly, SIRT7 appeared to have the strongest binding of

NFATc1 (Appendix Fig S4F), emphasizing the unique role of SIRT7

in NFATc1 regulation.

◀ Figure 2. Sirt7 deletion delays HFSC activation.

A, B IHC labeling of Sirt7 and Ki67 expression in the skin at different HF phases in the second hair cycle and in the depilation-induced hair cycle in WT mice. P56, P69,
P74, and P84 indicate the postnatal day in the second hair cycle. Pd, post-depilation. Dashed line indicates bulge (Bu) of a hair follicle, and solid line indicates the
Ki-67-positive staining region.

C The hair coats of Sirt7f/f and Sirt7f/f;K15-Cre mice were clipped at P60, and images were captured on P60, P125, and P150.
D The postnatal day of hair coat recovery by 25, 50, 75, and 100% in shaved Sirt7f/f and Sirt7f/f;K15-Cre mice. n = 6 mice per genotype. Box-and-whisker plots: mid-

line, median; box, 25th and 75th percentiles; whiskers, minimum, and maximum.
E H&E staining of the skin in Sirt7f/f and Sirt7f/f;K15-Cre mice at P100.
F Representative immunofluorescence images showing Ki67/Pcad expression (upper) and Cd34/Ki67 expression (lower) in Sirt7 fl/fl and Sirt7f/f;K15-Cre HFs on P56,

P74, and P85. The white dashed line indicates bulge of hair follicle.
G The percentage of Ki67-positive cells per HG; n = 3 mice and 10 HGs were counted in each mouse.
H Ki67-positive cells per bulge; n = 3 mice and 10 bulges were counted in each mouse.
I Schematic illustrating the HF cycle in Sirt7f/f and Sirt7f/f;K15-Cre mice after mifepristone-induced Cre activation. The arrow indicates the time of mifepristone

treatment (details in Materials and Methods); the red star indicates the end of the telogen phase in Sirt7f/f;K15-Cre HFs.

Data information: Scale bar, 50 lm for IHC and immunofluorescence images, 200 lm for H&E staining images. The data represent the means � s.e.m. *P < 0.05,
**P < 0.01, ***P < 0.001, obtained by Student’s t-test.
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SIRT7 promotes nuclear NFATc1 degradation

NFATc1 is prone to phosphorylation and subsequent degradation

in the cytoplasm (Porter et al, 2000). We thus asked whether

there is an intrinsic interplay between NFATc1 deacetylation and

phosphorylation. We found that a constitutively active form of

GSK-3b (CA-GSK-3b), which phosphorylates nuclear NFATc1 at

the SP motif (Beals et al, 1997b; Neal & Clipstone, 2001), signifi-

cantly attenuated NFATc1 acetylation levels. By contrast, LiCl, a

GSK-3b inhibitor, inhibited this phosphorylation but increased

NFATc1 acetylation (Fig 4M). Notably, CA-NFATc1, which mimics

constitutive de-phosphorylation by mutating serines to alanines in

SRR/SP (Neal & Clipstone, 2003), exhibited hyper-acetylation

(Fig 4N).

We then asked whether SIRT7 regulates NFATc1 phosphoryla-

tion via K612 deacetylation. As shown, the K612R mutant,

mimicking hypoacetylation, possessed much higher phosphoryla-

tion levels than WT and K612Q, which mimics the hyper-acety-

lated form of NFATc1 (Fig 4O). Given that NFATc1

phosphorylation is causally linked to degradation, we next

explored whether SIRT7-mediated deacetylation contributes to

NFATc1 degradation. To this end, we constructed a HEK293T cell

line with stable expression of ectopic NFATc1 to exclude the

potential effects of transcription. A cycloheximide (CHX) chase

assay showed that ectopic SIRT7 expression accelerated NFATc1

degradation compared to an empty vector (EV) control (Fig 5A

and B). Conversely, endogenous Nfatc1 protein was more stable

in Sirt7�/� mouse keratinocyte (MK) cells and SIRT7 knockdown

HaCaT cells (Fig 5C and D, and Appendix Fig S4G). In addition,

HA-SIRT7 promoted the NFATc1 protein turnover rate, while the

H187Y mutant had negligible effects (Fig 5E and F).

As SIRT7 mainly localizes in the nucleus, we asked whether

SIRT7 deacetylase activity mediates NFATc1 degradation in the

nucleus. Indeed, CA-NFATc1, which confers constitutive nuclear

import, was more sensitive to degradation upon SIRT7 overexpres-

sion in HEK293T cells (Fig 5G and H). Of note, MG132 treatment

inhibited NFATc1 degradation induced by ectopic SIRT7, indicating

that this event occurs in a proteasome-dependent manner. In addi-

tion, compared to WT NFATc1, the K612R mutant underwent faster

turnover, underlining that SIRT7-mediated deacetylation directly

affects NFATc1 degradation (Fig 5I and J).

We next examined how SIRT7 mediates NFATc1 degradation.

We first assessed the activity of the ubiquitination–proteasome

system. Surprisingly, SIRT7 overexpression had little effect on

NFATc1 ubiquitination (Appendix Fig S4H), suggesting that ubiqui-

tination-independent proteasomal degradation occurs. PA28c is a

proteasome activator that predominantly localizes in the nucleus

(Wilk et al, 2000). Of particular note, hair regrowth in Pa28c�/�

mice is delayed to a similar degree as that seen in Sirt7�/� mice (Li

et al, 2013). We thus asked whether SIRT7 regulates NFATc1 degra-

dation via PA28c. Indeed, FLAG-tagged PA28c interacted with

NFATc1, and this interaction was enhanced upon SIRT7 overexpres-

sion (Fig 5K). Consistently, SIRT7 knockdown prevented the bind-

ing of endogenous NFATc1 and PA28c (Fig 5L), while SIRT7

overexpression caused the opposite effect in HaCaT cells

(Appendix Fig S4I). Further, through truncated domain analysis, we

found that PA28c recognized the C-terminal DNA binding domain of

NFATc1, in which K612 resides (Appendix Fig S4J). PA28c knock-

down attenuated SIRT7-mediated NFATc1 degradation (Fig 5M and

N, and Appendix Fig S4K), while overexpression of HA-SIRT7, but

not the H187Y mutant, promoted NFATc1 binding to PA28c
(Fig 5O). We thus conclude that SIRT7 promotes nuclear NFATc1

degradation via PA28c and a deacetylation-mediated interaction.

Cyclosporin A treatment restores hair growth in Sirt7�/� mice

Having identified a mechanism by which Sirt7 regulates Nfatc1

stability, we next tested whether Nfatc1 underlies Sirt7-mediated HF

cycling progression. As NFATc1 suppresses HFSC proliferation, we

examined whether SIRT7 mediated deacetylation of NFATc1

imposes growth inhibition in actively proliferative HaCaT cells. As

determined by 2-D single cell colony-forming assay, cells expressing

NFATc1-K612Q generated fewer tight colonies and displayed signifi-

cant expansion arrest compared to cells expressing NFATc1-K612R

(Appendix Fig S5A and B).

The Ca2+/calmodulin-dependent serine phosphatase calcineurin

dephosphorylates NFATc1 to promote its nuclear import (Goldstein

et al, 2014). Cyclosporin A (CsA), a potent calcineurin inhibitor,

suppresses this import and thus blocks NFATc1 nuclear activity

(Hogan et al, 2003). After shaving the back hair at telogen phase,

we exposed the skin of Sirt7�/� mice to CsA, aiming to inhibit

Nfatc1. IHC analysis showed that CsA treatment significantly attenu-

ated Nfatc1 nuclear accumulation at P84 in Sirt7�/� mice, while the

vehicle-treated Sirt7�/� HFs maintained a normal nuclear level of

Nfatc1 (Fig 6A and B). Sirt7�/� HFs exposed to CsA showed strong

Ki-67 staining at P84 at a similar level as Sirt7+/+ HFs, indicating

◀ Figure 3. Altered expression of Nfatc1 in Sirt7-modified mice.

A Representative colonies formed by Sirt7+/+, Sirt7�/�, and Sirt7-TG bulge SCs that were purified from telogen-phase HFs and allowed to grow for 2 weeks.
B, C Quantifications of colony number and size in (A); n = 3 mice per genotype.
D, E Immunoblot analysis of the indicated proteins in HFSC colonies from Sirt7+/+, Sirt7�/�, and Sirt7-TG mice (D) and Nfatc1 protein levels were quantified using

ImageJ Plus 6.0 (E, n = 3 mice for each group).
F Immunoblot analysis of the NFATc1 expression level in human keratinocyte HaCaT cells treated with SIRT7 siRNAs.
G Immunoblot analysis of the NFATc1 expression in the presence of ectopic SIRT7 expression in HaCaT cells.
H NFATc1 luciferase activity was monitored in HEK293T cells after the indicated treatments (n = 3). The relative luciferase activity was determined by dual-luciferase

reporter assay.
I, J IHC analyses of Nfatc1 expression in hair follicles of Sirt7f/f, Sirt7f/f;K15-Cre, and Sirt7-TG mice at the indicated time points. The black dashed line indicates the

bulge (Bu) of hair follicle.
K, L qPCR analysis of Nfatc1-targeted genes in HFSC colonies cultured from Sirt7+/+, Sirt7�/�, and Sirt7-TG mice, n = 3 for each genotypes.

Data information: Scale bar, 50 lm for the IHC images. The data represent the means � s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001, determined by Student’s t-test.

Source data are available online for this figure.
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HFSC activation and anagen entry (Fig 6C and D). Furthermore,

most of the CsA-treated Sirt7�/� HFs progressed to anagen phase,

whereas adjacent untreated skin HFs remained quiescent (Fig 6E).

Consequently, it seems that CsA treatment largely improved hair

coat recovery in Sirt7�/� mice (Fig 6F). Altogether, these data

suggest that Nfatc1 accumulation in telogen phase contributes to the

HF cycling delay in Sirt7�/� mice.

Sirt7 overexpression prevents age-related hair dysfunction

Aging-related hair thinning and hair loss are prominent characteris-

tics in humans and mice. These phenotypes are largely attributable

to the extended dormancy of HFSCs. As Sirt7 is associated with

aging progression and it initiates HFs cycling, we postulated

whether it might also be involved in age-related hair dysfunction.

Interestingly, we observed a significantly lower level of Sirt7 in aged

HFs (18 months), regardless of telogen or anagen phase, compared

to young HFs (3 months) (Appendix Fig S5C). We confirmed this

downregulation in Sirt7 expression in HFSCs from aged mice

(Fig 7A). Consistently, stronger nuclear Nfatc1 retention coincided

with Sirt7 downregulation in aged HFSCs compared to young HSFCs

at telogen phase (Fig 7B–D). Of note, cH2AX foci were significantly

prominent in the 18 months old mice, indicating the aging HFs

(Appendix Fig S5D and E).

We next asked whether Sirt7 decline accelerates aging-related

hair thinning and loss. Sirt7�/� mice displayed severely diffuse

patterns of hair thinning and expressed higher Nfatc1 levels in

HFSCs compared to Sirt7+/+ mice at 15 months of age (Fig 7E–G).

We then examined whether reinforcing Sirt7 expression could

restore hair growth in aged mice. In our depilation model, we

observed faster hair regrowth in plucked Sirt7-TG mice than in

control mice at 20 months of age (Fig 7H and I). Moreover, aged

Sirt7-TG mice showed a faster hair coat recovery rate compared to

WT mice (Fig 7J). Importantly, Sirt7-TG mice exhibited a higher

density of hair shafts, even at 28 months of age compared to WT

mice (Fig 7K). These data suggest that the Sirt7–Nfatc1 axis regu-

lates age-related hair dysfunction and that boosting Sirt7 might

benefit hair regeneration.

Discussion

Adult stem cells are essential to help drive tissue regeneration

and maintain homeostasis in multiple organs over a lifetime of

environmental and physical insult to the body. Depletion or

permanent quiescence of the stem cell pool underlies degeneration

in various organs during aging (Ermolaeva et al, 2018). The

sirtuin family members Sirt1, Sirt6, and Sirt7 are critical to ensur-

ing hematopoietic stem cell homeostasis and function

(O’Callaghan & Vassilopoulos, 2017). Here, we identified SIRT7 as

a key activator of the telogen-to-anagen transition in cycling HFs:

It achieves this function by promoting deacetylation-induced

degradation of NFATc1.

Sirt7 levels sharply decrease in HFSCs with aging; this decrease

contributes, at least in part, to the prolonged HFSC quiescence

observed in aged mice. When we reinforced Sirt7 in old mice by

overexpression, we observed a significant improvement in aging-

associated hair dysfunction. Sirt1 and Sirt6 possess stronger

deacetylase activity than Sirt7 (Wu et al, 2018): This finding elicits

the interesting question of whether Sirt1, Sirt6, and Sirt7 have

redundant roles in HFSCs. Unlike Sirt7, we did not observe any

obvious or strong interaction between Sirt1, Sirt2, Sirt6, and Nfatc1

(Appendix Fig S4F), suggesting that these sirtuin family members

are unlikely to act as Nfatc1 deacetylases in this context. Moreover,

neither Sirt7 knockout nor overexpression markedly affected Sirt1,

Sirt2, or Sirt6 mRNA levels in HFSC colonies (Appendix Fig S5F and

G), arguing against the existence of potential functional redundancy.

These data suggest that Sirt7 might have a rather specific role in

regulating HF cycling.

In the telogen phase, BMP signaling transcriptionally upregu-

lates NFATc1 and activates the calcium–NFATc1–CDK4 circuitry

to govern HFSC quiescence (Horsley et al, 2008; Fujimura et al,

2011; Keyes et al, 2013). When calcium signaling is activated,

NFATc1 is dephosphorylated by calcineurin, exposing the masked

nuclear localization signals (NLSs), and then translocates to the

nucleus to regulate transcription (Flanagan et al, 1991; Clipstone

& Crabtree, 1992; Gafter-Gvili et al, 2003). Calcineurin dephospho-

rylates the serine-rich region (SRR) and the serine-proline rich 1

(SP1), SP2 and SP3 motifs within the NFATc1 amino terminus

(Beals et al, 1997a). Several studies disclose that PCAF/P300

acetylases are associated with NFATc1 nuclear import (Garcia-

Rodriguez & Rao, 1998). NFATc1 acetylation strengthens its stabi-

lization and nuclear retention and consequently sustains NFATc1-

induced signaling that regulates diverse physiological functions

(Kim et al, 2011). To initiate anagen entry, activating signals

antagonize BMP signaling to terminate NFATc1 transcription

(Horsley et al, 2008); however, nuclear-retained NFATc1 might

still serve to resist or delay anagen entry.

◀ Figure 4. SIRT7 deacetylates NFATc1 at K612.

A, B Immunoblot analysis of the interactions between ectopic HA-SIRT7 and FLAG-NFATc1in HEK293T cells.
C Co-immunoprecipitation (CoIP) between endogenous NFATc1 and SIRT7 in HEK293T cells.
D Immunoblots showing endogenous NFATc1 pull down by GST-SIRT7 in HEK293T cells.
E Immunoblot analysis of HA-SIRT7 WT and various mutants in the anti-His-NFATc1 immunoprecipitates. ΔN indicates N-terminal deletion; ΔC indicates C-terminal

deletion; AC indicates N-terminal and C-terminal deletion.
F Immunoblot analysis of HA-SIRT7 levels in truncated FLAG-NFATc1 immunoprecipitates. N indicates the N-terminal domain; C indicates C-terminal domain.
G, H Immunoblot analysis of the interactions between endogenous NFATc1 and SIRT7 in keratinocyte HaCaT cells.
I, J Immunoblot analysis of NFATc1 acetylation levels in response to the indicated treatments.
K, L Immunoblot analysis of NFATc1-WT/K612R acetylation based on SIRT7 deacetylation assays in vitro (K) and in vivo (L).
M, N Immunoblots showing NFATc1 pan phosphorylation (probing to anti-S/T antibody) and acetylation levels under the indicated treatments.
O Immunoblot analysis of NFATc1 phosphorylation among K612 mutants, noting that K612R represents deacetylation while K612Q hyper-acetylation.

Source data are available online for this figure.
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GSK-3b-mediated phosphorylation of nuclear NFATc1 promotes

NFATc1 nuclear export (Beals et al, 1997b; Neal & Clipstone, 2001);

here, NFATc1 undergoes ubiquitination and proteasomal degrada-

tion in the cytoplasm in resting cells (Porter et al, 2000; Crabtree &

Olson, 2002). We found that Sirt7-mediated K612 deacetylation and

GSK-3b-mediated phosphorylation synergize to regulate nuclear

NFATc1. PA28c located in the nucleus activates 20S proteasome-

mediated proteolysis (Realini et al, 1997; Mao et al, 2008).

Although the precise mechanism as to how PA28c recognizes its

substrates is unclear, we know that it elicits efficient proteolysis

A B C D
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I
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N O

J K

Figure 5. SIRT7 promotes NFATc1 degradation via PA28c.

A Representative immunoblots showing NFATc1 degradation in HEK293T cells stably overexpressing NFATc1 in the presence of cycloheximide (CHX), with or without
SIRT7 overexpression.

B Quantification of NFATc1 levels in (A) from 3 independent experiments.
C Immunoblots of Nfatc1 protein levels in Sirt7+/+ and Sirt7�/� keratinocytes.
D Quantification of Nfatc1 levels in (C) from 3 independent experiments.
E, F Immunoblots (E) and related quantitative data (F, n = 3) showing NFATc1 protein levels in HEK293T cells overexpressing wild-type HA-SIRT7 or a SIRT7 enzyme-

dead mutant (H187Y).
G, H Immunoblots (G) and quantitative data (H, n = 3) showing NFATc1 levels in HEK293T cells transfected with NFATc1-CA, with or without ectopic SIRT7, treated

with MG132.
I, J Immunoblots (I) and related quantitative data (J, n = 3) showing NFATc1-WT and NFATc1-K612R protein turnover in HEK293T cells.
K, L Immunoblots showing the interaction (by co-immunoprecipitation) between ectopic NFATc1/PA28c in HEK293T cells (K) or endogenous NFATc1/PA28c in HaCaT

cells (L) after manipulating SIRT7 levels.
M, N Immunoblot (M) and quantitative data (N, n = 3) analysis of NFATc1 levels upon overexpression of HA-SIRT7 with or without PA28c oligo siRNA treatment.
O Co-immunoprecipitation between NFATc1 and PA28c in HEK293T cells cotransfected with WT HA-SIRT7 or an enzyme-dead mutant (H187Y).

Data information: The data represent the means � s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001, determined by Student’s t-test.

Source data are available online for this figure.
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after basic residues (Wilk et al, 2000; Li et al, 2001). Interestingly,

PA28c strongly interacts with the NFATc1 DNA binding domain

(DBD), wherein K612 is embedded. The K612R mutation, which

mimics hypoacetylated NFATc1, enhances the interaction with

PA28c and subsequent degradation. We speculate that K612

deacetylation by SIRT7 releases a free basic lysine that helps to fully

expose the basic residue cluster (GKKM) in NFATc1 and activate

PA28c-mediated proteasome hydrolysis. We propose that Sirt7-

mediated Nfatc1 deacetylation and subsequent degradation might

act as a key mechanism to quickly eliminate nuclear Nfatc1, thus

granting quick telogen-to-anagen transition. Indeed, quiescent stem

cells minimize the transcription and translation rate to reserve the

limited energy supply for normal function maintenance (Ermolaeva

et al, 2018).

Despite these findings, it remains unanswered how Sirt7

expression is manipulated during the telogen-to-anagen transition.

TGF-b signaling is transiently activated in HFSCs at an early stage

of the hair cycle (Oshimori & Fuchs, 2012). Data from several

studies have suggested that SIRT7 is associated with TGF-b signal-

ing (Araki et al, 2015; Tang et al, 2017, 2020). In this regard,

future work should study whether TGF-b signaling regulates Sirt7

expression during HF phase transition. How severe loss of Sirt7

expression in HFSCs occurs in aged mice is also an interesting

question to address in future studies. HFSCs are long-lived prolif-

erative cells that suffer from damage accumulation and epigenetic

alterations during repetitive HF cyclings, thus leading to aging-

related permanent quiescence (Matsumura et al, 2016). Consis-

tently, prominent cH2AX is observed in HFs from aged mice

(Appendix Fig S5D and E). Of note, SIRT7 is important for

genome maintenance (Li et al, 2016; Vazquez et al, 2016; Tang

et al, 2019); therefore, in aged mice, a decline in Sirt7 will not

only fail to evoke HFSCs from quiescence, but might also cause

DNA damage accumulation in HFSCs leading to permanent exit

from the cell cycle. Addressing the mechanism that regulates

dynamic Sirt7 expression during HF cycling might, therefore,

provide a promising target for clinical translation.

In summary, we show that Sirt7 facilitates the onset of the hair

cycle by promoting NFATc1 degradation in a deacetylation-depen-

dent manner. An aging-conferred decline in Sirt7 levels reinforces

HFSC quiescence, while Sirt7-restoration ameliorates aging-related

hair dysfunction. These findings highlight SIRT7 as a potential new

target for ameliorating aging-related hair loss.

A

D E F

B C

Figure 6. Cyclosporin A abrogates HF cycling delay induced by Sirt7 deletion.

A IHC staining of Nfatc1 expression in HFs on P84 in Sirt7+/+ and Sirt7�/� mice with or without Cyclosporin A (CsA) treatment. The black dashed line indicates bulge
(Bu) of hair follicle.

B Quantitative analysis of Nfatc1 levels in (A, n = 10 hair follicles) using ImageJ plus 6.0.
C Immunofluorescent staining of Ki67 and Pcad at P84 in Sirt7+/+ and Sirt7�/� HFs with or without CsA treatment.
D The percentage of Ki67-positive cells per HG in (C, n = 10 hair follicles).
E H&E staining of the skin in the indicated treatment groups at P100.
F Representative images showing hair coat recovery after the indicated treatments. The dashed circle indicates the shaved area; the dotted line indicates the hair

growth boundary.

Data information: Scale bars, 50 lm for the IHC and immunofluorescence images and 200 lm for the H&E images. The data represent the means � s.e.m. ***P < 0.001,
determined by Student’s t-test.
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Figure 7. Sirt7 associates with aging-related hair dysfunction.

A Immunoblot analysis of Sirt7 expression in young (3M) and aged (18M) HFSCs. #1, #2, #3 represented individual mice. Below, quantification of Sirt7 protein levels;
n = 3 mice for each group; the Y-axis represents the relative band intensity (measured with ImageJ®) normalized to the signal in young mice.

B–D Immunofluorescence and IHC staining of Nfatc1 and Sirt7 in HFs of young (3 months) and old (18 months) mice (B), and the relative levels of Sirt7 and Nfatc1-
positive cells in the bulge (C, D). The white/black dashed line indicates bulge (Bu) of hair follicle.

E Images were captured of the hair coats of Sirt7+/+ and Sirt7�/� mice at 15 months. The yellow dashed lines indicate hair thinning or hair loss.
F Immunofluorescence and IHC staining of Nfatc1 and Sirt7 in HFs of 15-month-old Sirt7+/+ and Sirt7�/� mice. The white/black dashed line indicates bulge (Bu) of

hair follicle.
G Quantification of Nfatc1-positive cells per bulge in (F, n = 10 hair follicles).
H Images captured of the skin in the plucked regions (blue dotted lines) of WT (3 months), aged WT (20 months) and aged Sirt7-TG mice (20 months), 14 days after

depilation. Pigmentation of the skin indicates hair regrowth. n = 3 mice per genotype.
I Hair regrowth scores were analyzed for young WT, old WT and old Sirt7-TG mice in (H), n = 3 mice for each group.
J The hair coat recovery score (described in Materials and Methods) after the back hair of old WT and old Sirt7-TG mice was shaved. n = 3 mice per genotype.
K Images captured of the hair coats of WT and Sirt7-TG mice at 28 months of age. The yellow dashed lines indicate the hair thinning or hair loss regions.

Data information: Scale bars, 50 lm for the IHC and immunofluorescence images. The data represent the means � s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001,
determined by Student’s t-test.

Source data are available online for this figure.
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Materials and Methods

Animals

Sirt7�/� mice were generated by Cyagen by CRISPR-Cas9 technique

(Guangzhou, China). The Sirt7�/� mice were backcrossed for at

least three generations to separate potential off-target deletions.

Sirt7-TG mice were generated and bred as previously described

(Tang et al, 2017). Sirt7 overexpression was induced by oral appli-

cation of Dox diluted in the drinking water to a final concentration

of 1 mg/ml at the indicated time for at least 7 days. For in vivo

experiments using CsA, mice dorsal skins were treated with 0.5%

CsA or vehicle (64% EtOH, 20% propyleneglycol, 16% water) for

7 days. A K15-CrePGR mouse was used to achieve Sirt7 deletion in

HFSCs. To activate Cre expression, mice were treated with mifepris-

tone topically on their dorsal skin during telogen once a day for

7 days (12 mg in ethanol), as previously described (Morris et al,

2004; Lay et al, 2018). All mice were maintained under specific-

pathogen-free conditions and the procedures were performed in

accordance with the instructions and permissions of the ethical

committee on the Use of Live Animals in Teaching and Research of

Shenzhen University.

Hair cycle analysis

Hair cycle analyses were based on skin pigmentation, as previously

described (Stenn & Paus, 2001). In brief, shaved hair coat recovery

values from 0 to 100% were calculated based on skin pigmentation

levels and hair shaft density (Chai et al, 2019). For example, 0%

indicated no hair growth (and no pigmentation); 50% indicated full-

length hair growth on 50% of the dorsal skin area or pigmentation

on 100% of the dorsal skin area without hair shafts; 70% indicated

full-length hair growth on 70% of the dorsal skin or pigmentation

on 100% of dorsal skin with 30–40% hair shafts; 100% indicated

full-length hair growth on 100% of the dorsal skin.

Immunohistochemical (IHC) and immunofluorescence (IF)
staining

Back skins were harvested from mid-dorsal areas based on hair

cycle stages that were determined as described above (Muller-Rover

et al, 2001; Chai et al, 2019). H&E staining and IHC/IF were

performed as previously described (Oshimori & Fuchs, 2012). The

antibodies used for IHC or IF included the following: SIRT7 (EMD

Millipore, ABE103, 1:50 dilution), Ki67 (Abcam, ab15580, 1:600

dilution), P-cadherin (R&D System, AF761, 1:200 dilution), CD34

(eBioscience, 14-0341-82, 1:400 dilution), NFATc1 (Santa Cruz, sc-

7294, 1:50 dilution), anti-Brdu (Abcam, ab6326, 1:200 dilution),

SIRT1 (Abcam, ab110304, 1:100 dilution), and SIRT6 (Abcam,

ab62739, 1:100 dilution). The following fluorescence-labeled

secondary antibodies were used in current study: Donkey anti-

Mouse IgG(H+L), Alexa Fluor Plus 594 (Invitrogen, A32744, 1:500

dilution); Donkey anti-Rabbit IgG(H+L), Alexa Fluor Plus 594 (Invit-

rogen, A32754, 1:500 dilution); Donkey anti-Rabbit IgG(H+L), Alexa

Fluor Plus 488 (Invitrogen, A32790, 1:500 dilution), Donkey anti-

Rat IgG(H+L), Alexa Fluor Plus 594 (Invitrogen, A-21209, 1:500

dilution); and Donkey anti-goat IgG(H+L), Alexa Fluor Plus 488

(Invitrogen, A-11055, 1:500 dilution).

Cell culture

HEK293T (embryonic kidney cell line) and HaCaT (immortalized

human keratinocyte cell line) cells were cultured in Dulbecco’s

modified Eagle’s medium (DMEM, high glucose) with 10% FBS

and penicillin–streptomycin antibiotics in a 5% CO2 incubator at

37°C. All cells were tested by PCR to confirm that they were not

contaminated by mycoplasma (TaKaRa PCR Mycoplasma Detec-

tion Set, Japan). To isolate HFSCs, HF cells were isolated by fluo-

rescence-activated cell sorting (FACS) labeling stem cell surface

marker a6-integrin (CD49f) and CD34. For HFSC functional analy-

ses, equal numbers of live cells (20,000) were plated (n = 3) onto

mitomycin C (MMC)-treated dermal fibroblasts in E-media supple-

mented with 15% serum and 0.3 mM calcium. After growing for

14 days, the cells were fixed and stained with 1% (wt/vol)

rhodamine B (MCE). Colony numbers were counted, and the

colony size was measured using Image J. To generate MK cells,

mixed skin cells isolated from Sirt7�/�, Sirt7-TG mice and WT

littermates were plated in a collagen I/Fibronectin-coated dish

and maintained in keratinocyte growth medium (KGM, Lonza,

Swiss) with 15% FBS (Gibco), 20 ng/ml mouse recombinant

VEGF-A, 20 ng/ml human recombinant FGF-2, 5 lM Y27632, and

50 lM CaCl2.

Cell transfection and RNA interference

Plasmid and siRNA transfections were performed using Lipofec-

tamine3000� (Thermo, USA), following the manufacturer’s instruc-

tions. Custom siRNA oligos were synthesized by GenePharma

(Shanghai, China). To obtain lentiviral particles, 10 lg lentiviral

construct, 10 lg pSPAX2, and 5 lg pMD2G were co-transfected into

HEK293T cells using Lipofectamine3000� (Thermo, USA). After

~ 48 h of transfection, the supernatants were collected and filtered

through a 0.22-lm membrane (Merck, Germany). Virally infected

cells were selected with 1 lg/ml puromycin (Merck, Germany) to

obtain stable clones. The sequences of siRNAs used in this study are

listed in Appendix Table S1.

NFATc1 activation assay

An NFAT-luc plasmid was purchased from Addgene (#17870, USA).

To evaluate NFATc1 activity, NFAT-luc activity was measured using

a Dual-luciferase reporter Assay System (Promega, USA). Briefly,

HEK293T cells in a 24-well plate were transfected with 100 ng

NFATc-luc, 25 ng pKL4 Renilla luciferase control plasmid, and a

SIRT7 construct using Lipofectamine 3000� (Thermo, USA). After

24 h, the cells were treated with 100 nM phorbol myristate acetate/

2.5 lM ionomycin for an additional 4 h. Finally, NFATc1-luc activ-

ity was determined based on firefly luciferase activity normalized

against Renilla luciferase, in accordance with the manufacturer’s

instructions.

RNA purification and real-time qPCR

Total RNA was isolated using TRIzol� reagent and RNAiso Plus

(Takara, Japan). Total mRNA was reverse transcribed into cDNA

using 5× Primescript� RT Master Mix (Takara). Quantitative real-

time PCR was performed using 2× SYBR Green Mix (Takara) in a
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Bio-Rad detection system. The primer sequences are provided in

Appendix Table S1.

Plasmids

FLAG-NFATc1 and His-PA28c were purchased from Vigenebio. CA-

NFATc1 was purchased from Addgene (#11793). The SIRT7-related

plasmids used were described in our previous study (Tang et al,

2017). NFATc1 lysine mutants were generated using a QuikChange

Site-Directed Mutagenesis Kit (Stratagene). All constructs were veri-

fied by DNA sequencing (GENEWIZ, Guangzhou).

Protein extraction and immunoblotting

Protein extracts for immunoblotting were prepared in Laemmli load-

ing buffer (0.1 M Tris–HCl (pH 7.0), 4% SDS, 20% glycerol, 1 mM

DTT, and protease inhibitors); then, equal amounts of protein were

separated by SDS–polyacrylamide gel electrophoresis and trans-

ferred to PVDF membranes (Millipore). The membranes were

blocked for 1 h in 5% non-fat milk, and then incubated with

primary antibodies in 3% BSA at 4°C overnight. After incubating

with an HRP-coupled secondary antibody for 1 h, the immunoblots

were visualized on a Bio-Rad system. The following antibodies were

used in this research: SIRT7 (Santa Cruz, sc-365344, 1:3,000 dilu-

tion), NFATc1 (Abcam, ab2796, 1:1,000 dilution), b-catenin (CST,

8480, 1:1,000 dilution), active-b-catenin (CST, 19807, 1:1,000 dilu-

tion), PA28c (CST, 2412, 1:1,000 dilution), SMDA1 (CST, 6944,

1:1,000 dilution), p-SMDA1 (CST, 13820, 1:1,000 dilution), Gli2

(CST, 2585S, 1:1,000 dilution), PTCH2 (CST, 2470, 1:1,000 dilution),

SMAD2/3 (CST, 5678S, 1:1,000 dilution), pSMAD2(Ser465/467)/

SMDA3(Ser423/425) (CST, 8828S, 1:1,000 dilution), CDK4 (Abcam,

ab137675, 1:2,000), Pan acetyl-lysine (Abcam, ab21623, 1:500 dilu-

tion), Phospho-serine/threonine(p-S/T) (ECM Bioscience, PM3801,

1:2,000 dilution), H3K9ac (BioVision, 6872-25, 1:2,000 dilution),

Msa His (ProteinTech, 66005-1-Ig, 1:5,000 dilution), HA-tag (Sigma-

Aldrich, H3663, 1:5,000 dilution), Flag-tag (Sigma-Aldrich, F3165,

1:5,000 dilution), a-Tubulin (Beyotime, AT819, 1:5,000 dilution),

and GAPDH (Beyotime, AG019, 1:5,000 dilution). Quantifications of

the immunoblotting results were made using Image-Pro Plus 6.0.

Immunoprecipitation (IP)

Cells were first lysed in IP lysis buffer [150 mM NaCl, 25 mM Tris–

HCl (pH 7.9), 5 mM MgCl2, 10% glycerol, 0.2 mM EDTA, 0.1% NP-

40, and protease inhibitors (Roche Complete)]. Cleared cell lysates

were then incubated with antibodies or control IgGs coupled to

15 ll Protein A/G agarose beads (Invitrogen, USA) at 4°C for 4 h

under rotation. The immunoprecipitates were washed, eluted in

Laemmli loading buffer, and analyzed by immunoblotting.

GST pull-down assay

Cells were lysed in lysis buffer [120 mM KCl, 20 mM Tris–HCl (pH

7.9), 5 mM MgCl2, 0.2 mM EDTA, 10% glycerol, 0.2% NP-40, and

protease inhibitors (Roche Complete)], then incubated with 1 lg
GST or GST-SIRT7 protein immobilized on Glutathione-Sepharose

4B (GE) at 4°C overnight. The beads were washed, eluted in

Laemmli loading buffer, and then analyzed by immunoblotting.

LC-MS/MS analysis

Flag-NFATc1 transfected into HEK293T cells followed by NAM

(MCE, HY-B0150) treatment was enriched using anti-Flag beads

(Sigma-Aldrich) and separated by SDS-PAGE. After tryptic digestion,

the peptides were subjected to NSI source followed by tandem mass

spectrometry (MS/MS) in Q ExactiveTM Plus (Thermo) coupled

online to the UPLC. The peptides were then selected for MS/MS

using the NCE setting as 28, and the fragments were detected in the

Orbitrap at a resolution of 17,500. A data-dependent procedure was

followed that alternated between one MS scan followed by 20 MS/

MS scans with 15.0 s dynamic exclusion. Automatic gain control

(AGC) was set at 5E4. The resulting MS/MS data were processed

using Proteome Discoverer 1.3. Peptide confidence was set at high,

and peptide ion score was set > 20.

Statistical analyses

The data represent the means � s.e.m. Statistical differences were

determined by Student’s t-test using Prism or Microsoft Excel. A

P < 0.05 was considered statistically significant.

Expanded View for this article is available online.
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