Received: 11 September 2020 | Revised: 5 February 2021

'.) Check for updates

Accepted: 15 February 2021

DOI: 10.1111/exd.14307

CONCISE COMMUNICATION

Experimental Dermatology WILEY

Inhibition of pyruvate oxidation as a versatile stimulator of the
hair cycle in models of alopecia

Aimee Flores??® | Sekyu Choi®

'Department of Molecular Cell and
Developmental Biology, UCLA, Los
Angeles, CA, USA

?pelage Pharmaceuticals, Inc., Los
Angeles, CA, USA

3Department of Stem Cell and
Regenerative Biology, Harvard University,
Cambridge, MA, USA

“Division of Dermatology, David Geffen
School of Medicine, UCLA, Los Angeles,
CA, USA

>Molecular Biology Institute, UCLA, Los
Angeles, CA, USA

%Broad Center for Regenerative Medicine,
UCLA, Los Angeles, CA, USA

Correspondence

William E. Lowry, Department of
Molecular Cell and Developmental
Biology, UCLA, 621 Charles E. Young
Drive South, Los Angeles, CA 90095, USA.
Email: blowry@ucla.edu

Funding information

National Institute of Arthritis and
Musculoskeletal and Skin Diseases, Grant/
Award Number: NIH 5R01AR070245-03;
Pelage Pharmaceuticals, Inc., Grant/Award
Number: 20184937

1,24,5,6

| Ya-Chieh Hsu®*® | William E. Lowry

Abstract

Hair follicle stem cells (HFSCs) are known to be responsible for the initiation of a new
hair cycle, but typically remain quiescent for very long periods. In alopecia, or hair
loss disorders, follicles can be refractory to activation for years or even permanently.
Alopecia can be triggered by autoimmunity, age, chemotherapeutic treatment, stress,
disrupted circadian rhythm or other environmental insults. We previously showed
that hair follicle stem cells and the hair cycle can be manipulated by regulation of pyru-
vate entry into mitochondria for subsequent oxidation to fuel the TCA cycle in normal
adult mice with typical hair cycling. Here, we present new data from our efforts to
develop murine models of alopecia based on environmental triggers that have been
shown to do the same in human skin. We found that inhibition of pyruvate transport
into mitochondria can accelerate the hair cycle even during refractory hair cycling due
to age, repeated chemotherapeutic treatment and stress. Hair cycle acceleration in
these alopecia models led to the formation of histologically normal hair follicles within
30-40 days of treatment without any overt signs of toxicity or deleterious effects.
Therefore, we propose inhibition of pyruvate entry into mitochondria as a versatile

treatment strategy for alopecia in humans.
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1 | BACKGROUND

The hair cycle is known to proceed through various stages of rest
(telogen), reactivation (anagen) and degradation (catagen).! The
cycle is known to be regulated by a variety of factors both intrin-
sic and extrinsic, including signalling cascades, transcription factors,
systemic stress and ageing. How these signals act on the hair fol-
licle has been fleshed out over the last 40 years, and new players
are recognized each year.* One target population for this regula-
tory scheme is hair follicle stem cells (HFSCs) in the bulge and hair
germ.>>"8 These cells are known to lie dormant for long periods be-
tween hair cycles and activate at the start of a hair cycle.” ! They

are known to be sensitive to stimulation by signalling cascades such

© 2021 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

as Wnt, FGF and BMP, and their quiescence is known to be main-
tained by transcription factors such as Nfatc, Foxcl and Tcf3.41%71¢
Recent work from our laboratory and others have shown that manip-
ulation of cellular metabolism in hair follicle stem cells can regulate
their activation and consequentially the hair cycle itself.”2° At the
start of a new hair cycle, progenitor cells in the hair germ are the
first to show signs of activation upon migration of hair follicle stem
cells from the bulge into the hair germ.8 Then, hair follicle stem cells
in the bulge are replenished through self-renewal.® Therefore, the
first sign of hair cycle activation (exit from telogen) is proliferation
in the hair germ.

Previously, it was shown that human hair follicles in gen-

eral use both aerobic glycolysis and glutaminolysis to power their
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metabolism.?!2® We used recombination with K15CrePR1 to show
that murine hair follicle stem cells in the bulge and hair germ take
more advantage of glucose uptake and generation to lactate than
their epidermal counterparts.18 We found that hair cycle activation
happens coincident with increased lactate dehydrogenase activity
in the bulge and that deletion of the enzyme responsible for this
activity blocks the ability of bulge and hair germ cells to initiate a
new hair cycle. Conversely, we showed that activation of Ldh ac-
tivity by induction of Ldh enzyme production can stimulate the hair
cycle. Finally, we showed that genetic or pharmacological inhibition
of pyruvate entry into the mitochondria can increase Ldh activity
and accelerate the hair cycle as well. Inhibition of pyruvate oxidation
via blockade of the mitochondrial pyruvate carrier (MPC) complex is
known by studies in several species and contexts to increase Ldh ac-
tivity by providing more substrate for the enzyme to convert to lac-
tate. UK5099 is a bona fide inhibitor of the MPC carrier complex and
is known to block pyruvate from entering the mitochondrion, which
then leads to increase conversion of pyruvate to lactate via the lac-
tate dehydrogenase enzyme.?*"?¢ This is the same enzyme we pre-
viously showed was critical to hair cycle activation and initiation of
the hair cycle.18 In both mice and lower organisms, treatment of cells
with UK5099 is known to effectively increase Ldh activity.?+2%27:28

We and others also showed that inhibition of the electron trans-
port chain in the skin can also lead to stimulation of Ldh activity and
activation of the hair cycle.r??73% All these studies showed that in-
creased Ldh activity or inhibition of the electron transport chain cor-
relates with an accelerated hair cycle, but none of them determined
whether direct inhibition of MPC could stimulate the hair growth
in models of alopecia. With the development of UK5099 and ana-
logues, it is possible that a simple topical compound could be used to
treat hair loss, but first this must be shown to be feasible in authentic
models of alopecia.

Therefore, we exploited existing knowledge of causes of alo-
pecia and adapted them to determine whether MPC inhibition is a
viable method to promote hair growth in response to a variety of
deleterious stimuli. We took advantage of murine models of alopecia
due to ageing, repeated rounds of chemotherapy and environmen-
tal stress.®"” Two of these models have been in use for decades
(Ageing and Chemo), and a third has been appreciated, but not quan-
tified until more recently (Stress). In each case, the alopecia appears
in adult animals after shaving, where regions of the backskin show
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patches of bald skin that appear to persist for at least months in some
cases, or permanently in others. In most cases, little is known about
how to reverse this refractory telogen, with the exception of minox-
idil, a popular pharmaceutical.®® In each case, inhibition of MPC was
able to accelerate the hair cycle without causing deleterious effects,
presumably by restoring hair follicle stem and progenitor cells (bulge
and hair germ) activation in follicles that had become refractory to

activation.

2 | EXPERIMENTAL DESIGN

2.1 | Age-induced alopecia

Like humans, ageing mice show altered regenerative hair capacity.
Although hair follicles in ageing skin retain their stem cell compart-
ments, they cycle more slowly and remain in prolonged telogen.
Several studies have shown that this deterioration in regenerative
ability can be due to signalling defects intrinsic to stem cells, the
niche or both.3837 Age-associated changes in the extra-niche mac-
roenvironment has also been shown to play a key role in modu-
lating hair follicle regeneration.38’41 As in humans, ageing in mice
leads to the greying and thinning of hair.*>"** The presence of hair
follicle stem cells in aged skin potentially provides an avenue to
restart the hair cycle. In previous studies, MPC inhibition was suf-
ficient to accelerate a transition from telogen to anagen in adult
animals earlier than normal. However, we did not show that this
would also work in aged animals, where follicles are refractory to
initiation of anagen. Shaving mice that were at least 18 months of
age routinely yielded backskin with patchy fur, with some regions
appearing to be completely resistant to anagen initiation over
weeks to months. Ageing in these mice prior to treatment was also
obvious from simple observation as the skin was flaky, wrinkled
and drier than in young mice (Figure 1A). Complete methods are
provided in Appendix S1.

2.2 | Chemotherapy-induced alopecia

Next, we attempted to develop a model of chemotherapy-induced
alopecia. A fraction of all people taking cytotoxic chemotherapies

FIGURE 1 Pharmacological inhibition of Mpc1 promotes hair cycle activation in Ageing Mice. (A) Animals treated topically with UK-

5099 (20 pM) show pigmentation and hair growth, indicative of entry into anagen, after 12 days of treatment. Full anagen, indicated by full
coat of hair, is achieved after 30 days of treatment. Mice treated topically with vehicle control show less pigmentation and hair growth at
both Day 12 and Day 30. (B) Graph showing the average percent hair coverage after 30 days of topical treatment with UK-5099 (20 pM) or
Vehicle. n = 12 mice per condition. Shown as mean + SEM. Paired t test was performed, p < 0.05. (C) Graph showing no difference in the
average number of follicles between Vehicle and UK-5099 (20 pM)-treated mice, but differences in average number of follicles in telogen,
transition and anagen, right graph. n = 8 mice per condition. Shown as mean + SEM. Paired t test was performed, p < 0.05. (D) Skin pathology
showing that UK-5099-treated animals have more follicles in anagen at Day 30 typified by down growth of the follicle and hypodermal
thickening, while vehicle control-treated animals show more follicles remained in telogen. Images shown are representative of at least 8 mice
from 3 independent experiments. Scale bars indicate 100 micrometres. (E) Immunofluorescence staining for proliferation (Ki67) in HFSCs
(Sox9) showing increased proliferation of hair germ cells in UK-5099-treated animals after 30 days of topical treatment. Images shown are
representative of at least 8 mice from 3 independent experiments. Scale bars indicate 50 micrometres. (F) Quantification of Kié7-positive
cells in hair follicle bulge and hair germ of Vehicle and UK5099-treated aged mice. n = 12 follicles per condition. Shown as mean + SEM
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experience permanent hair loss.*>*8 These patients suffer from alo-
pecia even though their follicles are intact,*>*¢ because the follicles
appear to be stuck in telogen. Cyclophosphamide-induced alope-
cia in C57BL/6J mice captures key features of the chemotherapy-
induced hair loss that is seen in patients with cancer and has been
shown to be a clinically relevant model for studying the biology of
chemotherapy-induced hair loss in humans.3+4%°° Chemotherapy-
induced damage and recovery patterns of hair depend on various
factors including dosage, type of chemotherapeutic agent and
treatment schedule. While chemotherapy-induced alopecia is usu-
ally reversible, permanent hair loss can occur in patients treated
with repetitive high-dose chemotherapeutic agents, and additional
studies are needed to study the effects of multiple treatments of
chemotherapeutic agents specifically on hair follicles.’**">* To
mimic this situation in a murine model, we treated mice with mul-
tiple rounds of the chemotherapeutic cyclophosphamide.*¢>> After
each round of treatment, the mice lost their hair, and then the hair
regrew (Figure 2A). However, after 6-8 rounds of chemotherapy and
hair cycling, the hair coat came back in thinner, the result of fewer
follicles re-entering anagen (Figure 2A), consistent with what is ob-

served in some patients taking chemotherapies.

2.3 | Alopeciadue to chronic stress

Chronic stress is also known to induce reversible alopecia. In vivo
and in vitro mouse models have demonstrated that chronic stress
is significantly associated with hair loss, and the presence of stress-
mediating substances such as cortisol, prolactin and substance P can
inhibit hair growth.3¥%¢75? A new understanding of this phenomena
was recently described to be due to sympathetic nerve innervation
directly on hair follicle stem cells.®®*% In murine models of stress
(circadian, auditory, ambulatory),64 it was shown that shaving mice
during adult telogen leaves animals without hair for an extended
period (Hsu et al, in revision) through corticosterone signalling.
Different strains of mice react differently to various methods of
stress application, and C57BL/6 mice have been shown to be par-

ticularly sensitive to most stressors. In this study, C57BL/6 mice
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were exposed to chronic socioenvironmental stressors for several
weeks.®* We used this model to determine whether MPC inhibition
could overcome stress-induced alopecia. First, we modelled stress
by subjecting mice to various noxious stimuli as described in *and
Hsu et al., in review,%® and found that after shaving the backskin, hair
did not grow back for an extended period (Figure 3A).

3 | RESULTS

We treated aged mice with either Vehicle (Transderma PLO gel or
Neutrogena lotion) or Vehicle +UK5099 (20 uM). Treatment is topi-
cal, with 200 microliters of formulation applied every other day onto
shaved skin. We then observe hair regrowth and chronicle the hair
cycle by taking photographs and quantifying pigmentation and then
the emergence of hair. Aged mice treated with UK5099 grew back
hair with greater coverage than vehicle alone, suggesting that this
drug was activating dormant follicles. UK5099 increased the cov-
erage area of hair by roughly twofold (Figure 1B) macroscopically.
After 30 days of treatment, tissue was harvested, and microscopic
analysis showed increased percentage of follicles entering anagen,
without affecting the number of follicles in total (Figure 1C). The
evidence points to a reactivation of dormant follicles by UK5099, as
shown by the ratio of follicles in telogen versus anagen (Figure 1C).
The histology of the skin in both vehicle and UK5099-treated condi-
tions was similar with no overt differences except for hair follicles
in anagen (Figure 1D). Furthermore, immunostaining for markers
of proliferation and hair follicle stem cells showed that the first re-
sponse to MPC inhibition was proliferation in the hair germ, as ex-
pected in the two-step model described above (Figure 1E).

We next shaved mice undergoing the chemotherapy paradigm
and then treated with vehicle or UK5099 to see whether blocking py-
ruvate oxidation could promote reactivation of dormant follicles. We
harvested tissue from these animals once the macroscopic pheno-
type became apparent, which was typically 30 days after treatment
began. Treatment of mice with UK5099 led to increased hair growth
versus vehicle in much the same way it did in aged mice (Figure 2B-D).

This happened without new hair follicles being formed, nor with any

FIGURE 2 Pharmacological inhibition of Mpc1 promotes hair cycle activation in Chemotherapy-treated mice. (A) Wild-type C57BL/6)J
mice treated intraperitoneally with multiple rounds of low dose (120 mg/kg) chemotherapeutic cyclophosphamide. Mice lost and regrew
their hair thinner after each round. After 8 rounds of chemotherapy little to no hair growth was observed. (B) Animals treated topically with
UK-5099 (20 pM) show pigmentation and hair growth, indicative of entry into anagen, after 14 days of treatment. Full anagen, indicated by
full coat of hair, is achieved after 30 days of treatment. Mice treated topically with vehicle control show less pigmentation and hair growth
at both Day 12 and Day 30. (C) Graph showing greater average percent hair coverage after 30 days of topical treatment with UK-5099

(20 pM) compared with Vehicle. n = 12 mice per condition. Shown as mean + SEM. Paired t test was performed, p < 0.05. (D) Graph showing
no difference in the average number of follicles between Vehicle and UK-5099 (20 pM)-treated mice, but differences in average number

of follicles in telogen, transition and anagen, right graph. n = 12 mice per condition. Shown as mean + SEM. Paired t test was performed,

p < 0.05. (E) Skin pathology showing that UK-5099-treated animals have more follicles in anagen at Day 30 typified by down growth of

the follicle and hypodermal thickening, while vehicle control-treated animals show more follicles remained in telogen. Images shown are
representative of at least 12 mice from 3 independent experiments. Scale bars indicate 100 micrometres. (F) Immunofluorescence staining
for proliferation (Ki6é7) in HFSCs (Sox9) showing increased proliferation of stem cells in UK-5099-treated animals after 30 days of topical
treatment. Images shown are representative of at least 12 mice from 3 independent experiments. Scale bars indicate 50 micrometres. (G)
Quantification of Ki67-positive cells in hair follicle bulge and hair germ of Vehicle and UK5099-treated mice following chemotherapy. n = 12

follicles per condition. Shown as mean + SEM
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dramatic alterations to normal hair morphology, as judged by histol-
ogy and staining for markers of various cell types within the follicle
(Figure 2E,F). Together, these data appear to be consistent with the
effect of MPC inhibition observed in ageing mice; the treatment with
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MPC inhibitor led to an activation of refractory hair germs, and an
increased number of follicles entering anagen (Figure 2).

Finally, in animals undergoing the chronic stress paradigm, we
also found that topical application of UK5099 drove an acceleration
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FIGURE 3 Pharmacological inhibition of Mpc1 promotes hair cycle activation in Stressed Mice. (A) Both control and stressed animals
treated topically with UK-5099 (20 uM) show pigmentation and hair growth, indicative of entry into anagen, after 14 days of treatment.

Full anagen, indicated by full coat of hair, is achieved after 30 days of treatment. Control mice treated topically with Vehicle show less
pigmentation and hair growth at both Day 12 and Day 30. Stressed mice treated topically with Vehicle show no hair growth and only minimal
pigmentation even after 30 days. (B) Skin pathology showing that UK-5099-treated animals have more follicles in transition at Day 30 while
vehicle control treated, and stressed animals show more follicles remained in telogen. Images shown are representative of at least 6 mice
from 2 independent experiments. Scale bars indicate 100 micrometres. (C) Immunofluorescence staining for proliferation (Kié7) in HFSCs
(Sox9) showing increased proliferation in UK-5099 treated animals after 30 days of topical treatment. Images shown are representative of

at least 8 mice from 3 independent experiments. Scale bars indicate 50 micrometres. right graph Quantification of Ki67-positive cells in hair
follicle bulge and hair germ of Vehicle and UK5099-treated mice following stress. n = 12 follicles per condition. Shown as mean + SEM. (D)
Graph showing greater average percent hair coverage after 30 days of topical treatment with UK-5099 (20 pM) compared with Vehicle.n = 6
mice per condition. Shown as mean + SEM. Paired t test was performed, p < 0.05. right, Graph showing no difference in the average number
of follicles between Control, Stressed, Vehicle and UK-5099 (20 pM)-treated mice, but differences in average number of follicles in telogen,

transition and anagen, far right graph. n = 4 mice per condition. Shown as mean + SEM. Paired t test was performed, p < 0.05

of hair follicle activation and growth in patches of the backskin
(Figure 3A). Tissue was again harvested once the phenotype be-
came apparent. Microscopic analysis demonstrated that application
of UK5099 induced telogen to anagen transition without deleterious
effects on the histology of the skin, or changes to numbers of hair
follicle stem cells (Figure 3B-E).

Taken together, these data are consistent with the notion that sev-
eral forms of alopecia can occur without permanent disruption of hair
follicle stem cells and that MPC inhibition can be an effective method
to promote activation of the hair cycle. The fact that MPC inhibition
was successful at regulating the hair cycle in three different models of
alopecia is consistent with the notion that pyruvate metabolism can be

an important intrinsic regulator of hair follicle stem cell function.

4 | CONCLUSIONS AND PERSPECTIVES

Here, we found that MPC inhibition can promote an acceleration of
the hair cycle in several models of alopecia where follicles are re-
fractory to activation due to environmental stressors. Our previous
studies demonstrated that MPC inhibition was sufficient to accel-
erate the typical adult hair cycle. Left unknown from these studies
was whether MPC inhibition could activate follicles that are dormant
due to various other stressors not assessed here. By further devel-
oping models of alopecia due to age, chemotherapy or stress, this
study also opens avenues to more deeply understand the regulatory

mechanisms driving hair follicle stem cell activation and the hair
cycle.

This study also raises important questions for future studies. For
instance, while MPC inhibition was able to overcome refractory hair
cycles, we did not determine whether defects in metabolism are trig-
gers for alopecia due to environmental or systemic insults. This type
of study will require a systematic exploration of metabolomics with
radiotracers on isolated cell types across different timepoints in the
various models. Our previous studies with metabolomic analysis did
not employ radio-tracing metabolites and sorting cell types due to
technical limitations, but this is an active area of investigation.

In addition, this current work does not define specifically a role
for MPC inactivation particularly in hair follicle stem cells in the
bulge or hair germ. Our previous study used molecular genetics to
target the Mpc1 deletion to the HFSC population using a K15CrePR
promoter-driven strategy. This method directs recombination to
both HFSCs in the bulge and the hair germ. We found that dele-
tion of Mpc1l in the bulge and hair germ could affect the hair cycle,
whereas deletion in other cell types of the follicle was unable to have
an effect. Those data coupled with numerous studies over the years
showing that HFSCs are critical for regulation of the hair cycle leads
us to presume that the effects of MPC inhibition seen here were in-
deed acting on the bulge and hair germ. Here, we focused our efforts
on showing the effect of MPC inhibition in the context of multiple
models of alopecia, using a topical approach that inhibits MPC in all
cell types of the epidermis and the follicle. Therefore, in this study,
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we cannot say for certain that the effect seen was due to MPC inhi-
bition strictly in the HFSCs.

It is tempting to speculate that MPC inhibition could be a poten-
tial clinical avenue to promote hair growth in a variety of settings,
including those described here. Previous efforts to exploit metabolic
manipulation to regulate the hair cycle focussed on just the normal
cycle, not in settings where entry to anagen is refractory. Because
the treatment is effective as a topical pharmaceutical, one could
argue that there is a clear path to the clinic. However, to justify trans-
lation to the clinic, it is first essential to determine whether human
bulge and hair germ cells are subject to the same type of unique
metabolic pattern that has been found in murine follicles. Even if
the pattern is conserved, there is no guarantee that MPC inhibition
would promote the hair cycle in human follicles, where there appear
to be numerous similarities and differences with murine follicles.*¢®
Regardless, it will be challenging to determine whether human fol-
licles functionally respond to MPC inhibition in a similar fashion as
murine follicles until clinical studies can be initiated.
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Materials and Methods

Animal experiments

All animal experiments and related procedures were performed in accordance with protocols
approved by the Institutional Animal Care and Use Committee (IACUC) at UCLA in facilities
overseen by the UCLA Department of Laboratory Animal Medicine (DLAM). Male wildtype
C57BL/6J animals were obtained from The Jackson Laboratory (Stock No: 000664). No
statistical measure was used to determine the sample size beforehand. The results described
include data from all treated animals. The investigators were not blinded to allocation during the
experimental data collection, nor were the experiments randomized. The results shown are
representative images from at least three independently treated animals per condition as

denoted in each experimental legend.

Age-induced Alopecia

Aged male C57BL/6J mice were obtained from Jackson Laboratories at 78 weeks old (Stock
No0:000664). Upon arrival, mice showed thinning and greying hair. Mice were shaved and
observed for hair regrowth. This was repeated three times until the hair no longer grew back to
full coverage. Mice were 87 weeks at start of topical treatment. Mice were treated topically with
either Transderma Plo gel (Vehicle) or 20uM UK5099 in Vehicle every other day for 30 days.
200ul of lotion was applied evenly to the backskin of mice using a cotton swab. Macroscopic
observations were made, and at the end of 30 days, tissue was harvested, embedded in OCT,
sectioned and histology performed. Immunofluorescence staining was performed with the

following antibodies: Ki67 (Abcam ab16667, 1:50), Sox9 (Abcam ab185230, 1:1000).

Chemotherapy induced Alopecia



Male and female C57BL/6 mice (Stock No: 000664 ) were obtained from Jackson Laboratories
at 7 weeks of age. Hair growth was induced by depilating the hairs with a wax/rosin mixture
(Nads Body Wax Strips). At day 9 after depilation, when all follicles are in anagen VI, 120 mg
per kg body weight cyclophosphamide was injected intraperitoneally. Complete hair loss from
the backskin was observed within a week. Following this, mice were observed for regrowth of
hair and full hair coverage was achieved within 2-3 weeks. Depilation and cyclophosphamide
treatment was repeated 7 more times until the hair no longer grew back completely. Mice were
then treated topically with either Transderma Plo gel (Vehicle) or 20uM UK5099 in Vehicle every
other day for 30 days. 200ul of lotion was applied evenly to the backskin of mice using a cotton
swab. Macroscopic observations were made, and at the end of 30 days, tissue was harvested,
embedded in OCT, sectioned and histology performed. Immunofluorescence staining was
performed with the following antibodies: Ki67 (Abcam ab16667, 1:50), Sox9 (Abcam ab185230,

1:1000).

Alopecia due to chronic stress

Mice were subjected to various noxious stimuli as described in (Heidt et. al.) (64), until hair did
not grow back for an extended period. Mice were then treated topically with either Transderma
Plo gel (Vehicle) or 20uM UK5099 in Vehicle every other day for 30 days. 200ul of lotion was
applied evenly to the backskin of mice using a cotton swab. As a control, wildtype mice not
exposed to stressful stimuli were also treated with Vehicle or 20uM UK5099. Macroscopic
observations were made, and at the end of 30 days, tissue was harvested, embedded in OCT,
sectioned and histology performed. Immunofluorescence staining was performed with the

following antibodies: Ki67 (Abcam ab16667, 1:50), Sox9 (Abcam ab185230, 1:1000).



Histology and Immunostaining

At the completion of each experiment, treated dorsal back skins of mice were harvested and
embedded in OCT compound for frozen tissue preparations, or fixed overnight in 4% formalin
and embedded in paraffin. For frozen tissue, 10 um sections were cut with a Leica 3200
Cryostat, fixed for 5 minutes in 4% paraformaldehyde and stained with hematoxylin and eosin
(Vector Laboratories, H-3502). For immunofluorescence staining, frozen sections were fixed
and blocked in staining buffer containing appropriate control IgG (goat, rabbit etc.) with the
following antibodies: Ki67 (Abcam ab16667, 1:50), Sox9 (Abcam ab185230, 1:1000. Images
were taken on an Olympus BX43 Upright Microscope and Zeiss Model Axio Imager M1 Upright

Fluorescence Microscope.

Statistics and reproducibility

Experiments were performed on male animals and all phenotypes described are representative
of a minimum of n =6 littermate pairs (or a total of twelve mice) as indicated in the description of
each experiment. For analysis of the hair regrowth phenotype, no statistical measure was used
to determine the sample size beforehand, nor were statistics used to measure effects, as the
results were essentially positive or negative as represented in the figures. The results described
include data from all treated animals. Investigators were not blinded to allocation during the
experimental data collection. Experiments were not randomized. All results shown are
representative images from at least three independently treated animals, and genotyping was
performed both before and after animal treatment for confirmation. Pairwise comparisons
between two groups were performed by two-tailed statistical analysis using Student’s t test.

Statistical significances were considered if *p <0.05; **p <0.01; ***p < 0.001. Experimental data



are demonstrated as the mean £ SEM. Sample size and statistical details can be found in the

figure legends.



