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ABSTRACT OF THE DISSERTATION

Metabolic and Intracellular Signaling Mechanisms

of Hair Follicle Stem Cell Activation

by

Matilde Miranda
Doctor of Philosophy in Molecular Biology
University of California, Los Angeles, 2020

Professor William Edward Lowry, Chair

The hair follicle is considered a mini-organ which makes it a useful model for studying
regenerative processes and cross-tissue interactions due to its unique populations of
cell types and specialized pools of adult stem cells. Hair itself is a defining feature of the
skin organ and is critical for external protection, thermoregulation, sweat and
pheromone relays, and social interactions. In the bulge niche, hair follicle stem cells
(HFSCs) oscillate between activation and quiescence to create the hair cycle. This
process is cyclically and dynamically maintained throughout a coated animal's lifetime,
requiring precise temporal and spatial control of the HFSC niche. However, a complete
inventory of the mechanisms underlying hair follicle homeostasis remains unclear.
Herein | will briefly explain the current dogma of signaling pathways regulating HFSCs.
But, the novelty of my work will go on to further describe the synergistic — yet
understudied — roles of metabolic control and canonical G-protein coupled receptors
(GPCR) and signaling in modulating downstream genes facilitating HFSC biology. The

data out of these projects of course will yield new avenues for the development of



metabolic/pharmacological compounds alike for regenerative medicine and equally

important molecular management of adult stem cell homeostasis.
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Chapter 1: Introduction

Molecular Mechanisms Regulating Hair Follicle Stem Cell Activation



Skin Architecture

The skin is a sophisticated multilayer organ, comprised of stratified epithelium to
provide a barrier from external damage. The skin is necessary for protection from
external stressors, thermoregulation, mechanosensation, and important in social
communications. In mammals, skin barrier formation occurs during embryonic
development and is a result of a milieu of cell types interacting together to provide
appropriate cues for the stratification and specialization[1] of skin layer types prior to
birth. This results in the established anatomy of the skin: outer epidermis, the underlying
dermis, and hypodermis layers. The epidermis is the outermost layer of the skin and its
primary function is to function as a barrier from injuries/infections and to retain water.
The epidermis is stratified, where the most basal layer contains stem cells that function
for optimal cell turnover to maintain the skin barrier. Underneath, the dermis is primarily
made up of fibroblasts, the cells responsible for generating various types of collagen
and other elastic fibers for extracellular matrix function and skin elasticity. Lastly, the
hypodermis (a.k.a subcutaneous fat later) acts as a cushion and insulation layer,
containing fat deposits that can also be used for energy.

The hair follicle is an intricate structure that also helps maintain the skin barrier.
Hair follicles are densely innervated[2], further aiding in mechanosensory function of the
skin through piloerectile movements, especially in the context of social communication.
Hair fibers are some of the main physiological features in people that can be fully
manipulated without painful side effects. Thus, maintenance of the hair follicle — or lack
thereof — extends past physiological effects, greatly impacting psychological and social

status to underscore the need for many applications in clinical settings.



The Hair Cycle

The hair follicle has fascinated biologists for decades. At its core, it is a
regenerating biological system[3]. The hair follicle appendage undergoes cyclical bouts
of rest and growth across a coated organism's lifetime (Figure 1)[4-6]. Hair follicles
contain adult stem cells that can replenish cell turnover to regulate homeostasis or
repair upon wound healing[7]. The bulge was recognized as a "hot spot" as early as
1876 by the researcher Unna whom theorized this area was where the hair shaft
continued to grow; in 1903 the researcher Stohr deemed the area the "bulge".

Adult stem cells located near the base of the follicle captured researchers’
interests because of a nucleotide analog pulse-chase experiments, where slow-cycling
cells retained signal better, i.e. did not dilute out the nucleotide label through multiple
mitotic cycles[8]. It is important to highlight researchers did not find these cells at the
hair bulb, but adjacent to the arrector pili muscle in a specialized niche where these
unique cells remained relatively undifferentiated for periods upwards of 14 months in
murine follicles[9]. These cells also exist in a similar area in human skin[10].

These unique label-retaining cells — coined hair follicle stem cells (HFSCs) — are
multipotent epithelial stem cells that permanently reside in a region called the "bulge"
and are responsible for producing a hair shaft de novo with every round of the hair
cycle[8]. Even so, HFSs are more quiescent than other epidermal cells[9]; homeostasis
in other skin tissues are maintained by resident stem cells independently of HFSC
behaviors. However, during acute injury, HFSCs possess the remarkable ability to

generate all skin tissue lineages for successful wound healing[7].



In the telogen (rest) phase of the hair cycle, HFSCs are dormant and no active
hair growth is observed. Upon telogen-to-anagen transition (also known as anagen
onset), the transit-amplifying cells of the bulge differentiate and begin to create a
dynamic structure at the base of the hair follicle called the matrix, which will eventually
produce a new hair shaft. In the anagen (growth) phase, bulge stem cells rapidly
proliferate and migrate downwards to generate the outer root sheath, the adjacent inner
root sheath, and the complete structure of the hair shaft that protrudes out to lay flat on
the top layer of the epidermis. The catagen (regression) phase then follows with
reduced proliferation and increased apoptosis of the base of the follicle below the bulge,
diminishing overall hair follicle size back to that normally observed in telogen. Another
telogen (rest) phase occurs, beginning the cycle of hair follicle stem cell quiescence and
prospective activation once more. Although the bulge is the source of cells that
ultimately become hair, a notable structure to highlight is the dermal papilla (DP). The
DP is a structure mesenchymal in origin and function, where these cells help relay
signals influencing the hair cycle to the adjacent HFSC niche[11, 12].

In a normal human scalp, a great majority of follicles are in the anagen phase —
and remain in such a state for several decades of life[13]. This significantly differs from
the murine hair cycle, where follicles remain in anagen for approximately two weeks
prior to catagen and telogen anew[14]. Activation of hair follicle stem cells coincides
with other dermal events, such as subcutaneous adipose expansion, melanocyte
proliferation, and dermal thickening[15]. There is also evidence that HFSC activation is
heterogenous, and that hair cycling is a result of a two-step mechanism of stem cell

activation for the hair cycle to be complete[16]. Indeed, two distinct HFSC populations



exist in the bulge — quiescent HFSCs and primed HFSCs; primed HFSCs are the first
set of stem cells to activate in telogen-to-anagen transition to regeneration the lower
half of hair follicle undergoing anagen. Quiescent HFSCs do not contribute to hair
growth at the peak of anagen.

The hair follicle has long been a classic model to study crosstalk between tissue
types, resident adult stem cell pools, and mechanisms regulating stem cell homeostasis
— especially during regeneration (i.e. hair cycling). Delays in anagen entry are observed
in hair loss disorders such as alopecia[17]. Many signaling pathways coalesce in the
stem cell niche to mitigate proper hair follicle appendage form and function, and
emerging research on hair loss disorders focus on the interplay of these cell-extrinsic
cues. These types of questions usually rely on mouse modes for an intact HFSC niche
platform. In addition, HFSCs can be isolated via FACS with the surface markers CD34
and CD49f (alpha6 integrin), though additional markers can be used to further refine
subpopulations in this pool of adult stem cells[18] to further investigate the molecular
shifts necessary for stem cell state. Here, | report on a handful of signaling pathways

that are implicated in maintaining proper hair cycling.

Hair Loss Disorders

Hair loss is unfortunately a common condition that affects men and women alike.
Hair loss is the result of an amalgam of abnormal states: hormonal imbalance, age,
level of stress, immune condition, genetics — just to name a few. While hair loss itself is

not physiologically painful, it can greatly affect well-being and quality of life.



Telogen effluvium is a temporary phenomenon characterized by excessive
shedding and prolonged telogen. It is usually caused by some shock to the system,
anecdotally from extreme stress and/or trauma[19]. Androgenetic alopecia (a.k.a
male/female pattern hair loss) is the most common type of hair loss and is caused by
dysfunctional mesenchymal cells (specialized fibroblasts) at the base of the hair follicle,
in the DP. Pathologically, it resembles hair follicle aging — complete with hair follicle
miniaturization, prolonged telogen, and transdermal elimination of the entire follicular
unit[20, 21]. The presumed mechanism of this type of hair loss due to high activity of 5a-
reductase, the enzyme responsible for converting testosterone into dihydrotestosterone
(DHT). An accumulation of DHT acts as an allosteric inhibitor towards the androgen
receptor, blocking any testosterone and negating HFSC activation via stunted DP
signaling. This induces cell senescence, shrinking of the DP, prolonged telogen,
shortening telogen, and progressive follicular atrophy to yield macroscopic hair loss[22-
24].

Alopecia areata (a.k.a spot baldness) is largely attributed to misguided
inflammatory attacks (i.e. reactive T cell infiltration into the hair follicle) against anagen
hair follicles, with its severity ranging from singular patches of hair loss to universal loss
of hair across the skin (alopecia totalis). Chronic inflammation will render HFSCs
dormant and arrested in telogen. Clinical treatments to alleviate this inhibitory
phenotype include local/systemic steroids or immunomodulatory therapeutics to restore
hair growth. On the other hand, resident macrophages adjacent to the hair follicle can

provide morphogens and growth factors that stimulate cell proliferation and thus, HFSC



activation and anagen as a wounding response to minor skin organ trauma (hair
plucking, scratching).

Anagen hair follicles are massive sources of proliferating cells, making them
sensitive to genotoxic stressors from therapies such as chemotherapy and radiotherapy.
Due to the nature of these treatments to target fast-growing cells (as those found in
cancer), this same systemic treatment has many unfortunate consequences for other
healthy populations of fast-dividing cell populations — like those found in the epidermis,
hair follicle root, and gastrointestinal tract. Hair follicles will undergo a swift catagen
phase to reset back to telogen. Depending on the severity of the treatment(s), the
following anagen cycle may be able to replenish hair shafts loss in the process.

To date, only two FDA-approved drugs are available for treating hair loss, but
their end results have been reported as variable and temporary. Minoxidil (brand name
Rogaine) was the first FDA-approved medication for alleviating androgenetic alopecia.
Developed in the 1950s, it was initially used for targeting potassium channels for the
treatment of hypertension. In regards to hair growth, its mechanism of action is poorly
understood — but a popular hypothesis is that the drug is able to increase blood flow that
can go on to feed and nourish proliferating cells involved in anagen induction. There is
also evidence that minoxidil may work by inhibiting HIF-degrading enzyme, activating
growth factor signaling via VEGF[25]. Finasteride (brand name Propecia) and
dutasteride appeared on the market later on, and these pharmaceuticals function to

inhibit 5a-reductase activity and allow for reversal of DHT-affiliated balding.



Signaling Pathways Regulating the Hair Cycle

The HFSC niche is highly specialized, full of stimuli acting on the micro- or
macro- level(s) of the environment. As such, the hair follicle is a hub of cell types that
appropriately respond to/influence a milieu of signaling mechanisms. Appropriate
understanding of activating or inhibitory cues is therefore key to developing and
advancing technical and clinical methods to modulate HFSC activity and subsequent
hair regeneration.

Two of the most well-known — and opposing — signaling pathways regulating
HFSC activity are the Wnt/B-catenin/Lef1 and BMP pathways. In simple terms, activated
Whnt signaling promotes HFSC activation while BMP promotes quiescence by
suppressing HFSC activity. BMP signaling also works in concert with NFATc1 to
maintain quiescence in HFSCs[26, 27]. Anagen (re)entry is achieved by antagonizing
active BMP signaling to cease NFATc1 transcription. Interestingly, a recent report
implicated Sirt7 can directly modulate Nfatc1 signaling in HFSCs poised for telogen-to-
anagen transition[28].

Next, the TGF-B signaling pathway is activated early in the hair cycle[29, 30]
which may work in concert with other activatory pathways in HFSCs to reach a
threshold of signals necessary for reach telogen-to-anagen transition of the hair cycle.
This signaling pathway can be broadly described as positive-feedback modulator of hair

cycle progression towards anagen.



Endocrinology - Hormones and the Hair Cycle

Androgens very obviously regulate hair growth, most notably during puberty and
during the onset of old age[31]. Systemic hormones are another layer of the regulatory
networks in HFSCs. Androgens also hold the power to override many paracrine
signaling factors that influence proper hair cycling; this is quite notable in pregnant
mammalian females[32]. Indeed, one report has found that androgens have the power
to inhibit Wnt signaling in HFSCs, thus promoting quiescence[33]. Many components of
the hair follicle unit express androgen receptors (ARs), and to varying degrees of
sensitivity across a human body. Unsurprisingly, androgen-sensitive follicles (and
subsequently more ARs) are widely reported in beard/pubis areas as opposed to
androgen-insensitive follicles (with less ARs) in nonbalding scalp[31]. Even localization
of ARs in skin various with epidermal locations, perhaps influencing hair patterning that
is closely tied to social perceptions. As previously described, androgenetic alopecia is
characterized by hair follicle miniaturization and can be hereditary. On the other end of
the spectrum, hyperandrogenism causes excessive male-pattern hair growth,
regardless of sex. Of note, DP cells have androgen receptors and will be the primary

cell type responding to such circulating extrinsic stimuli.

Neurobiology: Adrenergic Signaling and the Hair Cycle

Hair follicle innervation fluctuates with the hair cycle; the isthmus and bulge area
of hair follicles are the most densely innervated area upon telogen-to-anagen transition
and early anagen[2, 34, 35]. In fact, prominent expression of B,-adrenoreceptors have

been observed adjacent to HFSCs. Furthermore, the B,-adrenoreceptor agonist



isoproteranol promotes hair cycle progression in mouse skin cultures. Sympathetic
nerves allow for the mechanosensory functions of the hair follicle[36]. The influence of
sympathetic nerve stimulation in HFSC activity is also observed at the clinical levels,
where patients taking "beta blockers" experience temporary alopecia until cessation of
treatment. Additionally, several cases of hypertrichosis (hair overgrowth) have been
reported in cases of patients subjected to thoracic surgery and consequential nerve
hyperactivity. Upon sympathetic nerve stimulation, norepinephrine is released to act on
the HFSC niche, where it stimulates anagen progression via hedgehog signaling[37].
In the skin, the arrector pili muscle (APM) and hair follicle form a unit. Cold
temperature stimuli trigger contraction of the APM, physically pulling the hair follicle
erect. Goosebumps are a direct result of such actions; APMs directly attach to and
entangle the HFSC bulge for stimulation (Figure 3)[38]. Aside from thermoregulation,
the reason(s) behind this phenomenon remains to be determined. Perhaps this
sympathetic adjustment is to facilitate stem cell modulation from adrenergic inputs; APM
synapses are indeed necessary for HFSC innervation and local norepinephrine
delivery[37]. Furthermore, RNA-sequencing data from our collaborators at the Hsu lab
at Harvard generously shared the information that this occurs via the adrenergic
receptor Adrb2, highly enriched in murine HFSCs in telogen[37]. Indeed, genetic
ablation of Adrb2 in HFSCs significantly extended telogen, implicating loss of Adrb2 with
upregulation in quiescence mechanisms, uncovering the novelty of quiescence
signaling pathways under neuronal control. As such, sympathetic nerves serve a dual

mode of function in the bulge: 1) facilitate piloerecton; 2) facilitate intracellular signaling
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cascades modulating hair growth. The idea of other signaling mechanisms acting in

concert with this regulatory circuit remains to be seen.

Metabolic Control of HFSC Function

One can think of cancer and stem cells as two sides of the same coin. For a
growing number of years, the link between metabolism and cell fate has captured
researchers’ interests for its dual ability to prospectively control stem cell behavior and
malignant cancer transformation[39, 40]. The current thinking is that most adult tissue
cells heavily rely on oxidative phosphorylation to meet their energetic demands,
especially in highly proliferative cells[41]. This changes in cancer metabolism if one
considers the “Warburg effect” where cancer relies on increased metabolism of glucose
to lactate; a “quick and dirty” energy source. While HFSCs have been shown to be a
cancer cell of origin for squamous cell carcinoma (SCC)[42], the bioenergetics allow for
homeostasis and SCC transformation remain to be elucidated. In conjunction with a
former labmate’s thesis work[43], | expanded on the basal metabolic profile of HFSCs to
show that maintenance of a glycolytic state (Figure 2) is critical for facilitating a quick

response to activation stimuli to generate a new hair cycle[10, 44, 45].

The G-protein-coupled Receptor Signaling Pathway

G-protein-coupled receptors (GPCRs) are a large diverse family of cell surface
receptors that mediate a number of cellular actions — sometimes through second-
messenger signaling — in tissue homeostasis and cancer[46]. They are involved in a

variety of fundamental cell processes like proliferation, migration, differentiation, and cell

11



survival (cite). Controlling GPCR signaling for homeostatic purposes or even as a
preventative effort is an understudied avenue of anti-cancer and drug discovery work.
Upon ligand binding, the GPCR becomes activated and undergoes a
conformational change (heterotrimeric protein). In canonical GPCR signaling (Figure 4),
activated Ga can then interact with the effector adenylate cyclase (AC), which results in
effector activation and initiation of a second-messenger cascade (via cAMP). cAMP
subsequently activates protein kinase A (PKA) which is then able to phosphorylate

CREB, thereby facilitating its nuclear translocation and gene target expression.

G-protein-Coupled Receptors and Adult Stem Cells/HFSCs

A subset of GPCRs, known as Leucine-rich repeating-containing G-protein-
coupled receptor (Lgr) proteins, are known to regulate stem cell identity. Lgr proteins
were initially discovered to function extensively for embryonic development but were
later on discovered to be prevalent in maintaining adult stem cell populations. They are
now widely used as adult stem cells markers for various epithelial adult stem cells, such
as ones found in intestinal crypts and hair follicle stem cells. However, since many adult
stem cells can be the cell of origin for certain cancers, Lgr proteins can also be used to
study aberrant signaling properties (cite). Apart from that, Lgr proteins have also been
linked to regulating the hair cycle and HFSCs, where Lgr5 marks frequently cycling,
long-lived HFSCs[47] and usually marks the lower portion of the bulge. A recent report
also implicated that Spondin, the Lgr4/5/6 ligand, is also upregulated upon telogen-to-
anagen transition[48] and can be used as an exogenous factor to drive the hair

cycle[49]. R-Spondins can also mediate Wnt signaling, but GPCR/CREB involvement in

12



this process is unknown. We would like to further study how GPCR/CREB signaling fine
tunes the balance between self-renewal and differentiation in adult stem cells, chiefly in
hair follicle stem cells, and if they regulate epithelial cancer development[50].

Hair follicle appendages are highly proliferative tissues with the ability to
withstand external injuries; disruption of this process — either by external injury,
depilation, disease, medical treatments, etc. — often leads to clinical hair loss. This
makes them an ideal model for studying extrinsic and intrinsic cues necessary for stem
cell maintenance and overall organ homeostasis. By using the mouse follicle as a model
system, we have been able to delve further into distinguishing the molecular networks
fundamental for optimal homeostasis. With the eve of uncovering multiple molecular
pathways regulating HFSC activity[51-53], there is great promise for development of
novel therapies and improve current treatment strategies in alleviating physiological hair
loss, and even go on to direct tissue engineering of human hair follicles. Understanding
the precise inputs of intra- and inter-cellular signaling pathways for their adult stem cell
populations can therefore be extended to other populations in the body. Here we
contribute to the current dogma in the skin/hair biology field by introducing the distinct
yet complementary roles of metabolic control and GPCR/cAMP/Creb-dependent

signaling in HFSC activation.
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Summary of Chapters

My graduate work can be split into two main themes: studying metabolic control of
HFSC activation and investigating the role of GPCR/cAMP/Creb signaling in HFSC
homeostasis. Chapters 1 and 2 are publications that complement each other due to
their central message of promoting glycolysis for HFSC activation. In Chapter 1, this is
through making the chase that Ldh is necessary for hair cycling; deletion of this gene in
HFSCs ablates any hair growth and the hair follicle itself persists in the telogen stage
indefinitely. This project was underway upon my acceptance into the Lowry Lab. |
assisted with data analysis, performed assays, and developed a method for quantifying
macroscopic hair cycle stage; my involvement warranted authorship. Chapter 2 was my
first independent lab project and first, first-author publication as a graduate student.
Here, we took the idea of glycolysis and HFSC activation more downstream, looking at
how electron transport chain (ETC) inhibition may function to ramp up glycolytic
process, facilitating the shift to activation and hair growth. In other words, ETC inhibition
created a backup of lactate that can be used for HFSCs for activation and subsequent
hair cycling. Our approach here was relatively simple yet robust due to topical
pharmacological manipulations of Complex | or Complex Ill. This yielded prominent hair
growth and an accelerated hair growth in both young, telogen-stage male mice and 24-
month-old aged female mice. We believe that transient ETC inhibition is sufficient for
HFSC activation, regardless of HFSC age. However, the effect of chronic mitochondrial
modulation in HFSC activation is not known and warrants further study. Chapter 3
shifted my curiosity towards a more mechanistic approach in HFSC homeostasis. There

is extensive data on classic developmental signaling pathways in the regulation of adult

14



stem cells like HFSCs, but an absolute dearth when the idea of GPCR signaling is
brought up in such a context. This struck us as odd since GPCRs are one of the largest
classes of receptors in cell biology and of great interest for novel drug discovery. A few
papers were able to set the stage that GPCR signaling may regulate adult stem cells,
especially in the context where abrogation of GPCR signaling in epidermal stem cells
led to basal cell carcinogenesis[50]. With this in mind, we sought to test if canonical
GCPR/cAMP/Creb drives hair follicle cycling at various points of the signaling cascade.
We are happy to report we may have identified upstream and downstream components
in this circuit that award HFSC activation and have recently submitted a manuscript to

the Journal of Investigative Biology to share our findings.

15



Figures

Adapted from Cotsarelis, 2006

Figure 1. The Hair Cycle. While the interfollicular epidermis self-renews and maintains
the outermost epidermal layers, hair follicle stem cells (HFSCs) in a region termed the
"bulge", drive the hair cycle. The hair follicle appendage undergoes three phases:
growth (anagen), regression (catagen), and rest (telogen) throughout a coated animals’
lifetime. These cyclical bouts of destruction and regeneration require precise temporal

and spatial control of the bulge niche.
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Figure 2. Glycolysis and ETC for Metabolic Control of HFSCs. Cellular metabolism
is the crux of all biological activities. Cellular bioenergetics in adult stem cells have not
been studied extensively, though many rely on glycolysis as opposed to oxidative
metabolism normally powering differentiated cells. Adult stem cells require specific
metabolic states to maintain stemness. HFSCs heavily rely on glycolysis in for
homeostasis; HFSC activation is dictated by glycolysis. Electron transport chain (ETC)
inhibition is another method to promote glycolysis and HFSC activation, particularly

through Complex | and Complex 1l inhibition.
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Figure 3. Adrenergic signaling relays norepinephrine to promote HFSC activation.
The arrector pili muscle (APM) and sympathetic nerves form a niche that directly
influences hair follicle stem cells (HFSCs) via the adrenergic receptor Adrb2.
Sympathetic nerves form synapses at the hair follicle bulge and signal through
norepinephrine to modulate metabolic state of HFSCs necessary for cycling between

activation and quiescence.
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Figure 4. The classical GPCR/cAMP/Creb-dependent intracellular signaling
pathway in adult stem cell modulation. G-protein-coupled-receptors (GPCRs) are the
largest family of cell surface receptors that mediate numerous intracellular signaling
pathways important for physiological and pathological processes. In canonical GPCR
signaling, ligand(s) bind to the extracellular receptor, where activated intracellular
subunit Ga can then interact with the effector adenylate cyclase (AC), resulting in
effector activation and initiation of a second-messenger cascade (via cAMP). Increased
intracellular levels of cAMP subsequently activate protein kinase A (PKA) which is then
able to phosphorylate CREB, thereby facilitating its nuclear translocation and gene

target expression.
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Lactate dehydrogenase activity drives hair follicle stem

cell activation

Aimee Flores™™, John Schell’, Abigail §. Krall’, David Jelinck', Matilde Miranda', Melina Grigorian®,
Daniel Braas™, Andrew C. White”, Jessica L. Zhou", Nicholas A. Graham™, Thomas Graeber™'”, Pankaj Seth",
Denis Evseenko, Hilary A. Coller'****, Jared Rutter""", Heather R. Christofl™*>"***** and

William E, Lowry 241040

Although normially dormant, hair follicle stem cells (HFSCs) quickly become activated to divide during a new hair cycle. Tha

quiescence of HFSCs is known to be regulated by a number of intrinsic and extrinsic mechanisms. Here we provide several lines
of evidence to demonstrate that HFSCs utilize glycolytic metabolism and produce significantly more lactate than other cells in the
epidarmis. Furthermore, lactate generation appears to be critical for the activation of HFSCs as deletion of lactate dehydropenase
(Ldha) prevented their activation. Conversely, genetically promoting lactate production in HFSCs through mitochondrial pyruvate
carrier 1 {Mp< 1) delotion accelerated their activation and the hair cycle, Finally, we identify small molecules that increase lactate

production by stimulating Myc levels or inhibiting Mpcl carrier activity and can topically induce the hair cycle. These data
sugpest that HFSCs maintain a metabelic state that allows them te remain dormant and yet quickiy respond to appropriate

proliferative stimull.

The hair fallicke is able s ulu]r:l'u;u :}'\dicu! roiads of rest I:Ldu:-ﬁ,unl..
regeneration (anagen) and degeneration {catagen] The ability of the
bair {ollicke 10 maintain this cycle d.:pend\. on (fe presence of the
hiakr follicle stem cells, which reside in the bulge (Fig. 1) At the start
of anagen, bulge stem cefls are activated by sigmals recetved from
the derrnal papilla, which ar that stage abuis the bulge ares', Thes
stern cells exit the bulge and proliferate downwards, coeating a tral
that becomes the outer root sheath. Bulge stem cefls are capable of
givimgy rise to all the different cell types of the hair follicke. The ability
of HFSCs o maintain quiescence and yet become proliferative for a
couple days hefore returning to quiescence is unique in this tissue,
and the precise mechanism by which these cells are endowed with this
ability is noe Fully understond. While significant etfort has produced
a wlth of kpowledge on both the transcriptional and éplgenctlc
mechanisms by which HFSCs are maintained and give rise o varions
limerigen ™, little is known about metabolic pathways in te hair follicle
wr adult stem cells mvive

Caomsidering the fact that there are essentially no published data
en metabolic states of any cell in the hair follicle, o detadled study of

metabolism was nigcessary o underitand the mature of HESCs and
their progeny, Several previows stusbies employed penetic disruptson
of the mitechandrial electron transpert chain in the epidermis hy
deletion onder the control of & pan-cpldermal keratin promoter and
found that mitochondrial function was essential for maintenance of
the flicle™®. However, these snsdies did not explore the metabolic
requirements for specific cell types within the tisue, nor did they
eapbose a role for glycolytic metabolism. In this study, we present
methods o stdy the metabolism of HFSCs in vivo, and provide
evidence that these cells take advantage of o distincr mode of
metabolisn not found in their progeny. In the process, we also define
smiak] mislecules that can take advantage of the unique metabolism of
HEFSCs ta pgnite the hair cyele in atherwise quisscent talliches,

RESULTS

Bumerous studies have uncovered unigue gene expressian signatures
In HFSCe versus other follicle cells or cells of the interfollicular
epidermis™ <. Many of these signatures are regulated by transcription

factors that were later shown to play important roles in HESC
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Figws 1 Lactate dehydrogenase aclivity is enriched in HFSCs @) IHC
stainmg for Ldha sxpeagsion acrogs i hair cychs showes Ldha protain confined
o thw HFSE miche, the bolge, indicaled by the bracket. 1HC staining for
Leal on seeial spchons demarcates the HFPEC population. Scade hars, 20jm,
I} immurohloting on FACSisolated HFSC populations {nbkewCd34 " and
iR Cd3d "} versus borlal epiderrmis (Epi) shows diHerential expression of
Loha in fhe stem cell niche, 5009 s a marker ol WF&CS, and eactin is
i loading conbred. (¢} Coloeimedric sssay for Ldh eneyme sctiby in the
epidentis shwws highest sctanty in the bulge {beackets) and subcuticulsr
miscie Gyer (Drackell Thisactivily 5 ennched i the bulgs across diflarent
stages of e hair cycle, Activity is indicatad by pumle colour; Dink is &
nuckear countaratain, Mote also that devaloping halr shatts in pigmanted
mice show SIONg feposiis o melanin.as obsered Peme: hair shalls reser
displayed any purple stain indcative of Ldh asteiby, Scale bars, 50 pm,
|d} Ldh aciweity in soried cell populations, meassured usng a plalo-reacer-
bamed ne==ay, plss shows the highest Ldh activity in bwo separabe HFSC

hsmeostasis'’, Lactate delwdrogenase s most cammmanky encoded by
the Lolfra and Ldlnh gemes in mammals, the protean products of which
form homo- or hetero-tetramiers 1o catalyse the NATH dependent

B2z YL

populatans (abhCd3a* and ol Ta34- ) compared with epldarmal cells
(Epil andt Fivrcblaste (FESL Each bar rapresants thy asarage sigral for
wach cell typn whane =% mice ponled from 3 indepondent miperimants.
Shown 25 mean 4+ sem, Pamed ffest was parlormed, P 0,05 shown for
each cell type wersis epidarmal cells: (el HFSCs and epidermal cells were
iscéxtnd during {elogen {day S0} by FACS, snd metaboliles were extracted
and analysed by LE-ME Meatmaps show relstive eeels of giycoldic and
TCA cyele metabssiles rom cells salpled from diflerant mice in independss|
mperiments with celis bom dlwes animals ;n each, GEP-FEF, glucoss6-
preaphale and truchese-G-phosphste; FBR fructrse-bisphoaphate; DHAP,
fipdrgeyacelons phosphate; 3PG, 3-phesphogiyoerate; ard olG. alpha-
kotoglutarata. Astarisks indicata signdicant diffomence in matabalita levels
hetwean epidarmal cells and HFSCs. For Ge) paired r-test was performed;
P08 P 000 P =000 NS, P00 r=9 ms pooled from
3 independand mperiments. Unprocessard original s—ans of Glots am shosn
in Supplementary Fig. &

reduction of pyruvate 1o loctate and NADT -dependent oxidaton
of lactate to pyruvate'. By immunosstaining, Ldha appeared b
be enriched in quicscent HFSCs n sitn (belogen} (Fig lal. and

TP Mlacrmln Pt
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immunohisochemistry (THC) with an antibody that recognizes hoth
Ldba amd Ldhb showed that only Ldha appeass to be localized o the
HFSC niche {Supplementary Fig. laj

HEFSCs are known fo go threagh successive rounds of guiescence
(telogen ) punctuated by briet periods of profiferation correlating with
the start of the hair cycle (telogen-anagen transition) ™. Proliferation
wr activation of FFSCs s well known to be s prersquisite for
ailvancement of the halr cycle. IHC analysis also showed that Ldba
expression was enriched In HFSCs (Sox%*) of three stages of the
lair cpcle (Fg. lal. Consstently, smmunobloting of lysates (mom
sorted cells showed strong expression of Edha in the basal HFSCs
(eosbitCEM" ), amel suprabasal (oslo/CD3" ) HESC populations
refative to total epldermits (Fig. 11" (the sorting strategy b outlingd
in Supplementary Fig. 1b).

To determing whether Lidha expression patterns correlate with
activity ol the Ldk EOEYE, We wred o colormmetric-hased {.na:m:la!i:
mesay 1o assess Ldh activity capacity in situ. Typically performed on
Pn:m.-in |'|.-1.uless ar lﬂi.qunl: with a 'pllbe reader'®, we :ﬂapbﬂl the l.dh
activity assay to woark 41 situ on frozen tkssue sections. Note thas since
beoth the in site and inviteo Ll activity assays cmptwr use of exoess
subsirate {lactatel, the results from these assays reflect the capachty for
Ldh activity, and not the steady- state activity,

Applying this assay 1o skin samplic demonstrated that Ldb ac-
tivity capacity was significantly higher in HFSCs. consistent with
the expression panern of Ldha (Fig. 1c). Furthermore, Ldh activity
was enriched in HFSCs acmss the hair eycle (Fig. 1c). As a control,
asanys conducted withoat the ensymatic substrate (lactate) or on acid-
treated tissoe yielded rero activity {Supplementary Fig. bl To further
validate these resubs, we sorted epidermal populations, generated cell
lysates on the sorted cells, and perdormed @ similar colorimetric-
based enzymatic askay on the sorted cell lysates, which also showed
increased Lah activity im HFSCs (Fig Bd). To bether characterize the
metabalism of HFSCs, we performed metabolomics analysis on sorted
populations from mouse skin by lquid chromatography-mass spec-
trometry | LC-MS) l:_F"i[l; Tl Several H]':,-:nhdi: melaballibes, i.|1|.:|.1.|.|].i.n5
ghicose/fructose-6- phosphate. fruciose-bisphosphate, dihydroxyoce-
tone phosphate, 3-phosphoglycerate and lactate. wene roatinely higher
I HFSCs relative o total epldernuls aceoss three independent expet-
iments {Iml.ltﬂ] from different mice on different -Ij.ﬂ':,"l]. (:mwﬂ'l.d':,-..
mast TCA evcle metabolites were not consistently different between
the epidermis and HFSCs (Fig, le) Collectively these renults suggest
that while all cells in the epidermis use the TCA cpcle extersively
I gemerate enery, HESCs also have increased Liha expressien, 1dh
activity and gheoolytic metabolism,

Measuring metuholism across the hair cycle therefore wonld
captiere any dynamic changes that occur bn HFSCs that cosrelale
with activation or quiescence, Analysis of RMNA-seq data from HFSCe
lsclated during either wlogen or the telogen-anagen transithon
demonsirated not only thay Lila Is the predominant Lk soborm
expressed in HFSCs (Fig. Io), but i is albwo indeced during
the teloegen—anagen transition (Fig Zab) (NIHGEOGSEST404 and
G3E51633), To confirm that the cells amalysed by BNA-weq were
Indeed either in telogen or the telogen-anapen transithon, importamt
markers of this transition were assessed including the Shh and Wm
pathways (i, 2 & Lafl, Axiel, Axind and Condl) as well as
proliferation markers {K3-67, Pera and Soxd) {Supplernentary Fig 2a).

ARTICLES

The in wire Ldh activity assay on lysstes from sorted HFSCs
upcoversd & modest induction of Ldh activity correlating with
the telogen-anagen tronsition (Fig, 2d), Hair cycle staging was
validated by Ei-67 immunostaining te determine HFSC activatbon
(Supplementary Fig, 2h), Additionally, measurements of steady-state
metabaolies extracted from sorted HESCs slowed an increase (s laciate
in HFSCs as they enter the tefogen-anagen transition, and then
decrease agadn in anagien as HFSCs retusn to qudescence [Flg. 2ed.

To determine whether Ldh activity is functionally related 1o the
ability of HFSUS 10 resmain qaicscent or b activate at the start ofa haie
cyche, we dedeted Ll specifically in the HFSCs Taking advantape
of mice with Moxed alleles of Ldfen', thie enevene was deleted in
HEFSCs by crossiing 1o miee bearing the KI5-CrePR allde'", known o
b imduecible by mifepristone specifically in HFSCs. Deletion of Ldha in
HFSCs was initiated by administration of mifepristone during telogen
I.IJI:I}' 507 and bed b a l}*p'ica].l:.r mmsaic recombination af the Nomed
alleles across the backskin''™'*. Mice with HFSC-specific delethon
ol Ldiw failed to unﬂ:rgﬂ a proper fuzir ::.rn:lc. with mose folliclex
reminlning i telogen across at beast 33 pairs of Nitermates 3-4 wecks
after rr:i.ll'er'rj:lnn: treatment I:Frﬂ;. Fa). A mm'ple‘lr it nl"l.nn%:ni.c
animals including birth date, sex and genotype b provided In
Supplementary Tahle 1.

Histology showed that wild-iype hair follides entered into
the telogen-anagen trmsition typicalty by day 70, and this was
accompanied by typical expansion of the bypodermis below (Fig. 3b).
However, in backskin with deletion of Liia, the hypodermis did not
expand, end the wlogen—anagen transition was severely abrogated
[Fig. ). In aress of strong phenotyple penetrance, Ldh activity was
severely ubrogated b the HFSC comgrartment (Fig. 3¢, demonstrating
that the Ldfa allele is critically important for Ldh activity in HFSCs
and comsbitent with the lact that bselomm o of Ldi i expressed ol
the highest level Cuantification of hair cycle progression across
mumerous animals indicated that most follicles bcking Laia reoained
In telogen (Fig. 3d)

In addition, to confirm the phmntyp:u. we alsn deleted [dha
with an Independent HFSC-spectfic Cre stratepy. Lpr5-CreEH has
been ussd for Iin:ﬂge rmcing ina nriﬂ'r- of adult stem cell mmiodels.
and has been shown to mark cells with high regenemtive cagracity,
including HESCs", Lyr3-Creli:Ldina” mice, treated with tomoxifen
at postratal day 50 prios 10 a synchronized halr oycle, also fatled 1o
activate anagen scross at least 20 Httermate pairs (Fig. 3gh In sit Ldh
asaay aind etabobonsbcs confirmed the successful debetion of Laliv In
these enimals (Fig. 3h.il.

We also mondtored the effect of kiss of Ldha activity tn K15" cells
over o six-month period and found that deletion of Lt led ooa
b, but permanent Block of HFSC activation in some portions of
the hackskin (Supplementary Fig 3a). These data confirm that Ldh
activity is required for HFSC activation. and is nol simply a marker of
HEFSCs, A closer look ai these long-term Laha deletions showed that
Lafat-muall HFSCs continued expressing typical markers, but lacked
Ldh aceivity, and fakled to initiate new hair cycles, while those follicles
that escaped deletien continued bo express Ldhaand to cycle normally
(Supplementary Fig. 3b.c).

After sorting HFSCs from animals with or without Ldba deletion,
LE-M3-based metabodomics analvsis demonstrated that lactate levels,
e well as levels of other Hl}-u:ﬂ'r!ic metabolifes, were |.lm|1|g|f
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Figuee 2 Lok sctiify incroases durng MFSG . sctivabion. (a] Gene set
enrichment analysis [GSEA) on Rff-seq franscripiome dsta from HFSCs
versns otal epidermes shows enrichiment for ghcolyss-related genes in
HFSCs {rioemalited entchment soora {NES) = 1.72) bl GSEA an microaray
{ransoimiliome data from HFSTE weraus botal eriderms shows enrichment for
ghcolyssrelabed ganes it HFS0s {NES = 145} Resulls wera genenabsd Tram
treee mice af each condition. (6] RNA-5=] data from HFSCs sored during
teéeggen or felogen—anagan tarsition [Tal-Ana) show induction of Laf™ Data
reprasent the average of three saparate animals at each fime paint In=13),
antt subjected o Student's I-test for significances [P< 0,081 [d} Lok actwity

teduced in the absence of Ldka (Flg. 3e). functional evidence
that the targeting strategy was successful, The fact that ghyeolytic
metabolites upstreim of lactale were als suppressed sugpests that
HESCs coubd be adapting their metabodism to account for the loss
of Ldl setiviy. bmanunostainbeg for matkers of HFSC actavation
and profiferation indicated a filure of HFSC activation, Ki-67 and
ph6 have been clearly demonstrated to be abundant m the HFSC

in morted stem cell populations, measured wsing o plabs readerbased assay,
shows eleveied Lah activity &3 stam cells bacome activaled in telogen-anagen
transition. Each bar represents the sverage sgnal for each condition where
=B mice pooled fiom 3 independent aperimesnis. S hown & mean £ sem
Paiud B-best was performed, P-=0.0E, {#) Heatmap showing selakive feysls
ol ghycoldic and TCA cycle metabobies sbracted fom quiescent (Feiogen,
tay S0, activatd (Teingan-Anagen, day T} and HFSG3 1hat have efurned
to iree muiescant slate (Aaagen, day 500, Fyr, pynsabe; Lac, |ackatn, Data
shown were genarated from 0=3 animals per time paint in 3 indepantest
ELRFIRntE.

niche at the start of the halr cvcle™, and both of tiese markers
were ahsent in [dirg-dedeted hackskin fr'ig. ]f]. 'Imn'rl.:mstairl.ing
for Ldba also confirmed sucosssiul deletion of this prtein, while
stnining for Sox®, a marker of HFSCs, indicated that these cells
remnatiisd in their niche, but just failed o activale in the absence
of Ldha (Fig. M) Induction of the hait cvele is also thought 1o be
regitlated by sbgnalling from the Shh, Wit and fak-5tat pathways.

11T Bl Fubsiatern | e
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H15-CraPR: LoV

-CreEH; Loba™ LvS-CreER; Loha™
i KT5-CraPRlcha™  K15-CrePRLoha

Figuee 3 Delotion of Ldia blocks HFSC aclvataon, (8] Lofa” animals
gnler Ehe Rl cycle syncheoncesly sround day 70 as measumed by shaving
and abseevation beginning at day SO, AS-CrePRLoha™* @ninats Traatag
with mifeqrstonn show dafacts in amagen antn. Rosults ang mpessentative
of at iegast 33 ansmals of mach genchype: (B} Skin paiboingy showing
ihat K 15-SrmPRLdfa®™ " animals remaingd in tologan, Scale bars, S0um
gl Ldb enzyme activity assay showed that &)5.CrePR:fcha™" animals
lacked this actraty in the HFSCs {indicabed by brackot]. Scole bars
. (d) Graph showing percertage of follicles in befogen, telogen-anagen
iransibon and anagsn in K 15-CrePRLdfra’'” mice veraus K15 CrePR:L o™
iice (=225 fallicles fom 3 mice per gerodypsl Shown 88 inean 4 5.6m
Pamad [-lesl was perfarted, P 005, {&] Healmap showing relatiee el
al ghcolyls: and TCA cycle melabolibes sxiracted Iioem Lelha HF5Cs
and Lota™ " HFSCs and measursd by LT3, Asberiaks indicote signifacant
differance in metadalils eyels Delwesn gennlypes, For @, peespd [-Pest was

e KI5.CmPR: KIS-Cmff;
» Loha Lofar Ltha®™
* Lot 1 23123

parformed; =P 0005 = F=0.001; N5 F= 0058 =9 mice posked from
3 imdeperdant sxparimenis. 1) linmumsohistochemistn staining for Ki-B7, &
markes of proliferation, |5 absent m Lana®'® HFSCE Prospho-56, @ marker
in HFSCs. at the bagenning of & naw hair oynla, Is absant in Lana®'* HFS{s
Staining for Lotha protein shows specidic dolation in HF5Cs. Brackets indicate
hudge, Staining for 5% shows that HFSGs e still presant m the Lohe-
deleted miche, Scale bars, 20pm. (g] Animals with Ldfre dedetion in their
HFSCs as comdrolled by {grSCreff show podound defects in the eniry
intn anagen. Righl, skin pathology showing that Lgr5-CrefRLdfea™™ onimals
mostly rermmined in felogen. Scale bom, 100pm. Rewlls sre representative
ul = lessi 12 ammals of asch genobype. Oh) Lo gnsyms acliyvity sssay in
I apedlanenis s (a1 LgrD-CraERLaRa™" aniinats lacked Bhis actaly in
Ihe HFSCE, Soale bars, 20pm: () LC-MS analysis al melasolites Meom the
Indiceted mice. Data were ganerated from n=3 animals per conditeon pocled
Teim 3 irclepenckent dapeimeiits
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We assayed each al these by THC in normal or Ladba-delesion frdlices
and Found that in general these pathways were not activated In
Lalva-null HFSCs that failed to enter o tebogen-anagen transition
(supplementary Fig. 3db,

To determine whether induction of lactate production conld
alfect HFSC activation or the hair cycde, we crossed K15 Crefd
animals fo those foxed for mitechandrial pyravate carrier | (Mpel)
(K15-CrePRMpe 1™ 7). Mpel, as a heteradimer with Mpe2, forms
the mitochondrial pyruvate carrier MPC, a transporter on the
inmer mitechondrial membrane required for pyrovate entey info the
mitechondria™. Loss of function of Mpel has been shown w drive
lactate production trowgh enhanced conversion of pyravate e laciste
Ty Ldh?,

In aminals with Mpe) deletion in HFSCs, we observed o strong
acceleration of the ventral and dorsal hair cycles with all the typical
featires of a b&sﬁ:n-unaﬂcn transition iFig. da} (=12 litlermale
pilrst, Mifepristone-treated 81 5-CroPRoMpet™ " animals were the
|:r|.|r ones bo show amy signs of dorsal amagen by da].- Tk Western
bloming on sered HFSCs validased the loss of Mpcl protein
[1"5. ki, Im:p-un::m!':,-, Fur.iﬁﬂ:l HEFS{s ]:u:lrjns AIP:I shwwed a
strong induction of Ldh activity {Fig 4c). Cuantification of the
dorml hair eyele across three pairs of ltermates showed a strong
Induction of anagen in backskin lacking Mpcl (Fig 4d. rightl.
and histology showed that the anagen induction was normal
in appearance with a typical hypodermal expaomien (Fig. 4d).
Immunosminimg demonstrated the induction in Mpei-null HFSCs
of various markers of hair cycle activatbon such as Ki-67 and pSa,
while Sox9 expression was unaffected (Fig. 4e), Long-term deletion
of Mpcl did not lead o aberrant follicles or exhaustion of HFSCs
as judged by pathology and staining for Sox% (Supplementary
Fig. da), Furthermire, deletion of Mpel with Lgr5-CrckR showed
a very similar phenotype as deletion with Ki5-CrePR (Fig 4£g).
validating the fact that deletion of this prtein m HFSCs leads to their
activation (n= I pairs ot littermates). Finally, immunofluorescence
for the bes-GEP of the Lg.ri{.':rrﬁﬂ transgene 1||.1|'||5 with Ki-67
and linesge  iracing with K15 CrePRiMpei™ bl Tomate mice
alsn  demonsitated thot the HFSCs were  indeed T!ml'dmllw
fellowing diaduction of Mpel deletion by tamexifen or mifepristone
|5.II1F|.!‘II:|EI:||JI.‘!|' Fig. Al

Om the other hand. dedetion of Mpel in the tog of the follicle
(infundibulam, shaceous glnd progenitors) and a limsted mmber
of mterfodlicular cefls with Lges-CrelER (ref. 23) did not appeat o
affest the hair cycle (Lo CreERMpeI™ ) (nm 10 [itermate pairs)
of general skin homeostasls over &t least 2 months (Supplementary
Fig. 4c) Ldh activity asay on Lgre' cells sored fromy wild-
type or deletion skin demonstrated that the Mpel deletbon was
effective (Supplementary Fig. 44). Together, these results indicate thar
Increasing bactate prosduction theough the beckade of pyruvate iole
the TCA cycle has a swong effect on the abdlity of HESCs, but not other
cellsin the hair follicle, b become activated 1o initidte o mew hair cycle.

URK-5049 is o well-established pharmacological inhibitor of the
mitechondrial pyrovate carrier and is known to promole lactate
prodisction a8 a resubt in varboas settings”. Topical treatmem of
animals in telogen {day 507 with UK-5009 led toa robust acceleration
of the lair cyche, as well as mdnor hyperprofiferaton of the
inferfallicular q:uLErmis IFiE_ Sab. Dusntification of the hair L':,II'J.E

across at least & pairs of animals {vehicle versus UK-5099) indicated
astrong socdderation of the hair cvele, |n s few as 69 days (Fig. 5h).
Similar to genetic deletion of Mpel, pharmacological Bheckade of the
etitochondrial pyruvate carrser by UK-5009 for 48 h during telogen
promated increased Ldh activity in HFSCs and rthe interfollicalar
epldermis, consistent with tncreased capacity for lactate prodiuction
(Fig 5c). Finaily, metabofomic anakysis demonstrated that ropical
application of UK-5099 incresses total levels of Tactate in sorted
HF8Cs (Fig. 5d)

Bevanse abteration of lactate production in HFSCs appeared
b regulate their activation, we attempied o identify other small
merdecules that could take advamage of these findings 1o induce the
habt cycle. Ll s known do be transcriptienally regulated by Myc,
which has been shown to play an impertant rele in HFSC activation
and the hair eycle™ ", RNA-seq on sorted HFSCs indicated thiat Mys
is ibdisced during the telogen-anagen tra (Fig. fa), Western
blotting for both c-Myc and n-Myc in sorted HFSCs wersus total
zpidr.'rrniln showed a strung increase in Myc probein in the nuclei of
HFSCs (Fig. 6b),

Tul'.irl;q_ l.d.'wmuuu of o molecule with the robust l|:|i|'||:r1.|u promole
Mye expresston through binding of GP130 and actisation of lak/Stat
spnalling, we topically treated mice for 458 h to determine the effect
of ROGDM22 on Stal sipnalling and Mye expression. We found that
RCGEMEY induced levels of both o-Myc and n-Myc as well as Ldha
{Fig. &), comsisterst with activation of S1a13 signalling lading to
imgluctyom of Myc and Ldha protein expresston. dn virre measuremsen
of Ldh activity on Iysstes from total epidermis showed an indrease in
activity by RCGDY23 (Fig, 6d). In sitw staiming for Ldh activity showed
a strong induction follewing treatment with ROGDA23 b both the
epidermis and even in the dermis, as expected with topécal treatment
(Fig. bl LU-MS-based metabolomics on epidermis solated from
vehicle o REGDH2Y showed a large incmease in lactate as well, even
after just 48 h (Fig. 6}

ROGDA23 binds 1o G130, a co-receptor for Jak-5tat signalling,
and activales Statd, We found that S8afd was activated in HISCx 11}
ROCGEMLY after topical treatment by immunostaining with phospho-
Senid qntﬂ)ﬂdr IfF:s. ﬂtl;!l- This 2l corretated with induction of Ki-67
b HFSCs in the sams tssue (Fig. 6gh, IHC for pStat] and pStacs
mm:sﬂcd that RUGD23 does not dramatically affect these other Stat
family members {sapplementary Fig. 5. Toplcal treatment of animals
im telogen (day 500 with RCGD423 led to s mbust acceleration of
the hair cyele (Fig. 6h), as well & minor hyperproliferation of the
imterfallicular spidermis,

DISCUSSION

Togethet, these data demonatrate that the production of lacate,
through Ldha, is important for HESC activation, and that HFSCs may
maintain @ high capacity for glyoolvtic metabolism al beast in part
through the activity of Myc Our data alse demonstrate that a gepetic
or pharmsceiogical dissuption of lactale production can be exploited
b regulate the activity of HESCs. It 15 possible that these results hove
mplications for adult stem cells in other tissuvs. In an accompanying
ramescript, the Rutter laboratory describes a role for Mpcl in adakt
miestimal stem cells™, Consistent sith data presented here on HISCs,
deletion of Mpcl led to an increase in the ability of intestinal stem cells
s form nr“annldx

1P Mlacrmlen Fut
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Figure 4 Delobon of Mpcl increases lactatn production and accolerates
It actmaton of HFSCs. {a) Mec!™® animals show pigmertation aod Bair
growth, consisbent with endry inin the snsgen Gele a2t B.5 weeks, whereas
Mo snimals o ool show domsal pgmentation and hair growth ihis
ey, Animals ahown are repesenbstive of &l lessl L2 animal of each
penolype (bl FACS (solslicn of HFSC bulpe populalens (n g by
Mpe 1™ it follosvsd by wattein BASHInG shines Succesly| delEton of
Mpc] protean in the sham cell nickss, f-actin s & ading conkral (e Plata-
reaer gEsdy for Ldh ectealy on sortad HFSC popalabans shoas olevated
activity M Mpci™® HFSCs comparsd with Mpcd HFSGs, Each fDar
rapresants the mearage signal for @ach ganobype whars n="9 mice ponlod
from 3 incependerd mporimonts. Shown 25 moan 3 sem Paired fest
was performed, &< 0.05 (d) Histology on wild-typs verws Bpcl deietjon
skin shows induction ol anagen in absence of Mpcl. Scale bars. 100 pm.
Duantiticsion of phenohype #f right thows percentage of dorsal follicles
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E 100 oo Ho0
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§ BD ci] EO
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E a0 a0 20
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in ielogon, telogen-anagon transtion and anagoen in Mpc ' mice wersas
Mpe 1™ mice (n=250 fallicles from 3 mice per genobype). Shoen a3 mean
& s Paired [-besl was parformed, P <005 (&) ImmuonohishocBemising
lalneng Tor K367, 8 maksr of praliferalom ks s acke in HFSCs only
ol the Legirming of & ey hEiF cycle, |5 phesenl 0 Mocl™" HFECs only
al 8.5 weeks, cansibent wilh lheir accelersted emiry iolo @ new fait
tcle. Phospho-S6, anothar marke: (had &= active @ HFSCE only 6l the
Regimning ol a new hair cycla, & present in Mipc["" HFSCs, Siainng fo
5o shows thit HESCs are prosent = 1he Mpol-deleted mche. fmages
takan At <60 magnificatian. ) Dedstion of Mocl in mee bearing the
Lgri-OmER allels shows efrang induction of tha har cycle. Resulls ane
representative. of at inast 9 animats par gonotype. (g) Quantificstion of
pigmentation an ihe indicaied genctypes acoss three indeperdens lifters
In=15 mice per genatype), Unpmcessed original scas of Glots ane shown
in Saipplementary Fig, &
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Figuee § Prammacciopcal inhibtion of Mpcl promates HFSC acisation
{a) Arimals treatnd {opically with UK-S053 2085 show pigmentation and
hair growth, indicadive of entry into anagen, after B days of treatment. Full
anagen, mdicabed by a full coal of ke, isachesed after 14 days of breabmend,
Mice beabsd lopcally with vehicle conbral do nob show pgrmentalion nor
hair growth sven alted 12 dags of Heatment. Aghl, shin palhalagy dSdwing
ImEl UE-5099 amimals enter an acosleraled anag B waeks tvpilied by
down growih of Tedligle and hypodermal Dhicke le pihicle comtpal
frEaisd ani = showed nather sl remelsesd |gan, Images shimn
Afe rapresantatae af af least 14 miea from 7 indepandent esperimants

Previous work showed that haematopaotetic stems cells { HSCs ) show
highar glyeabvtic sctivity, but disraption of glycalysis m the HSCs ed
to acthvation of their cyching™ ™, contrary to what we find with HFSCs
While the distinction could he hin|r||::1|:a|. there are technical rexsnns
for potential discrepancies as well. First, there are na Cre dransgenic
lisees that can debete genes specilfically in H5Cs, as opposed o HIBC
(KI5 or Lgrst ), Second, to bleck glycolysis in HSCs, the previous
study deleted the PDK eneyme, which wouald only indirectly regulae
|.:_l5.'|.'u|:.'=-|:-. whercas here we deleted the Ldh ETLEVInS: Ei'll\.'l.'1r.|l.il|.|:l In
additeon, H5Cs and HFSCs are functonally distinct in that HFSCs

cycle only ar well-defined moments (telogen-anagen transithon |, while
Ihrar|:||n|=|_|'-| HSC actrvation is nod as well established or :-'|.'|'..:I'.n'|ni:.'|:~d.
Instead. we hypothesize that increased ghycolytic rate in HFSCs allows
them o :ro.-:pun& L]Lll;'.ul:rp fo the h:lrr.1g.-.- of cues that orchestraie

a T

Fslaiive lnctats ol
u

| .
v

Scabn bars. 100um. (bl Graph showng time to ahserved phonohype in
vahiclp- veesus LIK G090 traafed mice, m= 6 mice per conddion. Shown as
mean £ 5.5, (e} Leh eneyme nctivity assay in the epidermis shows sbrong
actvily m HFECs in wehicle conbrel and UK-5039-trealed animais, Ldh
engyire actrity al=o sesn an inkedollicular spderiis of UKE-5009naxied
ahimat. Ldh aclindy i@ indaated by purplé staeh; pink = fuclear fasl med
counferstin, Seale b, S0pm, (f Mlaboiosiic anabysss of |actale on
HFSCa isolated Irom UK-S0E9-realed shin Tor 45 D, each Dér represents The
rwarags 5iEnal Tor edch condiism whane d="9 mce p o 3 IncenaE et
mipsriments. Shown a3 mean + 6.8,m, Paired f-1ast was perfomed, P < 0,048,

the enset of a new hair ovele. This has also been prnr\-nm'd by
be the cose for neural stem cells solely on the bass of RNA-seg
data™, but as of yet mo im wieo functonal evidence exists 1o confiem
this prasibility.

The fact that small molecules could be used (o0 promeate HPSC
activation suggests that they coubd be usebil For regenerative medicine.
This & not ooly the case for halr growth, but potentially for
wound heaking as well. While HFSCs do not normally contribure
tin the Interfallicalar epsdermis, in o wound setting, HFSCs magrate
towards the wound site and make a contnbution, as measuced
by limcape wracing™, Whether activation of Ldh enzyme aciviey
by Mpcl imhibition (UR-599) or My actvation (ROGIM23]
can promote wound healing will be the subjece of intense effir
oing forward o
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Figure & Stimulabon of Myt levsls promofes HFSC aclwvalan, (a) AN&-Seg
dals froin sorled HFSCE in felogen &nd 1elogen-ansgen ransilon™, ma=d
Mt per Hime point, Shon B2 -mean & san, Paired esl was performed,
P 005, {b) Nucipar probair fractions Ehow edpression of n-Mycand o-Mye
In HFSGE comparsd with epidermal ceits, H3KZYac &5 a lcading controd
lor muchear proteins, (gl Total probein proparations from sain treated with
twa {opicsl dosss of RCGDA2E [601M) show incrnased o-AyT, n-Myc and
Loha protein leels compared with animals thal recetved two topical doses
of wehicle control. [actin is a loading control. [dy Plate-reader assay for
Loh engyme achivity i the epedermis. Each har represents the mersge
wgrial for each comdibion whers p=3 mite pocled from 3 independenl]
snperireEn by, Shown & mean £ sam, Paled (-test was performed, P 005,
le] Ldhv engyires acirily essay in 18 eplderinis i wabicke control- Bnd

METHODS

Methods, including statements of data availabality and any associalzd
accesslon codes and references, ase avallable dn the online version of
this paper
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Har snatt |
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Diays treatad

RCGOMES-Treated andmals, Scale bars, B0mim. (1) Metabolomic snalysis of
lociate o HFSCs isolabed From RCGOMZ3-teafed skin for &80, Each bat
mepdesants he garsps ugnal for each condibon whare 9=9 mee poolad
from 3 indepandent sapanments. SNown &5 maan + se.m Fared HMest
wat performd, P (000 (g Immunohistochamistny staining for K67 and
phosphio-Stat3, a downstream maner of ROGO4ZI activity, Scale hars,
20um. ik Animals troated with ROG0423 (R0pM) show pigmantatian and
hair growth, indicative of entry inbo anagen, afier 5 doses. Images shown
are representateee of ab jeast L4 mice from 7 indeperdent experiments.
Scale tars, 100um. Cheantdication of phenotype showng tme 1o oisened
phenolppe in yehicle wersys RCGOA2 3 tresfed mice. d= 86 mice par
condition. Shown as maan £ s.em. Unprocessed originsd soas of bloks ans
o in Supplementyy Fag. 5.
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METHODS

Mice. Srveral of the animal strainy cane from fackson Labs (K 15-CrePR, Lgri-Creli
and { et Crek R, whle others were genemied in the Ruimer (4dpe™ ) and - seth
labusrwgories’” (bl | and maintateed unsder conddions set forih by TUCHC and
UCLA ARC, Fur expeniments that include amalysis of ihe veligen stage of the hair
ayele, aminish were harvestel @ postnsital day 30, (e wdogas-anagen rmnsition
apamuls were harvested a1 day T and for anagen smimals were harvested al postnstal
ity 90 For experiments thin inclode snalysts of ransgenic animals, K15-CePfi
anamabs were shaved wndl brmted by injection af meleprisone and Lpe-Coelil aml
gty Crel R wmmals were shaved and ireated wiih tamonifen {10 mg ml™" dissobeed
i wanilower seed ool Tmg per day for 3 days) durisg relogen | postnaial day
5, and weoniinred for hair cegroeth Sallowing shaving, For Figs % and 6, wild-
type CETHLE] animals were shaved at posinaial day 50 and reased sopically with
Traspaderma Pl Gol Uikransy Base (2200 Dvhicle], UK-5099 (S OIS
20| or ROGDOWLS (40 ub) for the indicaied periods of ime. Doth male and
lewmale animals were weed i this stsdy in spproximmely equal nusnbers with ne
appanmt differrnee im phenotype benseen gendere. All amimal experiments were
pertcemmed in compliamce with ethical guldel s snd appnoved by the UCLA Animal
Reseanch Comsmittes (ARCH socnrding e IACUC gaslelines in failiies run by the
LCLA Department of Laborarory Arimald Meds ine (DLAM].

Ilhbll"-r. i amil § Ik Thsumen were iolated from the
Imhﬂ.mdpm'paamlubtdd.rdhﬂuml mmpewand For froeen tssue
preperations, or fignl mwmight i 4% foemdin and embedial in paradlin.
Far frogen bese, sectioning was performed on @ Leica 330 Crvostat, and the
sertions were lned Bor 5 min in 4% paralemaddeliyde. Paraflln-embeddad nsie
wien partwcvedd, de-paraffinkeed s prepeed for hisiology, All soctions proparad
Ior staining were blocksd in staining h:l&r coniaiing up'p'my'mhe coutral Il
[guat, ralehin anid s onl, b i bry was p 4 co inemalin-fand
parafiin-embedded imsue with ctrate or Tris Safler amigen petreval with the
Tinlliudeng alilodiee: KI-67 (Ao dh1&s67, 1:50), p-5 (Ul Sanaling CXT2215
1500 St Abcarm g RRSEND, |100M0E, Ldba Al ab4TOE0, 111600, Eah { Aboam
ahi 25685, 100, r-St.IT] (Akscam abtEESS, 1200, p-slull I NBcam abldsdnl.
1:200}, p-SialS (Abcapm abI2A6; EB50) GID (Aeam abal50; F100), [k atenin
(Aheaam abS2303 L5, The AKD EnVisinn+ HEF Perosidass System Dk
bogin11-2) anad Duako AEC Subsrrate Chromogen (Diko K346430:2) was used Sor
iletectiun, Images wrre eollecind on sn Olympas RE8Y Upright Microscops aml
Eetss Model Axo bmager M1 Uprighe Pluorescence Micruscope. Prolemn sample:
Tt wenlern bboas anil erfymatic asaays weer extructed from FACS- sl -:-Phh:rmpl.
pupulmions in EIPA Frsis bufler (Pierce] with Halt projcase am] phosphatase
inhsdapone (Thermo-Fisher|) and precipitaied o accione for eoncentrathon. The
Tnllnwirg emtibidies were usod [ndtim (Abcam abB22T; §L000Y [b-stlin (Samts
Crum sc-4FTTRE DL, o-Mye (Abcum ab2207% 100 480, o-Myc (Santa Cruz
B39, 1200, HAKZT Ac [ Abeam el 7707R; l-,.mj.M|h.'l g WS 19

Cell isolatban and EACS. Wihole dorsal and vencal mouse skin win gacisad
andd [lowand on trypem [025%) Sor Ll at 377 o owernigdt ab 47, The epiderius
waes separated From dermis by soaping and ops cells were mechanically
dissociared using a papene. Epidermal cells were (@erad wiiha 700 cell sivainer
it 5% B, colleciod ab 300y and washed twice with PBS, The cells were then
Itered through & 40kl el sraser and stained for FACS procesing with CDs
Melommsglonad Antibaody (RAM 341, FITC, eBinacienos (ontadogie oo 11030 <20 and
CIvsd (Imaegrin alipksa 4] Monodonal Antibady (R1-21L PE, elsoscience [catalague
iy, B20452.211, The gatleg sirsegy is sherwn in Supplesseniary Fig, 1h Czll were
sarted uning BD FACSAria high-speed cell sortvm Single-positive and dostble:
positive populstins were collected imo 20% BCS, RIPA brsis Badler [Thermo
Sttt Pirrswl, or 80% mahanal e enspimalic assays, weslor luta or mass
spectrametry analyses respoctively.

Cofll Bings. Mo coll lines were uwed in this stdy,

Platg-reaeler Ludly masay, Ladby activiy was detwrmijus] b ull lysabes by messsrang
1he formation of soluble X7 Sarmazn @ diesc eeatiom 0 production sf KATH

METHODS

s B al 475 o ) 37 0 uslog o Synengy- M plate resder § Baviek hstromestag
Lysates wrre prepaned im BIPA Boffer (Thermo Scientific Pieeoe), Pretcin cosbent
wik devennimed wsing the BCA Prmemn Adssay Kit [ Thermn-Scenidic Plesce). Ten
misrograms of probein was asal per well. The staiming sohrtios contained 50 mb
Uris buifer pH 7.0, 130 b XTT {Sgemal, T30 b KATY Sigmal, 80 M phengeine
methosiliate (Sigmap amd 10mb ol substrste lacae (Sigmal, Ll activily ws
iletermimed in coll lvades by messsnng the change in sbsorbance of thor common
suilirase o prodoct. WA, over tinse i 340 nen st 25 Cusing & Spnengy - M plae
reacder {Biolek Fistrnomenia),

b lie Ll annag Cryosnit sections of mouss skin were beizlly nal (4% asmalin
for dmin}, washod with PBS pH 7 A, and then incubated with the appropriate
sadition dor LEYH activity: Staining medium comisingd 30 mb Tris pH 7.4, 750
WAL (Sigmal, A0 pA phetiaring. methoslise (Sigma), SOEM nitmtetreenlion
blue chloride (Sagma), [mM MgCl [Sgma) snd (0 of (e mbstraie laciole
[Signea)- Shides were dncabatod wiih stsining meaioen ai 370 ussil they redched the
ilrmired inbensity: them countertainel nsing S lrar Fast Reed [Vectar) and moamind
using Yecabbount {Vector), Contnd reactions were performed by using incubation
ittt sk the mdbtrate mixture oe KATE

Bliss pectiemetry-hased falrlopsics ysls. The

perfermel s deacribed oo 17 T estrace nrlrmllull'r metahulibes, FM..?-—
sariod cdbs were briefly rinsed with cold 150 mM ammnniun acetae (pH 730
Talloiwed by ashlition of 1ol vold B metlannl em dey e, Gl suspessions
wrre transfermed into Eppendord fubes and 1nmal 1YL -norvaline was added
Afies Fig by mlxing, the aispescson wis polleied by contrilsgation (120007,
4700 The supernateni was ireshereed iogo0 2 plass vml, inctabobites drind
diven under vocuum, and resuspended in TO% acctonibnde. For the mas
spectromuary-based anabpdy ol the samgde, Sul was l-l'ussnﬂl o & Luna WHZ
(iHimm « Imm Phenomenoe) ool The ples wene hand with
aE UliMate JHERSLE (Theme Sceenific] ciiplad 10 4 ©) Ewiclive mas
spectrnmieser [ Thering Soanitalich, The O Exactne was nen with polasgy swatcheng
L 250k - 550 kY in dull scan mode with an s/ s Tange of $3-975 Sepamtion
wah aclrkeved mbng A) Smdd NHACD (pH99) sd B} AN, The gradsent
siaried with 5% &) gomg o %0% &) over 18min, followesd by an isomtic
slgp for 9 min and reversal o the niksl §5% A Sor Tmsin, Metsboloes. were
puastifie] with TriceFmder 13 using accurabe mass messsremmis |3 ppmi
ard retentiin times. Mormalieed metaboliie data ave available ab figbare.com
|:‘|’||IH:I'.|ILH.II|”|I“.lmdhllu.n“lhllfl..‘lm!!:”.

Staistics and reproducibilisy. Expeoments were peanmed on male snd feemale
amims its approsismalely gasl numbsers wilh so apperen) differoee in phamtype
betwreen sexes. All phenotypes described are representaine of 4 eninimwem of pet
littermate pairs as indicatel i dhe description of each experiment. For el
uf the hair regrowth phenotype ne staistical measae was useld o determime the
sample slae hetordsnd. nor were staristios oeeil o measure effects, as the results were
wvsmitially positive or negative as represenind in the ligures, The resalis diseribad
mclede data from all irenied ammak. Investigators were not bhnded i0 allocation
during the exprremental daia enllection. Evperimens were ol fandniesd. A
renuilin sharwn are represemtative images from al besst ghree indepoodentty trrsted
animaks, awl genmyping wis performed both before anil aftes animal reatment
for confirmation. For graphs, all comparisans abe shows by Sodests fe-lailed
unpaired ¢ -test and all graphe, bars or lines ndicate mean and error ban mdicate
stamilasd eroor of the seam {een ],

[aga wvallability. Previously published transcriptoemics data thar wese reanakysed
here are availahle aniler aceesabom el GRESTEM and GSEF IS rels 35,361
Wnrmalized metabnlite data are available at fgshane com hiapaidndorg! G A08a7
wd flgahare c 3800271} ANl mher dats supperting the Dedings of ks sudy we
wradlahle from the cor feng mithor om shile tagjuak

F

36, Wails, A Lo af al. St il quiskcined G008 i B UG WHIASAOT 0 sEnes
{mGurs. Maf Ced St 16, 99- 107 (2014)
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Supplementary Faguen 1 Vatidation of key reapants and assays a, top, HE sming pink cofor i nuclear fast red counterstain, In abserce of substrata

with antibody recogrizing specthically Ldha (same o5 used in Fag lak |actate there was no detectable actraty (purpie stamnk night, Additional
Bofbeim, IHC with satitody recognizng multiple isotorrs of Ldh protein. walidadion of colorimetric Lidh ey acthily assay. Ensyme sctivity
Srabk bars indicate 20 micromsgtes, b the sorting strategy amgloyed to Inkitited iy freating skin with HCI batom adddion of stasning salusion with

malate two pooulations of cells from the bulge. Thes parficular sort was sed  subsbabe actste. So Ldh actmity (ounple stan) detected. Skin mwhich
fon isalabe the protein semiples shiwn by western bk in Fag 1 &, Validalis ehzymme slivity is net inhilbited by Hydeoconic Ak (HOD dhows highsst
of coforimatric Lo snayme activity assay. The highest Ldh anzyme activity L enayme activity n HFSE bulge and i tbe musche. Scate bars indicate
was absarved in HFSC bulge and in the muscle. Activity indicated by porple &0 micromebers
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Supplementary Fagwre 2 Validalion of hair cycle slage a, Analysiz of RNA-
o) data bo wnlidata that HFSCS in tologes-anagen ransition wens in fact
misuch a transibon.  The telogen-anagen tramition s known to be driven
by Shh (Gl Fecbors are fangeis) sod Wet (Lell, fnin, Cond [ sre lagels)
signaling, and comslate with incerasd proliteration (KIB7 ang Ponal In

addilion, Scxd was previcusly idenblied as & regulsine of 1% 1eloger-anagen
frangition, n=3 mice per imapoint, Shown as mean 4 SEM, Paind 1-last
was performed, p < O.05. b, staining for Ki-67 markes deviding cells during
werious stages of the Fair cycle, Braciets indicste the HFST niche. Scafe
Barg endlicata |00 micromatars.
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Supplementary Figare 3 Long tarm deletion of Ldbe in HFSCs &,

K S0raPR L ana™  animals treated wilh Mitepristons during felogen (day
S0) wane almend T cevalop for & months, Meps ol the & TSGR it
¥ mice vhowed complebs hair regrowth, compared to contnal animals thet
Al gresy 1her halr coals Back complalaly, lmages pre rapresarlalive ol 48
mast 12 amimals por ganctypa, b, Histologcal examenation of the long
term K1 5ErePR:Ldha™ mice showed that Ldha-null HFSCs remained

ofi belngsn while WT HFS0a wenal though anagen and then selurned 1o
talagen. This is apparent from (heck sactions (80 micron, right) that
show an increased niember of club hairs in the 'WT relate o Lohanull
fnlfcies, Boade hars indicate D00 micremebees [efth, and 20 micromealbers
smaddle and Fight), €, IHC for HFSC manar 5o shomed 1hat oelelion
of Lotes from MFSCs does nok aflect their presence in the bulge aven
afier & months. In addition, |HC and Lih acimily sssey demonsirale
that tha dedstion of Ldha was sustained, Because of tha mosaicism of

the deletson, in some poctions of &1 5CePR o™ skin Ldha mas not

W RATURE. COMMATURFCELLERDLOGY

5]
-
d —_ -
" =
" g
-
— o L

d K150
elogen

= Ltha 444
telogerranagen  K1SCPR; Loha 10

b-catenin

deloled. Shown on the boliom row 15 s from hmir bearing skin in the
1 SCra PR LaNa™ mice where Libe was slill aupressed, shiwing thal new
Rkt growth an K SRR dha"" mice was due S0 lack of defetion ot Ldha
caused by the mosaic approach used to mediate Cre recombination. Scale
Bafs ndicats 20 micremalers. d, To debsming how various signaling
paitwiarys pravioosly linked ta the haiv cycle ane stfected by loss af Ldfa
mn HF5Cs, we performed [HO for markers hat indicate actiity of these
pidbwiys in telogen &nd Telogen-anagen transdlion. Nols (hal pSlals
appnars ta ba supsnessad In nommal tekagen-anagen tansition, ang his
does not sesm to occur in Ldhanull HESCs, pSsatl and pStatd did not
seam o b alfectad by loss of Lafd. Expresson of GRI, @ Lerget ol Shh
signating, & typlcaly induced in-am activaten halr garm ceived from
HFSC, bt Lothenull HFSCY do not make an active hair germ. Activation
of the Wil patheay |8 indicaled by nuclesr localizalion of J-calenin, snd
wary |idtln neciaar Scabenin was detected in Laha-null HFSCs, Scalo bars
ndicate & mxTometen.
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LETTER TO THE EDITOR

Topical Inhibition of the Electron Transport
Chain Can Stimulate the Hair Cycle

Texsrnal of Investigative Dvrmarology Q0T W, @ doe 1010w

TO THE EDNTOR

Encrmous effort over the last 3 decades
has identified a number of signaling
pathways that act on hair follicke sem
cells (HFSCs) to promote both quics-

cence as well as activation (Chan et al.,
2004 DastCaupta and Fuchs,  18999;
Kimura-Ueki et al., 2012; Ming Kwan
et al., 2004; Pus and Foitzik, 2004;
PMikus et al, 2008; Sugawarm o al.,

2070k Mauclalr et al., 2005; Zhang ot al
2006). With respect to intrinsic mecha-
nisms of HFSC regulation, less is known
about the cellular metabolism of indi-
vidual cell types in the epidermis. In
general, it has been presumed that so-
matic cells wuse mostly the electron
transport chain (ETC) 1o produce energy
from pyruvate that was generated by the
uptake and processing of glucose, while
early embryonic and cancer cells are
thought to also rely on production of
lactate from  pyrovate. We recently
demonstrated that HFSCs halance the
production of energy through the ETC
with the production of lactate as well
{Flowes of al,, 2001 7), Previous efforts to
define metabalic  activities  in the
epidermis focused on measurements of
enzyme activities on entire  folliches
{Hamanaka ef al,, 2013; Kloepper et al,,
HRGL I addition, several studies used
transgenic models targeting the entire
epidermis (including the follicle for
debetion of ETC components (Hamanaka
2013 I'\.i|||'|||||'| ot al,, 2015,
Those studies suppesded that genetic
blockade af the ETC leads to degenera-
tacan of the Bodlicle. 1t is less clear whether
inhibition of ETC complexes, as opposed
o genetic ablation of ETC, would affect
cell metabolism or fate decisions.

In the study by Flores ot al, (2017, we
deleted Ldha specifically in HFSCs and
found that Blocking lactate production
prevented  activation of HFSCs. In

adkdition, deletion of 4 probein required
tov franspeort pyruvate info mitochondria

(Mpc 1) in HFSCs lod to the increase of
lactate production and acceleration of

HFSC activation (Flores of al, 2017)
Therefore, we hypothesized that phar-
macalogical ETC mhibition would pro-
mote HFSC - actvation
increased production of lactate,

Tor determine whether manipulation
of ETC activity could affect HFSC acti-

vation, we used topical application of

various  inhibitors of ETC components
during a resting phase of the hair oycle.
At postnatal day 50, the HF is in tel-
ogen, a resting phase where the stem
cells of the follicle are quiescent until
the start of the next hair cvcle at day
A0-80 (Greco et al, 2004 Muller
Rower gt g, 2001 Paus and Foitzik,
200}, Rotenone,  phenformin, and
antimycin A are all established in-
hibitors of Complex | and Comples 111,
respectively (Grasber 1 al, [076).
Animals were shaved at postnatal day
47 and treated with the  indicabed
compounds or vehicle on the shaved
area every 48 hours for the indicated
duration, Afler 3—4 treatments (8-12
days), animals treated with ETC in-
hibitors began o show signs of hair
cycle  activalion  macrascopleally,
judged by pigmentation of the skin in
black mice, wheréas vehicle-treated
mice did mot show significant pigmen-
tatlon for al beast 20 days (Figue 1a and
‘1|||||:-||'|':|-|'|I.l|'. Figure 57a online), As

defined  previcusly, the épidermis of

muringe  skin  becomes  pigmented
upon induction of the hair cycle, which
is indicative of the generation of mela-
nocytes injecting  pigment  (melanin
into the keratinocytes, which go on to
make the hair shaft, as well as those in
the interollicular epidermis. Thesefore,
the induction of pigmentation

Abareations:. [T, alpctron transport chain; WFSC hair faliicle stem ool
Acceprend manisord puldished ondine 26 Ootaber 2007; corected prood pulbished oalire XXX
@ 21 ¥ The Authors. Published by Clsevier, Inc.on behall of the Society for Imessigative Dermatalogy.
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because  of

observed  after B-12 dayvs in ETC
inhibitor —ireated mice was most likely
indicative of hair cycle  activation
induced by this treatment,

Tor deemonstrate that the pigmentation
induced by ETC inhibition was in fact
due to changes in HFSC activation,
tissue was harvested and subjected to
pathology.  Mistological  analysis
showed that follicles in back skin
treated with ETC inhibitors underwent a

normal  ielogen-to-anagen  transition
{Figure 1b and Supplementary
Figure S1ki. These findings were in

confrast o previous studies showing
that transgenic abrogation of the ETC
led to HF degeneration (K loepper of al
2015)

To determine whether the hair cycle
induction driven by ETC inhibition was
typical, we measured the thickness ol
each layer of skin across different stages
af treatment. As shonwmn in Figure 1, all
of the ETC inhibitors increxsed the
thickness of the epidemis, dermis, and
paticularly the by podesmis, suggesting
an expansion of the adipocytes. Anal-
yais of FTC-inhibited skin showesd an
increase in Kie? in HFSCs a week afier
treatment, evidence of HFSC activation
in response 1o ETC inhibition (Figure Td
and ‘\|||||.~||:'r||< ataiy Fluwde S1d. To
determinge whether application of the
ETC inhibitors pramoted inflammation,
which could clowd interpretation of
hatr cycle data, we assessed variows
markers of chemokine response and the
presence of inflammatory immune cells
after treatment. We found no evidence
of significant inflammation by these
megsunes in response o ETC inhibition
1'1_|||[||{'|'.1-|-r|r._'-r1- Flgure & 1l

T determine the eoffect on cellular
metabolism of ETC inhibition by rote-
none, phenformin, and antimycin A,
we performed two measures of meta-
holic pathways. First, we quantified
lactate dehydrogenase activity on cells
isolated from the epidermis treated with
ETC inhibitors for 48 howrs (Figure 2a).
Mext, we employed metabolomics on

. furdindine. ong



M Miranda el al.
ETC Inhibition and the Hair Cycle

8 10 days 16 daya

Caniral  Phenormin Contral  Premformin® B

Soxd

KigT

Figare 1. Topical treatment with ebectron ransport chain (ETC) inhikitor can promate the hair cydie. (a) Mioe wene shiosed at day 50 Jielogen) and topically
wreaber] with pherdormin (5 ubdl every other day Toe 2-3 weoks, The smage demonsivates e pigmentstion ard then hale grosth in nesponse 1o restmesd
with phenfonmmin at 10 and 16 days, and bematcogdin and eosin staining confioms advancement of the hair oycle ibotbami. & Fope quantification of macroscopec
changes b the hair ceche i aneatement and comiral, Boimome gquantification of chanpis o e hair cecle ar the [EIRIREITES I, Cpuaniification |p,-:|'l:|nmd
across 13 vehickebreated and 4 phenformin-dnsated male mice. (o) Top: changes: io b thediness of the epidermis, demis, and hypodermis wens assessed
e r.m.c'::pn'-lll.- anil guartited bedowe (6] Immmurohistochemisry for a matker of hair follick seo cells HPCS) Soxfh and prodiferariy KT
demonstrated that HFSCs became activated in responss o ETC imhibition by phenfomin, rotenone, and antimycin A Scale hars for (ak and ik = 50 gm.

Soale har far igh = 25 pen;

sarted HFSCs with and withowt ireat-
ment for either 48 hours or 10 days,
These analyses indecated an increase in
Ldh activity and lactate levels, as well
as several other glycolytic intermediates,
im response o ETC inhibition by rote-
none, phenformin, and  antimycin A
(Figure 2by, This s consistent with our
previous data showing that deletion of
Mpcl in HFSCs blodked pyravate entry
imto mitochondria, leading to increased
levels af lactate {Flores ot af., 2017,

As mice age, the hair oycle is known o
become  protracted, such  that upon
shaving, only portions of the back skin
show regrowth of hair within 1-2

|l o Inwesstigative Dermatalogy

months, We treated vapows batches of

aped mice (at beast 17 months bor 30 days
with ETC inhibsitors to determine whether
this mestabalic manipulation could stim-
ulate the hair cvele even in dormant fol-
licles, W found that topical application
of phenformin, rotenone, or antimy cin A
all led to more complete hair regrowth
across the entire back skin on a time
course similar to that of younger mice
(Supplementary Figure 52a onlinel. Asin
younger animals, treatment with these
ETC imhibitors led to an increase inlactate
pool levels, as measured by metab-
olomics (Supplementary Figure 52b). The
resulls presented here describe a method

LT Valumie m
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o promote lactate production and sub-
seqquent hair cycle activation, Building on
our previous genetic dissection of meta-
bedigm and HFSC activation, this work
provvides a refatively simply route 1o pro-
mote proliferation of HFSCs,

Animals

Wild-type male and female 49-day-old
C57BLS mice woere obtained irom
lackson Laboratories (Bar Harbor, ME)
far all topical experiments. All animals
were maintained in University of Cali-
fomia Los Angeles Division of Labara-
tary Medicine —approved pathogen-free
barrier facilities and procedures wens
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a _ perormed using protocels that adhere
Animat 1 Animal 2 1o the standards of the University of

¥ - California Los  Angeles  Animal
Research Committes, Office of Animal
Research Oreersight, and the National
Institutes of Health, Aged anfmals werne
acguired from a Mational Institute an
Aging repoasitony

=

LEH ackuiy
{iotal epidenmis]
B ua

Topical inhibiter reatments
|lmn1n:l mFolenone 10081 @ Phanhormin Sml 8 Ardmyon A 28500l All drug!- wWihe suspended in DASOY
and aliquoted a1 approximately fives
- times the hali maximal inhibitory con-
Fviabaa vl centration far the purposes of pene-
Intpein &
£ K

48 howr freatmean

trling  the epidermal  baerier  upan
in wiva applicaion. Aliquots were then
mixedd with the appropriate volume of
Preslurn Lecithin Organogel  Base
(Tramsderma Pharmaceuticals  Inc,,
Coquitlam, BC, Canadal and topically
applied ono the shaved dorsal skin of
49.dav-old telogen-gage mice. Two
experment time points were  used:
acute theatment (two dosts across 48
hours) or fong-term studies ione dose
three times a week for approxbmately
1.5 weeks), Full-thickness dorsal skin
was collected for histological analysis,
oryosectioning,  BMA isolation,  or
epidermal stem cell isolation according
to well-established FACS protocol.

alycolysis

TCA cycle

10 day treatment == Histology and immunostaining

] A set of full-thickness skin samples
ki Ronone  Efpomma.. ATV A were abtained from post-mortem tissue
LT D S T IO VB N harvesting, fixed ovemnight in 4%
e | o parafiemaldebwde, and  then  dohy-
i R : [ . drated for paraffin embedding and slide
@ e b generation;  hematoxylin and  eosin
‘_& GaP £l s staining was performed according to
2| cerFeR - standard protocol. For immuonohisto-
PEP T i chemistry,  formalin-fived,  paraffin-
Pt e embedded tissue slides were clearad
and rebwdrated through @ series of
) - ethanol washes. Anfigen retrieval (20

2HE i 1 i
= minites in pressure  cooker, micro-
e - B waved al 100 power) was performed
'& L : = with 100 mM citrate. Slides were incu-
E Fumaraia I I = hated in hydrogen peroxide (30 mi-
D Ml e K nutes al A°C1 and then hlocked with
Succinalu | e 10% goat serum/0. 1% Tween for 1 hour
Pusuvali ok at room  temperature.  Primary  anti-

bodies were added and  incubated
Iigure L. Topical electmn iramsport chaim (ETC} inhibition ncreases lactate prodisclion, () Mice wene overnight, The f{lﬂﬂwlng amtibodies
wreated] faplcally with tho indcacsd $TC inbdhitor for 28 howrs. Total epedommie was lolated, byzed were used: rabbil Sox9 1:B00 {Abcam

2 91 ,

ard sulsected Bo lactose debyidrogemase (LOH) activity assay, Relative LDH activity is presented an the . i
e af activity aver 30 minwses n twde different anemalse (b Maoe were troated opically with BT c"mhn@?" MA; IHEBETL rabbit Kib?

nhsbritar jor S0 hours eph or 10 days Bottom). Tiead epidermis way solated and metabalites wee 1200 fAbcam 1HERT), phospho-EGFR
emtracied and subjociod io mitabolomecs. Heatmap indicates relatve lovels of mefabaolibes related 15000 (Abcam 40815 IL-6 1500
ghycalysis i the ricarbosylic acid [TOAT cycle idbcam 66721, and CDITB 1:250

W fsdinline org
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(550282; BD Pharmingen, San |ose,
CAlL Sections  were  washed  the
following day with 0.1% phosphale
buffered saline with Tween and incu-
bated  with rabbit secondary  horse-
radish  perosidase—labeled  polymer
(Dako, Carpinteria, CA) for 1 hour at
roam temperature, and then quickly
washed with 0,1% phosphate buffered
saline with Tween and phosphate bl
ered saling, AEC chromogen (Dakol
was used for the colometric develop-
ment reaction. Slides were then briefly
counterstained  with  hematoxyling
mounted  with  Faramount  Aqueous
Mounting Media (Dako), and sealed for
subsequent  visualization by light
MiCTOsCOgrY.

Hair cycle analysis

Hair oycles were assessed macroscopi-
cally by photographic dncumentation,
A scale was established to grade hair
cyche stage: 1) telogen ipink, white skin
when dorsally shavedy; 21 plgmentation
ibroad blue'gray pigment spols/paiches
on shaved dorsal areal: 31 hair growth
iddark pigmentation coupled with small
patches of furk and 41 anagen (dark, full
patches of fur within dorsal area) in
relation fo numbser of doses and elapsed
time of treatment. Hemaioxylin and
eosin-stained imapes of all treatment
conditions  were  amaged  at =20
magrification o assess morphological
changes in control and treated skin,
Hair cvcle stages were also evaluated
by fodlicutar morphology into mespece
e telogen, telogen-fo-anagen transi-
ficn, or anagen categornios.
Additionally, the epidermis,  dermis,
and subcutaneous fat  layers were
independently  measuned  via  Imagel
software (National Institwtes of Health,
Bethesda, MDY, with approximately 23
measurementsskin laverfanimal, Scale
was st al 1,68 micrometerpisel for
global layer measurements.

Lactate debydrogenase plate reader
metabolic assay

Protein hvsate was obtained from cell
pellets and resuspended in RIPA buffer
with Halt protease and phosphatase
inhibitors (Thermo  Fisher  Scientific,
Waltham, MA). Staining solutions for
lactate dehydrogenase were prepared
with Tris huffer (pH 7.4, XTT, nicotin-
amide-adenine  dinucleatide, phena-
zine methosulfate, substrate (lactate),

ARTICLEINPRESS

and reagent-grade water and held at
37°C until use. Solution was added
directly omto samples prepared in trip-
lhcate across o 6wl plate, A micro-
Mate reader held at 37°C measured
457-nm absorbances every 3 minutes
across A -minute period (o assdss
ey kinetics,

Metabolomics

The experiments wene performed  as
describoed in Flores ot al. (2017). Cells
were washed  with cold 150 md
ammanium acetate (pH 7.3), T ml cold
80% MeOH was added, and 10 nmol
DvL-norvaline was added, After mixing
and pelleting centrifugation, the super-
natamt was moved 1o glass vials, dessi-
cated under vacuum, and resuspended
in 70% acetonitrile. Five micraometers
of sample were injected onto a Luna
MH2 (150 mm = 2 mm; Phenomenes,
Torrance, CA) column. Samples were
analyzed by an UltiMate 3000RSLE
Thermo Scientificl coupled to a )
Exactive mass spectrometer (Thermo
Scientific). The O} Exactlive ran with
palarity switching (+3.50 kW/=3.50 kV)
in full seam mode with an m/z range of
B5—975. Separation was performed
using 5 mid NH ACO (pH 9.9) and
acetonitrile. The gradient ran (rom 15%
b 0% owver 18 minutes, followed by an
isocratic step for 9 minutes and reversal
ter the initial 15% for 7 minutes, fde-
tabalites were quantified with Trace-
Finder 3.3 (Thermo Fisher Scientific)
USirg accurabe madd meassrements (<3
parts per million and retention fimes.,

Microscopy

Eirighit-field immumnphistochemstry,
hematoxylin and eosin—stained, and
Muclear Fast Ked (Sigma, 5t Louis,
MO —stained images were captured
using an Olympus BXS1 light micro-
scope (Olympus, Tokyo, Japan).

Statistical analysis

Data were analyzed and emor bars
represent standard error of the mean.
An unpaired, two-tailed Student  test
determined significance, with #< (L05
considered  statistically  significant,
denoted by asterisks (*F < (L05, *P <
0.01, ***F < 0007, ****P < 0.0001).
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Supplemental Figures

Figure S1. Topical treatment with ETC inhibitor can promote the hair cycle. a, Mica
were shaved at day 50 (Telogen) and topically treated with antimycin A or Rotenone every
other day for 2-3 weeks. The image demonstrates new pigmentation in response to
treatment with either Rotenone or Antimycin A, and H and E staining confirms
advancement of the hair cycle (BOTTOM). b, Top, quantification of macroscopic changes
to the hair cycle in treatment and control.  Bottom, guantification of changes to the hair
cycle at the microscopic level. Quantification was performed with 13 vehicle treated, 11
Rotenone treated, and 9 Antimycin A treated male animals. ¢, Changes to the thickness
of the gpidermis, dermis and hypodemmis were assessed microscopically (TOP) and
quantified (BOTTOM). d, Immunolocalization was performed to detect evidence of
inflammation due to topical application of ETC inhibitors, Both vehicle and ETC inhibitor
treated skin was immunostained for phosphor-EGFR (chemokine receptor), CD11b

(marker of macrophages), and ILE (Chemoking}, Vehicle treated skin from a wounded
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animal with hyperplastic epidermis was used as a positive control for markers of

inflammation. Scale bars indicate 50 micrometers.
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Figure S2. Treatment with ETC inhibitors can accelerate the hair cycle in aged
mice. a, Female mice were shaved at 17 months of age and then treated with vehicle or
the indicated ETC inhibitor every other day for up to 30 days. Images taken over time
indicate the ETC inhibition promotes a more complete re-growth of hair after shaving in

aged mice. Quantification of phenotype emergence from two pairs of animals are
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presented on the right. Data shown are representative of three independent experiments
with 10 mice each. b, Metabolites were isolated from sorted HFSCs from skin treated
with ETC inhibitors at the end of the hair cycle experiment depicted in a. Heatmap shows

relative levels of the indicated metabaolites.
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Chapter 4

Defining the Mechanism of
GPCR/cAMP/Creb Signaling in HFSC Activation
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Manipulation of adrenergic signaling has been shown experimentally and clinically to affect hair
follicle growth, Here we provide direct evidence that canonical cAMP/(Creb signaling through
adrenerglc receptars can regulate HFSC activation and the hair cyele. We found that Creb
activafion is regulated through the hair cycla and coincides with HFSC activation. Both
Izsoproterencl and Procateral, agonists of Adrenergic receptors show the capacity to activate
HFSCs and the hair cycle in mice. Furthermore, deletion of Adrb2 receptor, which is thought to
mediate sympathetic nervous system regulation of HFSCs, was sufficient to block HFSC
activation. Downstream, stimulation of adenylyl cyclase with Farskaolin, or inhibition of
Phosphodiesterase to increase cAMP accumulation, or direct application of cAMP were each
sufficient to promote HFSC activation and accelerate initiation of the hair cycle. Genetic
induction of a DREADD allele demansirated that GPCRIGS stimulation specifically in HFSCs
is sufficient for their activation and premature initiation of the hair cycle. Finally, we provide
evidence that GPCR/Creb activation of HFSCs is through its ability to stimulate glvcobhytic

metabolism, which was previouwsly shown to stimulate HFSC activation.
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Intreduction
Skin is a classic model to study developmental biclogy and adult stem cells. The skin and hair

protect animals from harmful environments but also require constant regeneration and
maintenance fhroughout an animal's lifetima, While the interfollicular epidermis self-renews and
maintains the cutermost epidermal layars, hair follicle stem cells (HFSCs) located in a region
termed the "bulge” drive the hair cycle{Lavker, Sun ef al., 2003; Morris and Potten, 1989). The
hair follicle appendage undergoes a cycle consisting of three phases: growth (anagen),
regression (catagen), and rest (ielogen)Fuchs, Meamill et af., 2001). These cyclical bouts of
desiruction and regeneration require precise temporal and spatial control of the bulge niche.
While most growth factor signaling pathways have been shown to act on HFSCs in this niche
including Wnt, Tgfb, Bmp. Fof etc{Plikus, 2012; Plikus, Mayer ef al., 2008), the role of canonical
G-protein coupled receptors (GPCHRs) and signaling downstream of these receptors has not

been completely assessed,

G-protein-coupled receptors (GPCRs) are a large diverse family of cell surface receplors that
mediate several cellular actions. GPCRs also represent a target protein for many
phamaceutical products on the market today. In addition, many adult stem cell populations are
marked by expression of Lgrh, a seven-pass fransmembrans receptor and therefore a potential
GPCR{Carmon, Gong et al,, 2011). Therefore, It is concelvable that controliing GPCR signaling
for homeostatic purposes is an understudied avenue to regulate stem cell biology. GPCRs
coupled 0 GuS proteins are known to stimulate the activity of the effector protein Adenylyl
Cyclase (AC), which regulate levels of a cychic nucleatide, cAMP. cAMP is a signaling
intermeadiate that can activate an enzyme called Protein Kinase A (Pka). Pka is known to
phosphorylate and activate Cyclic AMP responsive element binding protein (Creb), which then

translocates to the nucleus to drive expression of its target genes.
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The role of Creb in regulating HFSC guiescence/activation is poorly understood. The only
previous study 1o addrass the role of GPCRIGRS on the hair cycle showed that deletion of G-
alpha-5 or inhibition of Pka lad to hyperactivation of the epidermis and a phenotypa akin to
Basal Cell Carcinomaflglesias-Bartolome, Torres et al., 2015). This is an important issue as
there is evidence that GPCR expression can be enriched in HFSCs. For instance, Lors (also
known as GPCR49 or Gprdd) is known to mark HFSCs, and activation of this receptor through
its Hgand R-spondin was shown to accelerate the hair eycle(Carmon, Gong et al,, 2011}, but this

was proposad to be due to signaling through the Wt pathway.

Studies from the Paus group showead that sympathetic nerves appear to localize with the HFSC
niche in mouse and human follicles potentially in a hair-cycle dependent manner and ex vivo
activation of adrenergic receptor signaling accelerated hair growih(Botchkarey, Peters af al.,
1998, Cleale, Ingling af ai, 1998, Paeters, Maurer af al., 1999). In addition, cardiac patients
taking beta-blockers, or antagonists of adrenergic receptors are known to suffer from temporary
alopecialHathirat, Himathongkam et al., 1980; Peters, Maurer et al., 1999; Shelley and Shelley,
1985; Tatu, Elisei et al., 2019). We recently demonstrated that sympathetic nerves innervate
both the Arector Pili Muscle (APM) and directly on the HFSCs of the follicia{Shwartz, Gonzalez-
Celairo et al., 2020), The APM is responsibia for ‘goosebumps’ upon contraction and is
permanently associated with the Bulge, or HFSC niche, We alzo showed that norepinephrine
signaling in response to a cold environment throwgh Adrb2 in HFSCs is directly responsible for
receiving signals from the narvous system to drive contraction in the muscle, and for directly

activating HFSCs to initiate a new hair cycle(Shwanz, Gonzalez-Celeiro ef af,, 2020).
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However, nane of these studies directly demonsirated what types of signaling downstream of
Adrenergic receptors are responsible for this effect. Adrenergic receptors are thought to signal
canonically through Creb, but can also drive other pathways in a variety of sattings. Here, wa
present evidence that a GPCR/GaS/AC/cAMP/Creb pathway directly acts on HFSCs by

regulating cellular metabolism to promote their activation and thereby accelarate the hair cycle.

Results

Frevious studies have shown that the human hair follicle is innervated by the sympathetic
nervous system, and that stimulation by isoproteranol or procaterol, agonists of adrenergic
receptor signaling, could promote activation of halr follicle growth{Botchkarey, Petars et al.,
1999; Cleale, Ingling af al., 1998, Peters, Maurer ef al., 1999). Thesa data were consistent with
clinical ohservations that people taking “beta-blockers™ or adrenergic antagonist drugs
displayed diminished keratinocyte proliferation and sporadic alopecia thal subsided upon
cessation of treatment{Shelley and Shelley, 1985). Here we sought to expand this work to
uncover the machanisms underlying these interesting observations. Wa started by repeating the
previous work in a murine model of hair growth, by topically applying adrenergic receptor
agonists isoproterenol or procaterol to mice during the second adull telogen, or resting phase of
the hair cycle (day 50). Al this stage, it is known that HFSCs remain quiesceant and the hair
cycle does not begin again until at least day B0-80. As shown in Figure 14 and Figure 18,
topical application of aither isoproteranaol or procaterol accelarated the onset of anagen, or hair

growth, consistent with what the Paus group showed 20 years ago in ex vivo human follicles.

Adrenergic receplors typically signal through Go S and couple to adenylyl eyclase to cAMP
levels and thereby activate cAMP-responsive binding factor (Creb) to initiate a transcriptional

cascade in response to receptor signaling(Sun, MoGarrigle ef al, 2007; Syrovatkina, Alegre et
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al., 2016). However. the only previous related study suggested that loss of function of 7 S
instead would cause neoplasia akin to basal cell carcinomallglesias-Bartolome, Tomres ef al.,
2015). Therefore, we measured the activity of cAMP/Crab signaling across the hair cycle in

HF 3Cs by immunostaining with an antibody that recognizes the phosphorylated form of Creb.
This analysis showed that Creb activation was negligible during telogen, and then strongly
induced in the bulge and hair germ during the telogen-anagen period, coinciding with stimulation
of profiferation as assessed by staining for Ki-67 (Fig 1C). Furthermare, upon quantification of
pCreb-positive or KIGT-positive in various hair fellicla compartments, we found the most aclive
Creb and proliferative cells in tha bulge and hair germ during the transition and anagen phase of

the hair cycle (Figure 10}, suggesting Creb activation comrelates with HFSC activation.

Because both isoproterenal and procaternl were both able to stimulate the hair ovole, we
presumed that they were acting through adrenergic receptorsBotchkarey, Peters ef al,, 1994,
Cleale, Ingling el ai., 1998, Peters, Maurer ef al., 18008), To distinguish which of the four
adranergic receptors were possible in this context, we analyzed transcriptional data from both
human and muring HFSCs, The AdrbZ receptor appeared from these studies to be the most
likely candidate (Fig 1E and F). Crossing animals with floxed alleles for the Adrb2 gene with
K15CrePR animals, we generated progeny with inducible loss of Adrb2 specifically in HFSCs.
These animals showed a striking lack of both entry into anagen as well as Creb activation upon
deletion of Adrb2 (Fig 1G). Quantification of the percentage of pCreb-positive or Ki67-positive
cells in control and conditional knockouts (Fig 1G) revealed significant reduction in signal,
suggesting a fallure o activate Creb signaling and HFSCs upon deletion of Adrb2 in HFSCs,
Therefore, we concluded that Isoproterenol and procaterol were most lkaly stimulating the
HFSCs in Fig 1A and B through a GPCR signaling specifically in HFSCs through the Adrb2

receptor.
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The phosphorylation of Creb occurs through activation of Protein Kinase A (Fka) which is
regulated by the concentration of cAMP(Meinkoth, Alberts et al, 1993). cAMP is created
through the activity of Adenylyl Cyclase (AC) downstream of GoS activation and can be then
degraded through the action of Phosphodiesterase Enzymes (FDE) (Fig 28)(Meinkoth, Alberts
ef &l 1993). To understand whether the isoproterenol'procaterol effect was due to stimulation
of GnS and thereby AC, we treated mice topically with forskolin, an established AC stimulating
drug, and found an acceleration of the hair cycle (Fig 2B). To determine whether PDE inhibition
is sufficient to activate pCreb and potentially affect the hair cycle, we topically treated mice
during lelogen with several PDE inhibitors we discovered in a previous study (#44,
#61){Cinkompumin, Roos et al., 2017) . Topical PDE inhibition during tefogen appeared to
strangly accelerate the hair cycle (Fig 2C). Because PDE inhibition is known to increase
concentrations of cAMP, we also investigated whether directly increasing cAMP concentration
through topical application could also affect the hair cycle. In fact, cAMP admimstration did

indead stimulate the hair cycle with a similar time course as PDE inhibition (Fig 20 and E).

Mext, to determine the acute effect of elevated cAMP levels in the skin and confirm that each of
the topically applied compounds having the expected effect on Creb stimulation, we performed
immunohistochemistry (Fig 3A) for markers of cAMP signaling. Three treatments (over the
course of one week) with each of the Creb simulating molecules led robust of pCreb signal in
the treated epidermis and bugle niche, in addition to stimulating proliferation and and Craeb
targets (Fig 3A). Of note. staining for Soxd, a marker of HFSCs, did not uncover any dramatic
change to the stem cell compartment upon topical treatments. Quantifying the degree of
proliferation and Creb stimulation after tregtment in the epidermis showed that both Creb activity

and a marker of proliferation ware strongly induced in all parts of the epidermis, including the
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bulge, where HFSCs reside (Fig 3B). This is probably due to the fact that the application of the
stimulators was topical and therefore all epidermal cells had access to the drugs. We also
assessed whether stimulation of Crab signaling by any of these molecules lad to an increase in
inflammation, which is known to strongly influence the hair cycle. Staining for several markers of
inflammatory celis following each of the indicated treatments did not yield strong evidence for

inflammation {Supp Fig 1).

Based on the fact that topical application of isoproterenaol, procaterol, forskoling, PDE inhibitors,
or cAMP led o Creb activation in most of the cells of the epidermis, it was critical 1o understand
whather activation of Creb specifizally in HFSCs was important for ragulation of the hair cycle,
or whether it was a general activation of the epidermis. Therefore, we designed a molecular
genetic approach to activate GPCR/Creb signaling strictly in HFSCs. Taking advantage of
animais with an inducibla DREADD allele that couples to GuS {and includas a GFP tracer in the
polycistron), we crossed animals with K15CrePR1, which upon treatment with Mifepristone
would allow for expression of the DREADD allele just in hair follicle cells. In addition, the
DREADD receptor is not active without its artificial ligand Clozaping (CNO). Therefore, we were
able to conditionally express an experimentally activatable Go 5-coupled-GPCR just in HFSCs
at distinct timepoints (Fig 44). First, we confirmad that the K15 system we employed induced
expression of the DREADD aliele just in hair follicles as shown by restriction of GFP expression
to the hair follicle stem cell compariment during telogen (Fig 4B). Induction of the DREADD
protein complax with CHNO during the second adult telegen (resting phase) led to an
acceleration of the hair cycle (Fig 4C), akin to what was ohserved with topical application of
Creb stimulating molecules. In Fig 40, we guantified the time to hair cycle initiation as measured
by pigmentation across 6 independent expanments, and the DREADD positive animals

consistently showed an accelerated timeline. Combined with data showing that activation of AC
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and cAMP could accelerate the hair cycle (Fig 2), we concluded that activation of the canonical
pathway downstream of GPCRs, namely GoS/AC/Creb in hair follicle stem cells is sufficient o
activate them and induce a new hair cycle, This was also consistent with the effect of loss of

Adrb2 specifically in stem cells, which blocked their activation (Fig 1).

To characterize the downstream mechanisms by which activation of Creb led to acceleration of
the hair oycle, we performed an RNA-seq experimeant an total epidermis following thres
treatments with either a PDE inhibitor (#44) or cAMP (Fig 54). With replicates for both
treatments, we assassad tha genaes that were alterad in response to both differant treatmants
and in both replicates. This identified 859 genes that were consistently altered by Creb
stimulation, sirikingly, nearly all of them were induced by these treatments (Fig 58). Gene
ontological analyses clearly demonstrated upregulated responses related lo metabolism
imitechondrial dysfunction, oxidative phosphorylation, cholestarol biosynthesis, TCA cycle, fatty
acid oxidation, etc), therefore we delved deeper into this cbservation (Fig 5C). A second
analysis uncovered pS3 and Myc as the top transcriptional networks disrupted by activation of
Creb signaling in the epidermis (Fig 50). This is interesting as several stress response related
pathways came from the GO analysis, and Myc is a well-established regulator of cellular
metabolism. In fact, many metabolic enzymes are directly regulated by MY C binding at their
promoters. We validated many of these transcriptional responses to Creb activation at the

protein level by westermn blot as shown in Fig 5E.

The alteration of metabolic genes in response to Creb activation was so striking that in mapping
those changes to a char of metabolic enzymes impaordant for glycolysis and the TCA cycle, wa

found that nearly every enzymea was inducad in response to PDE inhibition of cAMP
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administration (Fig 6A). We validated some of these changes at the protein level by
immunohistochemistry for Giut1, Hk2 and Pkm2, and all were strongly induced throughout the
epidermis (Fig 6B). We previously showed that endogenous lactate dehydrogenase activity
could be measured in situ with a colorimetric assay (Flores, Jelinek), and applying that assay to
animals treated with forskolin, cAMP or PDE inhibitors demonstrated a strong induction of
activity of this key glycolytic enzyme (Fig 6C). This was validated in a quantifiable plate-reader
assay on isolated epidermis as well (Fig 60). Finally, we parformed metabolomics on skin
treated with cAMP. By first pulsing animals with ¢13-labelad glucose, we were able to identify
metabolic flux of glucose and determine the relative level of glucose utilization by mass
spectrometry. These data cleary showed that glycolytic intermediates were being produced at
& higher rate in cAMP treated animals relative to control (Fig 6E). Together, these data are
consistent with the idea that cAMPICreb sionaling can promate glyeolyvtic flux while promoting

HFSC activation and accelerating the hair cycle.

Discussion

Others have shown that the HFSC niche is innervated by the sympathetic nervous system, and
in respanse to stimulation by environmental factors such as cold exposure, activated nerves
promote HFSCs to initiate a new hair cycle, Here our data argue the idea that piloneural and
sympathetic nervous system interaction(s) such as adranergic signaling regulate intracellular
machanisms of hair growth via the Adrb/cAMP/Creb pathway. Regardless of the systemic
mechanism. the current study focused downstream of the adrenergic receptor signaling system
in HFSCs, This study explains the interesting observations made previously by the Paus and
Hsu groupsiBotchkarey, Peters et al,, 1999, Peters, Maurer st al,, 1999), and links this signaling
cascade to celiular metabolism. Several racent studies have shown that alterations of

metabolizm can influence the rate at which HFSCs are activated to initiate a new hair

65



L R

Jourmnal of Investigative Dermatology

cycle{Floras, Schell ef al., 2017; Miranda, Christofk et al., 2018). The synthesized interpretation
is that increased glycolytic metabalism in HFSCs can prime them for activation. Since many of
the established growth factor signaling pathways are known lo activate glycolylic signaling as
well (such as Wnt, Fgf, Egf), it is possible that the combination of these signaling events lowers
the threshold for activation of HFSCs by raising the glycolytic capacity. We can now add
Adrenergic signaling to the list of pathways capable of stimulating glycolysis as shown in Fig 5
and 6. whersby Creb activation directly stimulated the expression of various glycalytic enzymes
Whether glycolylic metabolism is indeed the common deneminator in HFSC activation signaling

remains to be determinad.

The skin is one of the most densely innervated organs in mammals, reaching its peak in density
during anagen, thereby underscoring the mechanism presented here and its promise in
pharmacological manipulations of HFSCs through a neuroepithelial-metabolic-dependent
fashion. Il is conceivable other adult stem cell populations possess this kind of regulation
machinery. Many adult stem cells regulate homeostasis in other tissues, being able to cycle
between quiescence and activation with the appropriate miliew of signals, The current study

provides evidence of GPCR signaling-to activate stem calls in the hair follicls,

However, this ability can also implicate them in cancer due to their highly proliferative capacity
and ralative dormancy in comparison [0 other cells in a tissue. HF SCs are one such example,
previously shown to generate hair shafts, contribute to wound healing, and indeed act as a
cancer cell of origin for squamous cell carcinoma (SCC) in a muring model{Lapouge, Youssef et
al,, 2011). Upon active hair cycling, SCC can be initiated with the presence of oncogenic stimuli,

such as aclivated Kras, CREB is also implicated in epidermal cancears whan mutated in muring
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skin. In the absence of CREB, epidermal papilloma formation is shown fo be dramatically
reduced, suggesting CREB may promote SCC in activated HFSCs(Rozenberg, Rishi ef &,
2008}, Another consideration is that there is evidence that HFSCs only niliate SCC upon
activation by the hair cycle{White, Khuu ef al., 2014). Therefore, any disruption of HFSCs or the
hair cycle will alter tumaor initiation by HFSCs. As a result, it is possible that reduced SCGC in the
absence of Creb, was due to the blockage of the hair cycle, and not a direct role for Creb in
tumaongenesis initiated by HFSCs. Regardless, future efforts will address a potential role for
innervation of the hair follicle during tumor initiation or progression, as many neoplasia in other

tiszues have been shown to be highly innervated.

In summary, by harnessing GPCR/GoS/cAMP/Creb signaling, this multifaceted approach
highlights the immense promise for the development of neuropharmacological compounds in

regenarative medicing and anti-cancer therapautics,

Materials and Methods

Animals & Strains. Wildlype male and femals 48-day old C57BLA mice were obtained from
Jackson Laboratories for all topical experiments. All animals were maintained in UCLA's
Division of Laboratory Medicing (DLAM)-approved pathogen-free bamier faciliies and
procedures were performed using protocols that adhers to the standards of the UCLA Animal
Research Committee (ARC), Office of Animal Research Oversight (OARC), and the National

Institutes of Health (NIH).

Topical Inhibitor Treatments, [soproteranal (Sigma I15627) and procaterol (Sigma P9180) weare
purchased through a commercial vendor. Soluble cAMP, forskolin were also purchaszed from a

commercial vendor (Sigma B5386; Sigma FEBE6) along with PEA inhibitor HED (Sigma 371963
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M EMD Millipore). Phosphodiesterase inhibitor compounds 44 and 61 were discoverad in a
Lowry Lab dreg screen and then small molecule stock was ordered from Asinex for topical use.
All drugs were suspendad in DMS0 and aliquated at approximately 5 times 1Cx, or ECs, for the
purposas of penafrating the epidermal barrier upon in vivo application, Aliquots were then mixed
with the appropriate volume of Premium Lecithin Organogei (PLO) Base {Transderma
Pharmaceuticals Inc.) or Morwegian Formula Concentrated Hand Cream (Neutrogena) and
topically applied onto shaved dorsal skin of 49 day old telogen-stage mice. Three experimental
limepoints were usad: acula treatmeant (two doses across 48 hours), week-long treatment (lhres
doses across five days), or long-term studias (one dose three times a week for approximately
1.5 weeks). Full-thickness dorsal skin was collected for histological analysis, cryosectioning,
protein isolation, RMA isolation, andfor for epidermal stem cell isolaton according to well-

aestablished FACS protocol.

Hair Cycle Analysis. Hair cycles were assessed macroscopically by obssrvational and
photographic documentation. A& scale was established to grade hair cycle stage: 1) telogen
(pink, white skin when dorsally shaved); 2} pigmentation (broad bluelgrey pigment
spots/patches on shaved dorsal area); 3) hair growth (dark pigmentation coupled with small
patches of fur); 4) anagen (dark, full patches of fur within dorsal area) in relation to number of
doses and elapsed time of treatment. HAE images of all treatment conditions were imaged at
20w magnification to assess morphological changes in control and treated skin. Hair cycla
stages were also evaluated by follicular morphelogy into respective telogen, telogen-to-anagen

transition, or anagen categornies.

Epidermal Cell isolation, Expernmental mice weare humanely euthanized with CO2 and
adminsterad secondary euthanasia via cervical distocation, Dorsal skin was briefly shaved,

dissected, and the underlying fat layer was scraped using a surgical scalpal. Scraped skin pelis
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were then put on petri dishes containing TrypLE Express Enzyme; no phenal red (Gibco),

dermis side down, for overnight incubation and dissociation at 4C.

Protein Isolation. After overnight dissociation, total epidermis was obtained by mechanical
separation using a surgical scalpel and filterad through 70um and 40um filters into cold 5%
BCS. Single cell suspansions were then centrifuged for 10 minutes at 300g at 4C, followed by a
brief PBS wash, and spun down for an additional & minutes at 350g at 4C. Cell pellet was then
resuspended in RIPA with HALT protease/phosphatase inhibitors (ThermoFisher Scientific) to
nenerate protein lysate. Protein concentration(s) were quantified using Pierce BCA assay

(ThermoFisher Scientific) according to standard protocol.

Western Blotting. Profain concantrations ware detarminad using Pierce BCA assay and
approximately Bug of protein were loaded into 4-12% Bis-Tris PAGE gels (Invitrogen) and run
for 1 hour at 80V, then 30 minutes at 120V until ladder was adeguately separated. Proteins
were transferred onto a nitrocellulose membrane for 90 minutes at 370 mAh, and then blocked
with 8% milkfd,1% tween for 1 hour al room temperature. The following primary antibodies were
used: rabbit f-actin (Santa Cruz, 1:1000), rabbit Glut? (Abcam 115730, 1:1000). rabbit Txnip
(CST 14715, 1:1000), rabbit Hk2 (CST 2867, 1:1000), rabbit Pkm2 {C5T 4053, 1:1000), rabbit
Ldha (CST 3582, 1:1000). Membranes were washead the following day with 0.1% TBST and
incubated with rabbit secondary HRP-labeled polymer (Invitrogen 31460, 1:1000) for 1 hour at
room temperature. Pico PLUS Chemiluminescent ECL (ThermoFisher Scientific) reagent was

added to mambranes and subjected to film exposure.

Histology and Immunohistochemistry. Two sets of full-thickness skin samples per animal
were obtained from post-mortem tissue harvesting; one sample was freshly embedded upright
in OCT {Sakura Finetek) and flash-frozen with dry ice for cryosectioning, the other sample was

fixed overnight in 4% paraformaldehyde, and then dehydrated for paraffin embedding and slide
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generation; hematoxylin and eosin staining according to standard protocol. For
immunohistochemistry, formalin-fixed, paraffin-embedded fissue slides section at 4um were
clearad and rehydrated through a senes of ethanol washas. Antigen retrieval {20 minutes in
pressure cooker, microwaved at 100 power) was performed with 10mM citrate. Slides were
incubated in hydrogen peroxide (30 minutes at 4C) and then biocked with 10% goat serumil. 1%
tween for 1 hour at room temperature. Primary antibodies were added and incubated ovemnight.
The following antibodies were used: rabbit pCreb (CST 9188, 1:800); rabbit Sox% (Abcam
185966, 1:800); rabbit Ki67 spé (Abcam 16867, 1:50), rabbit cFos (Abcam 7963, 1:100); rabbit
Glut? (Abcam 115730, 1:500), rabbit Hk2 (CST 2867, 1:500), Pkm2 (CST 4053, 1:500).
Sections were washed the following day with 0.1% PBEST and incubated with rabbit secondary
HR:F-labeled polymer (Dako) for 1 hour at room temperature, and then quickly washed with
0.1% PBST and PBS. AEC chromogen (Vector) was used for the colometric development
reaction. Slides were then briefly counterstained with hematoxylin, mounted with Faramount
Agueous Mounting Media (Dako) and sealed with clear nail polish for subsequent visualization

by light microscopy.

Immunofiuorescence. Samples embedded in OCT were sectioned at a thickness of Tum on a
Leica 3200 Cryostat, Slides were briefly fixed in 4% formalin and then washed twice in PBS.
Slides were blocked with 10% goat serum/(0.1% Tween for 1 hour at room temperature. Primary
antibodias wera dilutad into blocking buffer, added to samples, and incubated cvernight. Tha
following primary antibodies were used: chicken K5 (Covance 51G3475, 1:700), rabbit pCreb
(CST 9188, 1:500), rat C011b {Catalog, dilution?}, and rabbit pEGFR (Catalog, dilution?). The
next day, slides ware washed in PEST. Secondary antibodies are added at 1:500 dilution, with
DAPI (Invitrogen) at 1:1000 dilution, and incubated on slides at room tempearature for two hours,

Slides were then washed in PEST, mounted with Prolong Gold with DAPI (Invitrogen), and
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sealed with clear nail polish. Images were collestad at 20x and 40x oil magnifications unless

otherwise specified.

Microscopy. Bright-field immunohistochemistry and hematoxylinfecsin-stained images were
captured using an Qlympus BXS1 light microscope using & 40x oil immersion lens.
Fluorascence images were generated with a Zeiss Model Axiod Imager M1 Upright

Fluorescence Microscope at respective magnifications.

LDH in situ assay. Slides with OCT sections were preparad by fixing mouse skin sections in
4% formalin for 5 minutes at room temperature. The sections weare then washed with PBS for 10
minuies, and then incubated at 37C with staining solution until thaey reached desired intensity,
Staining solutions were prapared with S0mM Tris pH 7.4 (Fisher), 750Ul NAD (Sigma), B0uM
phenazine methosulfate (Sigma), 800uM nitrotetrazolium blue chloride (Sigma), 10mM MgCE2
(Sigma), and 10mM of lactate (Sigma). The slides were then counterstained with Brazilliant
reagent (Anatech 861) and briefly washed with MIlQ watar, Slides were mounted with
Faramount Agueous Mounting Media (Dako) and sealed with clear nail polish for subsequent

visualization by light microscopy.

LOH plate reader assay. Protain lysate was obtained from cell pellats and suspended in RIPA
buffer with HALT protease (ThermoFisher Scientific 87785) and phosphatase inhibitors
[ThermoFisher Scientific 78420). Staining solutions for lactate dehydrogenase (LDH) were
prepared with Trs buffer pH 7.4, XTT formazan, NAD, PMS, substrate (lactate), and reagent-
grade water and held at 37C until use. Solution was added directly onto samples prepared in
triplicate across a 96-well plate. A microplate reader held at 37C measzured 457nm abzorbances
every 3 minutes across a 30 minute period to assess enzyme kinetics, using a Synergy-MX
plate reader (Biotek Instruments). LOH activity was determined by calculating the change in

slope of absorbance levels al all timepoints for each condition.
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Metabolomics. The experiments were performed as described in (Miranda et al., 2017). Briefly,
cells ware washed with cold 150 mM ammonium acetate (pH 7.3) and a two-phase exfraction
was performed: addition of 400uL cold 100% MeOH, 400ul cold sterile H20, 10 nmal D/L-
morvaling {internal standard), 400ul of cold chioroform, After mixing and pelleting centrifugation
at 4C, the agueous layer of the supematant was moved to glass vials, dessicated under
vacuum, and resuspendad in 70% acetonitrile. 5ul of sample(s) were injected onto a Luna NHZ2
(150mm x 2mm, Phenomenax) column. Samples were analyzed by an UlliMate 3000RSLC
iThermo Scientific) coupled to a G Exactive mass spectrometer (Thermo Scientific). The Q
Exactive ran with polarity switching (+3.30 k\V [ -3.50 kW) in full scan mode with an miz range of
(5-975,. Separation was performed using A) SmM NH,AcD (pH 9.9) and B) ACM. The gradient
ran from 15% to 90% over 18 minutes, followed by an isocratic step for 8 minutes and reversal
to the initial 15% A) for 7 minutes. Metabolites were quantified with TraceFinder 3.3 using

accurate mass measuraments (£ 3 ppm) and retention timas.

RMA Extraction and RT-PCR. Total RNA was extracted from whole epidarmal cells using a
Ciagen RMNeasy Micro Kit. RMNA was measurad using a ManoDrop Cne Microvolume LV-Vis
Spectrophotometer. The SuperScript™ Il First-Strand Synthesis SuperMix {Invitrogen) was
then used to generate cONA for RT-PCR experiments. Semi-quantitative real time PCR was
performed using SYBER Green (Roche 04707516001) on a Roche LightoyclerdB0 System, and

Ctvalues were normalized to mouse beta-actin housekesping gena.

Library Preparation. RNA samples wera delivered to UCLA Microarray Core for processing.
Briefly, libraries for RNASeq were prepared with lllumina stranded mRNA seq. The workflow
consisted of mRNA enrichment, cONA generation, and end repair to generate blunt ends, A-
tailing, adaplor ligation, and PCR amplification. Different adaplors were used for multiplexing

samples. The data was sequenced on HiSeq3000 using a single-read 50bp read un. Data
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quality check was done on llumina 3AY. Demultiplexing was performed with Ilumina Bol2fastg2

v 2.17 program.

RMA-sequencing and IPA Analysis. According to the UCLA Microarray Core Project Report,
the Partek flow and Ingenuity Pathway Analysis (IPA) were used for bicinformatics mathods and
data analysis, respactively, The imming of bases was performed based on From &' end, the
bases to be frimmed was 5. The reads were mapped to the latest UCSC transcript set using
STAR - 2.6.1d. The Partek E/M was used fo guantify reads to an annotation model. After
obtaining transcript counts, the counts were nomalized by CPM (counts per million), 1.0E-4,
The Principal Component Analysis (PCA) was applied to the transcript counts. The differential
gane axprassion was examined between all conditions and control. For all results of differential
nene expression analysis, the p-values, FOR, and fold changes (FC) filtered were applied. It
was p=.01, FOR=.01, and |FC|=2 for all differential gene expression resulls. After applying the
filter, the selected lists of genes were examined among lists pairing all conditions, The numbers
of commaon ranscripts were expressed as a Venn diagram. Using the list of significantly
differentially expressed genes. the Canonical pathway analysis, Disease & Function analysis,
and Metworks analysis were performed by IPA. The results were included for each directory

named by the comparison,

Statistical Analysis. Data were analyzed in Microsoft Excel, formatted in GraphPad Prism and
error bars represent +/- SEM. An unpaired, two-tailed student's I-test determined significance,
with values P < 0.05 considered statistically significant, denoted by asterisks ("F < 0.053; P <

01).

DATA availability statement

All data in this manuscript can be made available to interested parties. The RMA-zeq data

currently being submitted to NIH-GEQ for wide availability.
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Figures and Legends

Figure 1. Adrenergic receptor inputs and Creb signaling influence HFSC activation

{A) Hair cycle histogram of topical treatrment with Adrb2 agonists isoproterencl, procatercl and
vehicle control in telogen stage male mice. (B) Representative macroscopic images of vehicle
control and treated dorsal areas. (C) Top row, pathological HAE examination of hair cycle stage
over time paints, where D0 indicated 50 days after birth of the animal. The first morphalegical
signs of a telogen-anagen transition occur at DE3. Lower rows, Immunohistochemisiny with the
indicated stains show the timing of activation of Creb (pCreb), the location of HFSCs (Sox9),
and proliferation (KiE7). Scale bars, 50um top row, 25um bottom three rows. (D) Quantification
of pCreb-positive and KiGT-positive calls in various murine hair follicle compartments. (E)
Transcriptional levels of Adrb1 and Adrb 2 exprassion in human hair follicle companments.
ORS, outer root sheath; mat/cor’me, matrix'cortex/medulla; sebfapo, sebacecus/apocring
alands; IRS (HuxleywHenley) HIH, ORS Suprabasal (5B} (F) Analysis of Adrb gene exprassion
in telogen-stage murine HFSCs. (G) Left, immunofivorescence of control and AdrbZ cKO hair
follicles with DAPI In blue, pCrab in red, K5 in green, and KiG7 in white, Right, quantification of
pCreb-positive and KiGT positive calls in various murine hair follicle compartments of control and

cKO skin tissue samples.

Figure 2. Stimulation of GPCRIcAMP/Creb signaling can accelerate the hair cycle
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(&) Schematic of various topical pharmacological manipulations of the GPCR/cAMPI!Creb
signaling pathway in HFSC homeostasis, (B) Hair cycle histogram of topical treatment with
adenylyl cyclase (AC) stmulam forskolin, and vehicle control in telogen stage male mice. (C)
Hair cycle histogram of topical treatment with phosphodiesterase (PDE) inhibitors #44 and #61,
and vehicle control in telogen stage male mice. (D) Hair cycle histogram of topical treatment
with cyclic-AMP (cAMP) and vehicle contral in telogen stage male mice. (E) Macroscopic
images of long-term topical treatments. Mice were shaved at D45 and then treated every 48
hours with vehicle, or vehicle + the indicated treatment to stimulate Creb activity. In vehicle-
treated animals, pigmentation and hair growth did not start until at least 076, whereas Pde

inhibitor #44 or cAMP successfully stimulated acoeterated this process by up to 14 days.

Figure 3. The effect of acute stimulation of Creb signaling on HFSCs.

(A} Immunohistochemistry of acute topical treatments with Creb stimulators, Tissues were
probed for markers of active Creb (pCreb), HFSCs (Sox), proliferating cells (PCNA), and Creb
target gena protein expression (cFos). Scale bars, 25um. (B) Quantification of pCreb-positive
(upper row) or PCMNA-positive (lower row) cells in various hair follicle compartments. IFE =

interfollicular epidermis. Data are mean +/- SEM,

Figure 4. A targeted, inducible K15-DREADD system for genetic stimulation of
GPCR/cAMPICreb signaling in HFSCs.

(A} Schematic depicting molecular genetics for targeting arfificially activatable GFCR/Creb
signaling exclusively in HFSCs via a DREADD-inducible GaS system, Cre-LoxP recombination
iz mediated by mifapristone, for the expression of DREADD allele in HFSCs. Topical CNO
induction is sufficient to transdermally activate DREADD and polycistronic GFP expression. (B)

K15 specific targeting of DREADD and GFP expression upon recombination and CHNO induction
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shows signal restricted to the hair follicle stem cell compariment during telogen in double (++}
and single (+fwt) mutant DREADD HFSCs, (C) Representative macroscopic pictures of
littermate controls, double mutant DREADD, and single mutant DREADD transgenic mice
subjected to mifepristone-depandent recombination and CHO induction. (D) Quantification of
time to hair cycle initiation was measured by initial macroscopic pigmentation and showed

DREADD-positive animals consistently had accelerated hair cycling.

Figure 5. Transcriptome analyses suggest Creb signaling influences downstream
glycolysis and meatabolism in HFSCs.

(A) Schematic of RNA sequencing experimental workfiow. (B) Venn diagram of overiapping
genes in treated whole epidermis, identifying 859 genes consistently altered by Creb
stimulation, (C) Top Canonical Pathways as revealed by transcriplome analysis of forskolin and
cAMP treatment in lotal epidermis. (D) Top Upstream Regulators uncovered by RMA-seq and
Gene Onotology (GO) enrichment analysis, revealing alteration of stress response pathways
and key metabolic genes regulated glycolysis. (E) Western blot analysis verifying transcription

analysis of Creb-related and glycolysis genes elevated in response to Creb activation,

Figure 6. Creb activation drives stimulation of Ldh activity through upregulation of Ldha
protein and glycolytic metabolism

(A} Schematic of glycolysis pathway, intermediate metabolites, and refated enzymes found in
topical acute forskolin and cAMP treatments of total epidermis. Red arrows indicate
approximate level of franscriptional upregulation according to RMNA-sequencing results, (B)
Immunchistochemistry of acute lopical treatments with Creb stimulators. Tissues were probed
for markers of glycolylic proteins Glut1, Hk2, and Pkm2. Scale bars, 25um. (C) Colorimelric in
situ assay for Ldh enzyme shows robust activity in the bulge niche and epidermis of skin tissue

topically treated with Creb stimulators. Subcutaneous muscle layer serves as an intemal
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positive confrol. Ldh activity is indicated by a deep purple color; light pink is a nuclear
counterstain. Mote thickening of epidermal layvers with Creb treatment relative to control. Scale
bar, S0um. (D] left, Plate reader-basad colorimelric assay for Ldh enzyme further confirms
results of increased Ldh enzyme behavior in acutely freated total epidermis. Right, RMNA was
extracted from whole epidermis and respective cDNA was generated for semi-quantitative RT-
FCR. RT-PCR analysis revealed transcriptional changes in glycolysis-related enzymes Ldha
and Txnip upon forskolin and cAMP tréatment. A pared I-test was used to evaluate statistical
significance, where * p < 0.05, " p<0.01, " p = 0.001. (E) Mice were lopically treated with
eithaer vehicke or cAMP for two days and then injected with C13-Glucose just prior to sacrifice.
Punch biopsies were acquired and dissociated for preparafion for mass spectrometry. Shown
are the relative proportions of each metabolite in the glucose ulilization pathway that was

labeled with C13.
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Figure 1. Adrenergic recaptor inputs and Creb signaling influence HFSC activation
{A) Hair cycle histogram of topical treatment with Adrb2 agonists isoproterenol, procaterol and vehicle
controd in telogen stage make mice, (B) Represantative macroscopic images of vehicle control and reated
dorsal areas. (C) Top row, pathological H&E examination of halr cycle stage over time points, where D50
Indicated 50 days after birth of the animal. The first morphological signs of a telogen-anagen bransition
oocur at D63, Lower rows, Immunohistochemistry with the indicated staims show the timing of activation of
Creb (pCreb), the location of HFSCs (Sox9), and proliferation (KiG67). Scale bars, S0um top row, 25um
bottom three rows. (D) Quanbification of pCreb-positive and KiG?-positive cells in warlous murine halir follicle
compartments, (E) Transcriptional levels of Adrbl and Adrb 2 expression in human hair follicle
compartments. ORS, outer root sheath; mat/corfme, matrix/cortex/medulla; seb/apo, sebaceous/apocrine
glands; IRS {Huxley/Henley] H/H, ORS Suprabasal (SB) (F) Analysis of Adrb gene expression In telogen-
stage murine HFSCs. [G) Left, immunoflucrescence of control and Adrb2 cKO hair follickes with DAPL in blue,
pCreb in red, K5 in greon, and KiG7 in white. Right, quantification of pCreb-positive and KiG? positive cells in
various murine halr follicdle comparbments of controd and ckO skin tissue samples.
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Figura 2. Stimulation of GPCR/cAMP/Creb signaling can accelarate the hair cycle
{A) Schematlc of various toplcal pharmacelogical manipulations of the GPCR/cAMP/Creb signaling pathway In
HFSC homeostasis. (B) Hair cycle histogram of topical treatment with adenylyl cyclase {AC) stimulant
forskolin, and vehicle contral in telogen stage male mice. (C} Hair cycle histogram of topical treatment with
phosphodiesterase (PDE) inhibitors #44 and #61, and vehicle control in telegen stage male mice. (D) Hair
cycle histogram of topical reatment with cyclic-AMP [cAMP) and vehicle control in telogen stage malke mice.
{E) Macroscopic Images of long-term topical breatments. Mice were shaved at D45 and then treated every 48
hours with vehicle, or vehicle + the indicated treatment to stimulate Creb activity, In vehicie-treabed
animals, pigmentation and hair growth did not start wntil at least D76, whereas Pde inhibitor #44 or cAMP
successfully stimulated accelerated this process by up to 14 days.
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45 Figure 3. The effect of acute stimulation of Creb signaling on HFSCs,

46 [A) Immunohistochemistry of acute topical treatments with Creb stimulabors. Tissues were probed for

47 markers of active Creb (pCreb), HFSCs (Soxd), proliferating cells (PONA), and Creb terget gene pratein

expression (cFos). Scale bars, 25um. (B) Quantification of pCreb-positive {upper row) or PCNA-positive

{lower row) cells in various hair follicie compartments, IFE = interfollicular epidermis, Data are mean +/-
SEM.
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Figure 4, A targeted, inducibde K15-DREADD system for gemetic stimulation of GPCR/cAMP/Creb signaling in
HFSCs.

(A} Schematic depicting molecular genetics for targeting artificially activatable GPCR/Creb signaling
exclusively in HFSCS via a DREADD-inducible GLIS system, Cre-LoxP recombination i madiated by
mifepristoene, for the expression of DREADD allele in HFSCs, Toplcal CHO induction is sufficient to
transdermally activate DREADD and pelycistronic GFP expressian, (B) K15 specific targeting of DREADD and
GFP expression upon recombination and CNO induction shows signal restricted to the hadr follicle stem cell
compartment during telogen in double (+/4) and single [ +/wl) mutant DREADD HFSCs. (C) Representative
macroscopic pictures of littermate controls, double mutant DREADD, and single mutant DREADD transgenic
mice subjected o mifepristone-dependent recombination and CND induction. (D) Quantificstion of timea o
hair cycle initiation was measured by initial macroscopic pigmentation and showed DREADD-positive animals
consistently had acoelerated hair cycling.
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45 Figure 5. Transcriptome analyses suggest Creb signaling influences downstream glycolysis and metabolism
46 in HFSCs,
47 {A) Schematic of RNA sequencing experimental workflow, (B) Venn diagram of overlapping genes in treated
a8 whole epidermis, identifying 859 genes consistently altered by Creb stimulation, (C) Top Canonical Pathiways
as revealed by transcriptome analysis of forskolin and cAMP treatment in total epidermis. (D} Top Upstream
49 Regulators uncovered by RNA-seq and Gene Onotology (G0) enrichment analysis, revealing alteration of
50 siress response pathways and key metabolic genes regulated glycolysis. (E} Western blot analysis verifying
1 transcripbion analysis of Creb-related and glycolysis genes elevated in response to Creb activation.
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Figure &, Creb activation drives stimulation of Ldh activity through upregulation of Ldha protein and
glycolytic metabolism
(A) Schematic of glyeolysis pathway, intermediate metabolites, and relabed enzymes found in topical aoute
forskolin and cAMP tneatments of tokal epidermis. Red arrows indicabe approximate kevel of transcriptional
uprequlation according to RNA-seguencing results, (B) Immunshistochemistry of acute topical treatments
with Creb stimulators. Tissues were probed for markers of ghycolytic proteins Glutl, Hk2, and Pkm2. Scale
barg, 25um. (C} Colorimetric in situ assay for Ldh enzyme shows robust activity in the bulge niche and
epidermis of skin tissue topically treated with Creb stimulators. Subcutaneows muscle layer serves as an
internal pesitive contral, Lah activity is indicated by & deep purple color; light pink is a nuclear counterstain,
Mote thickening of epidermal layers with Creb treatment relative to control. Scale bar, 50um. (D) left, Plate
reader-based colorimetric assay for Ldh enzyme further confirms results of increased Ldh enzyme behavior
In aoutely treated tokal epidermis. Right, RNA was extracted from whole epidermis and respactive cDMA was
generated for semi-quantitative RT-PCR. RT-PCR analysis revealed transcriptional changes in glycolysis-
related enzymes Ldha and Txnip upon forskolin and cAMP treabment. A paired t-test was used to evaluate
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statistical significance, where * p < 0.05, ** p < 0.01, *=* p < 0.001. (E) Mice were topically treated with
gither vehicle or cAMP for two days and then injected with C13-Glucose just prior te sacrifice. Punch
blopsies were acquired and dissociated for preparation for mass spectrometry. Shown are the relative
proportions of each metabolite in the glucose utilization pathway that was labeled with C13.
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Chapter 5: Conclusions

Closing Remarks:
Finding the Root(s) of Molecular Regulation of Hair Growth
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Future Directions

Skin is a deceptively simple organ. The associated hair follicle will still be a
source of mystery for many researchers to come. Despite all the established
mechanisms of hair follicle regulation, not one signaling pathway is revered to reign
supreme for HFSC activation/quiescence. While hair research has certainly advanced
with uncovering pathway after pathway, the idea of a "master regulator" of hair cycling
remains elusive. Is there really one signal to rule them all? Might it be as simple as
raising glycolytic capacity to nourish growing hair follicle progenitors? More work is
certainly needed to uncover the common denominator in HFSC activation. This
information will be useful as it may extend to other adult stem cell niches.

The source of the stimulus that shifts HFSCs from telogen to anagen is a
controversial topic; there is evidence that signals can originate from the DP, from the
adjacent epidermal tissue, from supportive tissues such as adipocytes, and (as of
recently) even through sympathetic innervations, as we propose in our work[1-13]. What
we would like to highlight is that both adrenergic signaling and metabolism intersect for
adult stem cell maintenance in tissues and organs. To date, we are the first to report
GPCR signaling and metabolism in hair follicle cycling. It is conceivable that
dysregulation of these processes occurs in skin aging and aging-associated alopecia.
As a matter of fact, studying the molecular biology of metabolism and
GPCR/cAMP/Creb signaling in the context of aging has always captured my interest,
but that is work for the next eager Lowry Lab member.

One large question that has gone unanswered is if Lgr5 in HFSCs functions

through classical GPCR signaling. Several reports show it works in concert with Wnt
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signaling to accelerate the hair cycle[14], so it would be worthwhile to validate any
shared target genes upon Lef and Creb transcriptional activity.

My mechanistic work of GPCR/cAMP/Creb signaling in HFSC homeostasis also
can be explored in the molecular development of epidermal cancers. Many adult stem
cells provide the service of regulating homeostasis in particular organs, being able to
cycle between quiescence and activation with the appropriate milieu of signals.
However, this ability can also implicate them in transformation due to their highly
proliferative capacity and relative dormancy in comparison to other cells in a tissue. Hair
follicle stem cells are one such example — and have indeed been shown as a cancer
cell of origin for squamous cell carcinoma (SCC) in a murine model[15, 16]. This is also
the case with basal cell carcinoma (BCC) development and Ga overexpression or PKA
deletion[17]. SCC is an extremely invasive, non-melanoma skin cancer with a high risk
of metastasis; metastatic SCC usually predicts a poor prognosis. Previous work
performed in the Lowry lab identified murine HFSCs as a cell of origin for SCC[15], in
addition to listing the genetic hits necessary for inducing SCC. To experimentally induce
SCC, one can introduce oncogenic stress (via active Ras signaling and p53 ablation)
during telogen-to-anagen transition or use a two-step chemical carcinogenesis
technique to activate HFSCs and coax tumor development. However, quiescent HFSCs
are unable to develop into squamous cell carcinoma even in this context. Previous work
also performed in the Lowry lab states quiescence may in fact function as a tumor
suppressor in the face of SCC tumorigenesis[18]. It is highly possible that controlling the
hair cycle also controls skin cancer sensitivity in respect to SCC initiation. It would also

be interesting to test this theory with upstream approach to test if adrenergic signaling
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functions in carcinogenesis. In fact, | am currently performing this experiment; we are
using Adrb1,2 null mice subjected to DMBA/TPA chemical carcinogenesis protocol. We
are also testing if deletion of one or both alleles of Adrb2 might yield protection from
epidermal cancer(s). Results are forthcoming.

Creb is implicated in epidermal cancers when mutated in murine skin. If a
dominant negative or nonfunctional Creb is present in epidermal stem cells, papilloma
and consequent SCC development is significantly reduced in spite chemical
carcinogenesis treatment[19]. Papillomas are benign, hyperplastic growths on the skin
that can sometimes develop into bona fide SCC. This means that Creb may function in
the early stages of papilloma formation/SCC, thus implicating another player in SCC
development. Notwithstanding, our lab aims to implicate canonical GPCR/Creb
signaling as one of (perhaps, the) master regulators of hair follicle control that also has
connections to initiating epidermal cancers.

Advances in SCC treatment will therefore highly benefit from elucidating the cell
biology and molecular processes that transform homeostatic activities into malignant
disorders. The extensive characterization of GPCR/Creb signaling in hair follicle cycling
will ultimately yield translational impacts such as discovering novel methods to not only
regulate the hair cycle but to also provide a mechanism by which Creb is able to

promote or prevent epidermal tumors.
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