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COMPOSITIONS AND METHODS FOR
PROMOTING HAIR GROWTH WITH MPC INHIBITORS

RELATED APPLICATIONS

This application claims the benefit of priority to U.S. Provisional Patent Application
serial numbers 62/380,205, filed August 26, 2016, and 62/463,232, filed February 24, 2017,

hereby incorporated by reference in their entireties.

BACKGROUND

More than 400 million people worldwide have baldness. Male pattern baldness affects
about 50% of the male population aged 50 and above. Available hair growth treatments produce
short, fuzzy hairs and require continuous application. That is, once treatment stops, new hair

growth ends and hair loss resumes.

Two drugs currently approved by the Food & Drug Administration (FDA) for the
treatment of baldness are ROGAINE® (topical minoxidil) and PROPECIA® (oral finasteride).
Minoxidil is the only FDA approved medication to treat female pattern baldness, but it only
works for top of head hair loss. Finasteride is used in men only because it can cause birth defects

in pregnant women. Finasteride also has adverse effects on sexual health.

There is a need for improved compositions and methods of accelerating, promoting, or

restoring hair growth with fewer adverse effects.
SUMMARY

One aspect of the disclosure relates to methods of accelerating, promoting, or restoring
hair growth, comprising administering to a subject in need thereof an effective amount of a

compound of formula (I):
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or a pharmaceutically acceptable salt thereof,

In some embodiments, disclosed herein are methods of treating a condition selecied

from alopecia, hair loss, hair thinning, and baldness.

Another aspect of the disclosure relates to compostitions comprising a compound of

N

formula (I}

Wn

(1)

or a pharmaceutically acceptable salt thereof, and a carner or excipient suitable for topical

application to skin,

10 In some embodiments, disclosed hercin the compositions may be used in the

manufacture of a medicament for the treatment of a condition as described herein.
BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1a shows Lactate Dehydrogenase activity was enriched m the Hair Follicle
Stem Cell niche. Immunohistochemistry {IHC} staining for Ldha expression across the hair
15 cycle shows Ldha protein confined to the hair follicle stem ccll (HFSC) niche, the bulge,
mdicated by the bracket. IHC staining for total Ldh in epidermis shows expression in
interfollicolar epidermis, infundibulum, sebaceous gland and hair follicle bulge, shown in
bracket. IHC staining for 50x9 on serial sections demarcates the HFSC population. Scale

bars, 20 um.

20 Figure 1b, immunoblotting on FACS-isolated HFSC populations (ablow/Cd34™ and
abhi/Cd347) versus total epidermis (Epi) shows differential expression of Ldha in the stem

cell niche. Sox9 is a marker of HFSCs, and B-actin 18 a loading control.

Figure ic, colorimetric assay for Ldh enzvme activity in the epidernus shows highest
activity in the buige (brackets) and subcuticular muscle laver {(bracket). This activity was
25 enriched in the bulge across different stages of the hair cycle. Activity s mdicated by dark
color; gray i1s a nuclear counterstain. Note also that developing hair shafts in pigmented mice
2
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show strong deposits of melanin as observed here; hair shafts never displayed any dark stain

mdicative of Ldh activity.

Figure 1d, Ldh activity in sorted cell populations, measured using a plate reader-
based assay, also shows the highest Ldh activity in two separate HFSC populations
5  (oolow/Cd34™ and a6h/Cd34%) compared to epidermal cells (Epi) and fibroblasts (FBsg).
Each bar represents the average signal for each cell type where = 9 mice pooled from 3
independent experiments. Shown as mean + s.e.m. Pared —test performed, £ <0.05 shown

for cach cell type versus epidermal cells.

Figure le, HFSCs and epidermal cells were isolated during telogen {day 50) by
10 FACS, and metabolites were exiracted and analvzed by LO-MS. Heatmaps show relative
levels of glycolyvtic and TCA cycle metabolites from cells isolated frony different mice in
mdependent experiments with cells from three animals in cach. GO6P-FoP, glucose-6-
phosphate and fructose-6-phosphate; FBP, fructose-bisphosphate; DHAP, dihvdroxyacetone
phosphate; 3PG, 3-phosphoglyveerate; and oK G, alphaketoghutarate. Asterisks indicate

15 significant difference in metabolite lovels between epidermal cells and HFSCs.

Figure 1f, Ldh activity in sorted stem cell populations, measured using a plate
reader-based assay, shows elevated Ldh activity as stem cells become activated in telogen to

anagen transition {Tel-Ana}.

Figure 1g Heatmap showing relative levels of glycolytic and TCA cycle metabolites

28 extracted from quiescent (Bay 50) and activated (Bay 70) HESCs. Asterisks indicate
significant difference between HFSCs metabolite levels.

Figure 1h, Heatmap showing relative levels of glycolytic and TCA cycle metabolites
extracted from quiescent (telogen, day 50}, activated {(telogen-anagen, day 70) and HFSCs
that have returned to the quiescent state (anagen, day 90). Pvr, pyruvate; Lac, lactate.

25 Figure 11, Gene set enrichment analysis (GSEA) from RNA-seq transcriptome data
U from HFSCs versus total epidermis shows enrichment for glveolysis-related genes in
HFSCs (normalized ennchment score (NESY =172}

Figure 1j, GSEA on microarray transcriptome data from HFSCs versus total

cpidernus shows enrichment for glycolvsis-related genes in HESCs (NES = 1.45)
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Figure 1k, RNA-seq data from HFSCs sorted during telogen or telogen-anagen

transition (Tel-Ana) show induction of Ldha.

Figure 2a shows deletion of Ldh activity blocked HFSC activation. /dha™" animals
entered the hair cvele (anagen) synchronously around day 70 as measured by shaving and
observation beginning at day 50. KI5CrePR; Laha™ animals treated with mifeprisont show
defects in anagen eniry.

Figure 2b, skin pathology showing that K/ 5CrePR; Ldha™" animals entered a normal
anagen typified by downgrowth of the follicle and hypodermal thickening, while Zdha™

animals showed neither and remained 1n telogen.

Figure 2¢, Ldh enzyme activity assay showed strong activity in HFSCs i K75CrePR;
Ldha™ animals, while K/5CrePR; Ldha™® animals lacked this activity in the HFSCs. (HFSC

niche indicated by bracket).

Figure 2d, Graph showing percentage of follicles in telogen, telogen-anagen transition

and anagen in K/ 5CreP R, Ldha™™ maice versus K1 5CrePR; Ldha™ mice.

Figure 2¢, Heatmap showing relative levels of glycolytic and TCA cycle metabolites
extracted from Ldha™ HFSCs and Zdha™™ HFSCs and measured by LO-MS. Asterisks

ndicate significant difference between HFSCs metabolite levels.

Figure 2f, Immunochistochemistry staining for Ki-67, a marker of proliferation, is
absent in Ldha™ HFSCs. Phospho-S6. a marker in HFSCs at the beginning of a new hair
cvele, was absent in Ldha™ HESCs. Staining for Ldha showed specific deletion in HFSCs,
Brackets indicate bulge. Staining for 50x9 shows that HFSCs were still present in Zdho-

deleted niche. Scale bars, 20 pm.

Figure 2g. Animals which have Ldhia deleted specifically in their HFSCs as controlled
bv Lgr3Cre R, show profound defects in the entry into anagen. right. Skin pathology showing
that Zgr3Cre bR Ladhd"7 animals mostly remained in telogen. Scale bars indicate 100 um.

Figure 2h, enzyme activity assay in the epidermis shows that LgrSCreER Ldha™!

animals lacked this activity in the HF5Cs. Scale bars indicate 20 pm.
Figure 2i, LC-MS analvsis of metabolites from the indicated mice.

Figure 3a shows deletion of Mpcl in Hair Follicle Stem Cells activated a new hair
cvele. Mpe /' animals showed pigmentation and hair growth, consistent with entry into the
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anagen cycle at 9 weeks, whereas Mpe ™" animals did not show pigmentation and hair growth
this early.

Figure 3b, FACS isolation of HFSC bulge populations in Mpci ™" versus Mpe 171

mice
followed by western blotting showed successtul deletion of Mpcel protein in the stem cell

niche. B-actin is a loading control.
Figure 3¢, Platereader assay for Ldh activity on sorted HFSC populations shows
elevated activity in Mpcl VM HFSCs compared to Mpcl ™ HFSCs.

Figure 3d, Quantification of phenotype at right shows percentage of follicles

telogen, telogen to anagen transition and anagen in Mpc!™ mice versus Mpe /Y mice,
fat) 2 - £

Figure 3e, Histology on wild-type versus Mpcl deletion skin showed induction of

anagen in absence of Mpcl. Scale bars indicate 100 pum.

Figure 3f, Immunohistochemistry staming for Ki-67, a marker of proliferation that is
only active in HFSCs at the beginning of anew hair cycle, was only present in Adpe/ M HFSCs
at 8.5 weeks, consistent with their accelerated entry into a new hair evele. Phospho-86, another
marker that 15 only active in HFSCs at the beginning of a new hair cycle, was only present

Mpc YUV HFSCs. Staining for Sox9 shows that HFSCs were present in Mpcl deleted niche.

Figure 3g, Deletion of Mpcl in mice bearmg the Lgr5CeER allele shows strong

induction of the hair cycle. Note that red boxes indicate areas of new hair growth.

Figure 3h, Quantification of pigmentation in the indicated genotypes across three

mdependent litters.

Figure 31, Anumals treated topically with the compound of formula (1} (20uM} showed
pigmentation and hair growth, indicative of entry into anagen, afier 8 days of treatment. Full
anagen, indicated by full coat of hair, was achieved after 14 days of ircatment. Mice treated
topicallv with vehicle control did not show pigmentation nor hair growth even after 12 davs
of treatment. vight, Skin pathology showing that animals treated with the compound of
formula (I} entered an accelerated anagen at 8 weeks typified by down growth of the follicle
and hypodermal thickening, while vehicle control treated animals showed neither and

remained in telogen.

Figure 3§, Graph showing time to observed phenotype in vehicle versus compound of

formula (I) treated mice.
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Figure 3k, Ldh enzyme activity assay in the epidermus showed strong activity in
HFSCs i vehicle control and compound of formula (D-treated animals. Ldh enzyme activity
was also seen in mterfollicular epidernus of compound of formula (I)-treated arumals. Ldh

activity is indicated by dark stain; gray is nuclear fast red counterstain,

93}

Figure 31, Metabolomic analysis of lactate on HFSCs isolated from compound of

formula (I)-treated skin for 48 hours.

Figure 4a shows the sorting strategy employed to isolate two populations of cells
from the bulge. This particelar sort wags used to isolate the protein samples shown by

westem blot in Fig. 1d.

10 Figure 4b shows immunchistochemistry (IHC) staining (top) with antibody
recognizing specifically Ldha and (bottom) with antibody recognizing multiple 1soforms of

lactate dehvdrogenase (Ldh) protein. Scale bars, 20 pm.

Figure 4¢. Staining for Ki-67 marks dividing cells during various stages of the hair

cvele. Brackets indicate the HFSC niche.

15 Figure 4d, top, Validation of colorimetric Ldh enzyme activity assay. The highest
Ldh enzyme activity was observed in HFSC bulge and in the muscle. Activity indicated by
dark color; gray is nuclear fast red counterstain. In absence of substrate lactate there was no
detectable activity {dark color}. Bettom, Additional validation of colorimetric Ldh enzyme
activity assay. Enzvme activity inhibited by treating skin with hydrochionie acid (HCH

20 before addition of staining solution with substrate lactate. No Ldh activity {dark color)
detected. Skan in which enzyme activity 1s not inhibited by HCI shows highest Ldh enzyme

activity in HFSC bulge and i the muscle. Scale bars, 50 um.

Figure 4e, analvsis of RNA-seq data to validate that HFSCs 1 telogen-anagen

transition were in fact in such a transition. The telogen-anagen transition s known to be

N2
W

driven by Shh {(Gh factors are targets) and Wat (Lefl, Axin, Cend! are targets) signaling,
and correlate with increased proliferation (Ki67 and Pena). In addition, Sox4 was previously

identified as a regulator of the telogen-anagen transition.

Figure df, K/5CreP R Ldhd™ animals treated with Mifepristone during telogen {day
50} were allowed to develop for 6 months. None of the K/ 5CrePR; Ldha"" mice showed
30 complete hair regrowth, compared to control animals that all grew their hair coats back
completely.
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Figure 4g. Histological examination of the long term K/ 5CrePR; Ldha  mice
showed that Ldha-nell HFSCs remained in telogen while wild-tvpe HFSCs went through
anagen and then returned to telogen. This s apparent from thick sections {50 micron, right}
that show an increased number of club hairs i the W relative to Ldha-null follicles. Scale

bars indicate 100 micrometers (deft), and 20 micrometers (middie and right).

Figure 4h, THC for HFSC marker Sox9 showed that deletion of Ldho from HFSCs
does not affect their presence in the bulge even after 6 months. In addition, IHC and Ldh
activity assay demonstrate that the deletion of Ldha was sustained. Because of the mosaicism
of the deletion, in some portions of K/ 5CreP R, Ldha? skin Ldha was not deleted. Shown on
the bottom row is tissuc from hair bearing skin in the K/ 5CrePR; Ldha™" mice where Ldha

a
1Al

was still expressed, showing that new hair growth in K/5CrePR; Ldhd/™ mice was due 1o
lack of deletion of Ldha caused by the mosaic approach used to mediate Cre recombination.

Scale bars indicate 20 nucrometers.

Figure 41, To determine how vanous signaling pathways previously linked to the hair
cycle are affected by loss of Ldhr in HFSCs, we performed IHC for markers that indicate
activity of these pathways in telogen and telogen-anagen transition. Note that pStat5 appears
o be suppressed in normal telogen-anagen transition, and this does not seem to occur in
Ldha-pull HESCs. pStat] and pStat3 did not seem to be affected by loss of Ldha. Expression
of Gli3, a target of Shh signaling, is typically induced v an activated hair germ derived from
HFSCs, but Zdha-null HFSCs do not make an active hair germ. Activation of the Wnt
pathway 1s indicated by nuclear tocalization of B-catenin, and very little nuclear B-catenin

was detected 1 Ldha-noll HFSCs. Scale bars indicate 6 micrometers.

Figure 4j, Six months after inttiation of deletion of Mpel in HFSCs
(KI3CrePR Mpelfl/fl), mice lacking Mpcl show no deleterious effects as measured by the
hair cycle {left), pathology (middle, H and E), or staining for HFSCs (right, Sox9}. Scale

bars mdicate 100 micrometers i nuddic panel, and 50 micrometers in right pancl.

Figure 4k, To demounstrate that the deletion of Mpcl promotes proliferation
spectfically in HFSCs, we used K/ 5CrePR, Ldha™" mice bearing a lox-stop-lox-Tomato
allele to look at K15+ HFSCs and proliferation with and without Mpel deletion (feft). In
addition, we took advantage of the wres-GFP within the Lgr3Cre R allele to stam for Ki-67
and GFP and look for co-localization with and without Mpcl deletion (right). White

brackets denote bulge area. Scale bars represent 20 micrometers.

- i o~
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Figure 41, Deletion of Mpel in mice bearmg the ZgroCreER allele shows no

premature induction of the hair cycle.

Figure 4m, Ldh activity assay on sorted HFSCs from either control or LgroCreEXR

mediated Mpe/ deletion mice showed increased activity i cells lacking Mpcl.

Figure 4n, KEGG pathway analysis shows genes related to metabolic pathways

mduced i HFSCs (red) versus those suppressed (green).

Figure 5a, Ldha +/+ animals enter the hair cycle {anagen) svnchronously at day 70 as
measurcd by shaving and observation beginning at day 50. Ldba fU/fl animals which have
Ldha deleted specifically in their HFSCs as controlled by Lgr5CreER, show profound
defects in the entry into anagen. right, Skin pathology showing that Ldha +/+ ammals enter a
nommal anagen tvpified by downgrowth of the follicle and hypodermal thickening, while

Ldha fI/fl animals showed neither and remained n telogen.

Figure b, Ldh enzyme activity assay in the epidermis shows strong activity in
HFSCs in Ldha +/+ animals, while Ldha f/fl animals lacked this activity in the HFSCs.
{(HFSC miche mdicated by bracket}.

Figure 6a, Additional replicate experiments for loss of MPC1 in HFS(Cs. Two
independent expeniments where loss of MPCL i HFSCs was mitiated by Mifepristone

treatment at day 50.

Figure 6b, Additional replicate experiment of metabolomics analvsis of lactate after
48-72 hours of treatment with the compound of formula (I). Experiments also showed an
increase in lactate levels, similar to those shown in Fig. 3,

Figure 7. Animals treated topically with the compound of formula (I) (20uM)} showed
more complete hair growth. Mice treated topically with vehicle control showed patchy hair

growth.

DETAILED DESCRIPTION

Hair follicle stem cells (HFSCs) are quicscent, long-lived cclis that are responsible for
matntaiming the cellular homeostasis of the follicle. While normally dormant, HFSCs quickly
become activated to divide daring a new hair cycle. The quuiescence of HFSCs is known to be

regulated by a number of intrinsic and extrinsic mechanisms.

-8 -



1

20

o]

0

(]

WO 2018/039612 PCT/US2017/048701

The hair follicle is able to undergo cyclical rounds of rest (telogen), regeneration
(anagen}, and degeneration (catagen). The ability of the hair follicle to maintain this cycle
depends on the presence of the hair follicke stem cells, which reside in the bulge (Fig 1a}. At
the start of anagen, bulge stem cclis are activated by signals received from the dermal papilla,
which at that stage abuts the bulge area. These stem cells exit the bulge and proliferate
downwards, creating 3 trail that becomes the outer root sheath (ORS). Belge stem cells are
capable of giving rise to all the different ccll types of the hair follicle. The ability of HFSCs to
maintamn quiescence and vet become prohiferative for a couple davs before returning to

quicscence is unique in this tssue.

HFSCs display an ability to shuitic back and forth between profiferative and quicscent
states i vivo during the hair cycle!?. New methods to study the metabolism of HFSCs in vivo
are provided herein. Evidence is provided that these cells require glycolysis and lactate
dehvdrogenase activity to allow for their reactivation afier extended periods of dormancy.
Furthermore, these findings were used to uncover novel pharmacological methods to promote

HFSC activation and the hair cvele.

Methods of Use

In one aspect, the disclosure provides methods of accelerating, promoting, or restoring
hair growth, comprising adounistering to a subject in need thereof an effective amount of a

compound of formula (I):

or a pharmaceutically acceptable salt thercof.
The phrase “restoring hair growth” as used herein, means improving hair growth. For
example, this includes proliferation or activation of hair follicle stem cells, e.g., shifting hair

follicles from the resting phase to active growth phase. fo addition, when a subject exhibits

-9.
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symptoms, such as alopecia, hair loss, hair thimning, and baldness, treatment with a compound
or composition disclosed heremn reduces these symptoms compared to befors treatment. In
some embodiments, restoring hair growth is measured relative to the absence of administration

of the compound of formula (I).

Noo-hmiting examples of improvements in hair growth correlated to accelerating,
promoting, or restoring hair growth can be sclected trom:

{a) improvement in root sheath thickness;

(b} improvement in hair anchorage;

{c) decrease in hair loss;

{d) reduction in hair breakage;

¢} increase in hair strength;

() improvement in hair growth rate;

{g} improverent in shine;

(b} improvement m the number of visible hair strands;

(1) improvement in hair length;

(i) improvement in hair strand volume;

{k) shift from telogen phase to anagen phase;

(1) entry into a new hair cvcle;

{m} increase in hair follicles in the growth phase;

{n) increase in hair follicle stem cell (HFSC) activation;

{0} activate a quiescent HFSC;

(p} increase glveolysis in a HESC;

() activate lactate dehydrogenase in a HFSC.

In some embodiments, administering comprises topically applying a composition
comprising the compound to an affecied area.

in some embodiments, the subject exhibits symptoms selected from alopecia, hair loss,
hair thinning, and baldness. In some embodiments, the subject exhibits svmptoms selected

from bair loss, hair thinning, and baldness.

In some embodiments, the subject exhibits baldness. In some embodiments, the

baldness 1s male pattern baldness or female pattern baldness.

- 10 -
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In some embodiments, the subject exhibits symptoms selected from hair loss and hair
thinning. In some embodiments, the hair loss or the hair thinning is caused by anagen

effluviem or telogen effluvium.

In some embodiments, anagen effluviem is triggered by chemotherapy {e.g., cvtostatic

drogs) and imgesting toxic products {¢.g., rat potson).

In some embodiments, telogen effluvium is triggered by stress {(e.g., vaccinations,
physical trauma (including a car crash, surgery, and giving birth}), chronic illness, and certain
medications including antidepressants) and digt {¢.g., lack of iron, excessive iron, lack of zing,

lack of L-lvsing, lack of vitamin B6, lack of vitamin B12, and excessive vitamin A).

In some embodiments, the hair loss or the hair thinning 15 caused by an autoimmune

disorder.

In some embodiments, the alopecia 1s selected from juvenile alopecia, premature
alopecia, senile alopecia, alopecia arcata, androgenic alopecia, mechanical alopecia,

postpartum alopecia, and symptomatic alopecia.
In some embodiments, the compound is applied to a hair follicle.

In some embodiments, the compound of formula (1) is used in the manufacture of a
medicament for the treatment of any symptoms or conditions disclosed hercin,

In some ¢mbodiments, the condition is slowing or stopping hair growth. In some
crabodiments, the condition of slowing or stopping hair growth is selected from alopecia, hair
loss, hair thinning, and baldness. In some embodiments, the condition selected from alopecia,
hair loss, hair thinning, and baldness.

In some embodiments of the methods disclosed herein, the method comprises
activating a quicscent HFSC. In some embodiments, the quiescent HFSC is in a subject. fn

some embodiments, the quigscent HFSC is in a human subject.

In some embodiments of the methods disclosed herein, the method comprises
mcreasing glveolysis i a HFSC. In some embodiments, levels of glycolvtic metabolites are
increased relative to the absence of administration of the compound of formula (I). In some
embodiments, the glycolviic metabolites are selected from glocose; G6P. glucose-6-
phosphate; F6P, fructose-6-phosphate; FBP, fructose-bisphosphate; DHAP, dihydroxvacetone
phosphate; 3P0, 3-phosphoglveerate; 3PL, 3-phospholactate; and oK G, alphaketoghutarate. In

~1i -
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some embodiments, the glycolviic metaboliies are selected from glucose; GoP, FoP; FBP,;

DHAP; 3PG; and 3PL.

In some cmbodiments of the methods disclosed hercin, the method compnses

activating lactate dehvdrogenase in a HFSC.

in some embodiments of the methods disclosed herein, the HFSC is g human HFSC.

In some embodiments, the HFSC 1s within a human subject.

Compositions

in another aspect, the present disclosure provides a pharmaceutical composition
comprising a compound of formula (1), optionally admixed with a pharmaceutically acceptable

carnier or diluent.

The compositions and methods of the present disclosure may be utilized to treat an
mdividual in need thereof. In certain embodiments, the mdividual 1s a manunal such as a
human, or a non-human mammal, When administered to an ammal, such as a human, the
composition or the compound is preferably administered as a pharmaceutical composition
comprising, for example, the compound of formula (I} of the disclosure and a pharmaccutically
acceptable carrier. Pharmaceutically acceptable carriers are well known in the art and inchude,
for example, agueous solutions such as water or physiologically buffered saline or other
solvents or vehicles such as glycols, glycerol, oils such as olive oil, or injectable organic esters.
The excipients can be chosen, for example, to effect delaved release of an agent or 1o
selectively target one or more cells, tissues or organs. The pharmaceutical composition can be
in dosage unit form such as tablet, capsule (including sprinkle capsule and gelatin capsule),
granule, lvophile for reconstitution, powder, solution, svrup, cream, lotion or the like. The
composition can also be present in a transdermal delivery system, ¢.g., a skin patch. The
composition can also be present in a sobwtion or composition suitable for topical

adounistration.

In some embodiments, the present disclosure provides a composition comprising a

compound of formula (1)

~-{2 -
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or a pharmaceutically acceptable salt thereof, and a carrier or excipient suitable for topical

application to skin.

5 In some embodiments, the carrier or excipient 1s generally safe and non-irritating when

applied to skin, in particular, for application to hair or scalp.

A pharmaceutically acceptable carrier can contain physiclogically acceptable agents

that act, for example, to stabilize, increase solubility or to increase the absorption of a
compound such as the compound of tormula (I) of the disclosure. Such phvsiclogically

10 acceptable agents include, for example, carbohydrates, such as ghicose, sucrose or dextrans,
antioxidants, such as ascorbic acid or glutathione, chelating agents, low molecular weight
proteins or other stabilizers or excipients. The choice of a pharmaceutically acceptable camer,
meluding a physiologically acceptable agent, depends, for example, on the route of
administration of the composition. The preparation of composition can be a self-emulsifving

15 drug delivery system or a self-microemulsifying drug delivery system. The composition
{preparation) also can be a liposome or other polymer matrix, which can have incorporated
therein, for example, the compound of formula (1) of the disclosure. Liposomes, for example,
which comprise phospholipids or other lipids, are nontoxic, physiologically acceptable and

metabolizable carrers that are relatively simple to make and administer.

20 The phrase “pharmaceutically acceptable” is emploved herein to refer to those
compounds, materials, compositions, and/or dosage forms which are, within the scope of
sound medical judgment, suitable for use in contact with the tissues of human beings and
animals without oxecessive toxicity, irntation, allergic response, or other problem or

complication, commensurate with a reasonable benefit/nisk ratio.

e
W

The phrase “pharmacevtically acceptable carrier” as used herein means a
pharmaceutically acceptable matenial, composition or vehicle, such as a hquid or solid filler,

diluent. excipient, solvent or encapsulating matenal. Each carrier must be “acceptable” in the

- 13-



L

16

Ju—
Wn

S
A

360

WO 2018/039612 PCT/US2017/048701

sense of bemg compatible with the other ingredients of the formulation and not mjunous to
the patient. Some examples of materials which can serve as pharmaceutically acceptable
carriers inclade: {1} sugars, such as lactose, glucose and sucrose; (2) starches, such as com
starch and potato starch; (3} cellulose, and its derivatives, such as sodium carboxymethyl
cellulose, ethyl cellulose and cellulose acetate; (4) powdered tragacanth; (3) malt; (6) gelatin;
{7} talc; {8} excipients, such as cocoa butter and suppository waxes; {9} oils, such as peanut
oil, cottonseed oil, saffiower oil, sesame oil, olive oil, com o1, soybean oil {¢.g., glveine soja
otl), linseed ol (e .g., linum usitatissium seed oil), and eucalypius o1l (¢.g., cucalyptus globulus
feaf oily, (10) glycols, such as propylene glycol; (11} polyvols, such as glyeerin, sorbitol,
mannitol and polyethylene glycol; (12) esters, such as ethyl oleate and ethyl laurate; {13} agar;
(14) buffering agents, such as maguesium hydroxide and alwmunum hyvdroxide; (15} alginic
acid; (16} pyrogen-free water; (17) isotonic saline; {18) Ringer's solution; (19} ethvl aleohol;
{20) phosphate buffer solutions; and (21} other non-toxic compatible substances emploved in

pharmaceutical formulations.

In some embodiments, the carrier is selected from polyols {e.g., propylens glycol,
butyleng glveol, pentylene glycol, hexylene glveol, capryivl glyveol, and glyeenn), carbitol,
glveol ethers {(c.g., ethylene glycol monobutyl ether, propviene glvcol monomethy! ether,
propvlene glycol monobutyl ether, dipropylene glycol and dicthviene glycoly, alkyl ethers
{c.g., dicthylene glycol moncethyl ether {cthoxy diglveol) and diethylene glveol monobutyl
cther), pyrogen-free water, alcohol (e.g.. ethyl alcohol, isopropanol, propanol, butanol, benzyl

alcohol, and phenviethyl alcohol).

In some embodiments, the composition is an emulsion. Emulsions include oil-in-water,
silicone-in~water, water-in-oil, water-in-silicone, and the like. When formulated as an

emulsion, an emuidsifier is typically mchuded.

In some embodiments, the composition further comprises an ingredient selected from
a surfactant, g thickener, a fragrance, a UV -screening agent, a wax, a silicone, a preservative,
an oil, a vitamin, a provitamin, an opacifier, an antioxidant, an emulsifier, an excipient, a
solvent, and a buffer. Examples of the foregoing agents may be found in the Intemational
Cosmetic Ingredient Dictionary and Handbook, Tweltth Ed., 2008 or online (herein

meorporated by reference in its entirety).

Examples of a surfactant inclode, but are not limited to, oleth 5, oleic acid, sodium

dodecyl sulfate, sodium lauryi sulfate, and poloxamer 407,
- 14 -
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Examples of a thickener mclude, but are not linuted 1o, fatty alcohols {e.g., cetvl
alcohol and olevl aleohol}, cthoxylated phencls {c.g., octoxynol-1, nonoxynol-4, and
nonoxynol-9),  and  polymers (e.g.,  hydroxyethyleelhilose and  hvdroxypropyl

methyleelulose).

Examples of a UV-screening agent inchude, but are not limited to, avobenzone,

benzophenone-4, oxybenzone, octinoxate, titanium dioxide, and zinc oxide.

Examples of a wax melude, but are not imited to, bees wax, candehilla wax, camauba

wax, and castor wax.

Examples of a preservative include, but are not limited to, 1sothiazolinones, parabens,

phenoxyethanol, benzoic acid, sodium benzoate, sorbic acid, and potassiam sorbaie.

Examples of an ol include, but are not limited to, avocado oil, coconut oif, linseed o1l,

peamt oil, cottonseed oil, safflower oil, sesame otl, olive oil, corn o1l and sovbean oil.
Examples of a vitamin include, but are not limited to, vitanmin E, vitanin C, vitamin B.

Examples of pharmaceutically aceeptable antioxadants include, but are not himited to,:
(1) water-soluble antioxidants, such as ascorbic acid, ervthorbic acid, and isoascorbic acid
cysteing hydrochlornide, sodium bisulfate, sodivm metabisulfite, sodium sulfite and the like;
(2} oil-soluble antioxidants, such as ascorbyl pabmitate, butvlated hydroxyanisole (BHA),
butylated hydroxytoluene (BHT), lecithin, propyl gallate, alpha-tocopherol, and the like; and
(3} metal-chelating agents, such as citric acid, cthylenediaming tetraacetic acid (EDTA),

sorbitol, tartaric acid, phosphoric acid, and the hike.

Examples of an enuldsifier include, but are not Hmited to, cetearcth-20, cetearcth-25,
cetearvl alcohol, lechithin, glveeryl stearate, sorbitan stearate, glveervl oleate, polyglveervl
oleate, sorbitan oleate, isopropyl palmitate, polysorbate 20, polysorbate 60, polysorbate &0,

stearic acid, and cetyl phosphate.

In some embodiments, the composition is applied 1n a form selected from a shampoo,
a hair rinse, a hair conditioner, a pomade, a hair gel, a mousse, a hyvdroalcoholic tonic, a cream,
a spray, an emulsion, and a hquid.

In some embodiments, the composition is an emulsion comprising water and stearic
acid. In some embodiments, the composition 13 an emulsion comprising a pharmaceutically

acceptable carrier, an emulsifier, an oil, and a fragrance. In somc embodiments, the
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composition 1s an emulsion comprising water, propyvlene glveol, gelatin, stearic acid, hinseed

oil, sovbean oil, eucalyptus o1l and a fragrance.

In some embodiments, the composition 1s an emulsion comprising pluronic lecithin
organogel. In some embodiments, the composition is an emulsion comprising water,
poloxamer (¢ g., poloxamer 407), and lecithin. In some embodiments, the composttion is an
cmulsion comprising water, poloxamer (¢.g., poloxamer 407), lecithin, and cthoxv diglveol.
In some embodiments, the composttion is an emulsion comprising water, poloxamer 407,
potassium sorbate, lecithin, 1sopropyl palmitate, and sorbic acid. In some embodiments, the
composition 15 an enmulsion comprising water, poloxamer 407, potassium sorbate, lecithin,
1sopropyl palmitate, sorbic acid, and cthoxy diglyeol. In some embodiments, the composition

15 an emulsion compnsing PLO gel or PLO Ultramax gel.

A composition {preparation) can be administered to a subject by any of a number of
routes of adnunistration mcluding, for example, orally {for exampie, drenches as in agueous
or non~agqueous solutions or suspensions, tablets, capsules (ncloding sprinkle capsules and
gelafin capsules), boluses, powders, granules, pastes for application to the tongue); absorption
through the oral mucosa (¢.g., sublingually); transdermally (for example as a patch applied to
the skin}; and topically (for example, as a cream, ointment or spray applied to the skin, oras a
product applied to the hair). In certain embodiments, a compound may be simply dissolved or
suspended n sterile water. Details of appropriate routes of administration and compositions
suitable for same can be found i, forexample, UK. Pat. Nos. 6,110,973, 5,763,493, 5,731,000,
5,541,231, 5,427,798, 5,358,970 and 4,172,896, as well as in patents cited therein,

The formulations may conveniently be presented in unit dosage form and may be
prepared by any methods well known in the ant of pharmacy. The amount of active ingredient
which can be combined with a carmer material to produce a single dosage form will vary
depending upon the host being treated, the particular mode of administration. The amount of
active ingredient that can be combined with a carrier material to produce a single dosage form
will generally be that amount of the compound which produces a therapeutic effect. Generally,
out of one hundred percent, this amount will range from about 0.001 percent to about 99
percent of active mgredient. In some embodiments, this amount will range from about 5
percent to about 70 percent. In some embodiments, this amount will range from about 10
percent to about 30 percent. In some embodiments, this amount will range from about 0.001
percent to about 10 percent by weight of the composition.

- {6~
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Methods of preparing these formulations or compositions include the step of bringing
nto association an active compound, such the compound of formula (I} of the disclosure, with
the carrier and, optionally, one or more accessory ingredients. In general, the formulations are
prepared by uniformly and mtimately bringing into association a compound of the present
disclosure with igud carriers, or finely divided solid carriers, or both, and then, if necessary,
shaping the product.

Formulations of the disclosure suitable for oral administration may be m the form of
capsules (including sprinkle capsules and gelatin capsules), cachets, mills, tablets, lozenges
(using a flavored basis, usually sucrose and acacia or tragacanth), lvophile, powders, granules,
or as a solution or a suspension i1 an aguceous or non-agqueous liguid, or as an od-in-water or
water-in-oil liguid emulsion, or as an elixar or syrup, or as pastilles (using an inert base, such
as gelatin and glycerin, or sucrose and acaciay and/or as mouth washes and the like, each
containing a predetermined amount of a compound of the present disclosure as an active
mgredient. Composttions or compounds may also be administered as a bolus, electvary or

paste.

To prepare solid dosage forms for oral administration {capsules (including sprinkic
capsules and gelatin capsules), tablets, pills, dragees, powders, granules and the hike), the
active ngredient 1s mixed with one or more pharmaceotically acceptable carriers, such as
sodium citrate or dicalcium phosphate, and/or any of the following: (1) fillers or extenders,
such as starches, lactose, sucrose, glucose, mannitol, and/or silicic acid; {2} binders, such as,
for example, carboxvmethyicelulose, alginates, gelatim, polyvinyl pyvrrolidone, sucrose and/or
acacia; {3) humectants, such as glycerol; {4} disintegrating agents, such as agar-agar, calcium
carbonate, potato or tapioca starch, alginic acid, certain silicates, and sodium carbonate; (5)
solution retarding agents, such as paraffin; (6) absorption accelerators, such as quaternary
ammoentem compounds; {7) wetting agents, sach as, for example, cetvl alcohol and glycerol
monostearate; (8) absorbents, such as kaolin and bentonite clay; {9) lubricants, such a talc,
calcium stearate, magnesium stearate, solid polyethyiene glycols, sodium lauryl sulfate, and
mixtures thereof; (10} complexing agents, such as, modified and wnmodified cyelodextrins;
and (11} coloring agents. In the case of capsules {(mcluding sprinkle capsules and gelatin
capsules), tablets and pills, the compositions mayv also comprise buffering agents. Solid

compositions of a similar type may also be emploved as fillers m soft and hard-filled gelatin

1
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capsules using such excipients as lactose or mitk sugars, as well as high molecular weight

polyethyiene glycols and the like.

A tablet may be made by compression or molding, optionally with one or more
accessory ingredients. Compressed tablets may be prepared using binder (for example, gelatin
or hydroxypropylmethyl celivlose), lubricant, mert diluent, preservative, disintegrant {for
example, sodium starch glyvcolate or cross-linked sodium carboxymethyl celiulose), surface-
active or dispersing agent. Molded tablets may be made by molding m a suitable machine a

mixture of the powdered compound moistencd with an inert liquid dilaent.

The tablets, and other sohid dosage forms of the compositions, such as dragees,
capsules (including sprinkle capsules and gelatin capsules), pills and granules, may optionally
be scored or prepared with coatings and shells, such as enteric coatings and other coatings well
konown in the pharmaceutical-formulating art. They may also be formulated so as to provide
slow or controlled release of the active ingredient therein using, for example,
hydroxypropyimethy! cellulose in varying proportions to provide the desired release profile,
other polvmer matrices, liposomes and/or microspheres. They may be sterilized by, for
example, filtration through a bacteria-retaining filter, or by incorporating sterilizing agents in
the form of sterile solid compositions that can be dissolved in steriie water, or some other
sterile injectable medium mmediately before use. These compositions may also optionally
contain opacifving agents and may be of a composition that they release the active
mgredient(s) only, or preferentially, in a certain portion ofthe gastromtestinal tract, optionally,
i g delaved manner. Examples of embedding compositions that can be used mclhude polvmeric
substances and waxes. The active ingredient can also be i micro-cncapsulated form, if

appropriate, with one or more of the above-described excipients.

Liquid dosage forms wpseful for oral admimstration include pharmaceutically
acceptable emulsions, lyophiles for reconstitution, microemulsions, solutions, suspensionsg,
syrups and clixirs. In addition to the active ingredicnt, the liguid dosage forms may contain
mert diluents commonly used in the art, such as, for example, water or other solvents,
cyclodextrns and derivatives thereof, solubilizing agents and emulsifiers, such as ethyl
alcobol, 1sopropyl alcohol, ethyl carbonate, ethy! acetate, benzyl alcohol, benzyl benzoate,
propvlene glveol, 1,3-butviene glveol, oils (in particular, cottonseed, groundmut, com, germ,
ohive, castor and sesame otls}, glveerol, tetrahydrofuryl aleohol, polyethylene glveols and fatty
acid esters of sorbitan, and mixtures thercof

~§{8 -
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Besides mert diluents, the oral compositions can also include adjuvants such as a
wetting agent, an emulsifier, a suspending agent, a sweetener, a flavor, a dye, a fragrance, and

a preservative.

Suspensions, in addition to the active compounds, may contain suspending agents as,
for example, ethoxylated isostearyl alcohols, polyoxyethvlene sorbitol and sorbitan esters,
microcrystalline cellulose, alumunum metahydroxide, bentonite, agar-agar and tragacanth, and

mixtures thereof

Dosage forms for the topical or transdermal admimistration nclude powders, sprays,
ointments, pastes, creams, lotions, gels, solutions, and patches. The active compound may be
mixed under sterile conditions with a pharmaceutically acceptable carrier, and with any

preservatives, buffers, or solvents that may be required.

The ointmenis, pastes, creams and gels may contain, in addition 1o an active compound,
excipients, such as amimal and vegetable fats, oils, waxes, paraffing, starch, tragacanth,
cellulose dervatives, polyethylene glycols, silicones, bentonites, silicic acid, tale and zinc

oxide, or mixtures thercof.

Powders and sprays can contain, in addition to an active compound, excipients such as
lactose, tale, silicic acid, alominom hydroxide, calcium silicates and polyamide powder, or
mixtures of these substances. Sprays can additionally contain customary propellants, such as
chiorofluorchydrocarbons and volatile ansubstitited hydrocarbons, such as butane and

propane.

Transdermal patches have the added advantage of providing controlied delivery of a
compound of the present disclosure to the body. Such dosage forms can be made by dissolving
or dispersing the active compound in the proper medium. Absorption enhancers can also be
used to merease the flux of the compound across the skin. The rate of such flux can be
controlled by either providing a rate controlling membrane or dispersing the compound in a

polymer mairix or gel.

Examples of suitable agueous and nonagueous carriers that may be emploved m the
compositions of the disclosure include water, cthanol, polvols (such as glyveerol, propylene
glycol, polvethyiene glycol, and the hike), and suitable mixtures thereof, vegetable otls, such

as olive oil, and injectable organic esters, such as cthyl oleate. Proper fluidity can be
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maintained, for example, by the use of coating materials, such as lecithin, by the maintenance

of the required particle size in the case of dispersions, and by the use of surfactants.

These compositions may also contain adjuvants such as preservatives, wetting agents,
emalsifiers and dispersing agents. Prevention of the action of microorganisms may be ensured
by the inclusion of various antibacterial and antifungal agents, for cxample, paraben,
chlorobutanol, phenol sorbic acid, and the like. It may also be desirable to include 1sotonic
agents, such as sugars, sodium chlonde, and the like mio the compositions. In addition,
prolonged absorption of the mjectable pharmaceutical form may be brought about by the

inclusion of agents that delay absorption such as aluminum monostearate and gelatin.

The pharmaceutical compositions may additionally include components to provide
sustained release and/or comfort. Such components include high molecolar weight, anionic
muconumetic polymers, gelling polysaccharides, and finely-divided drug carrier substrates.
These components are discussed in greater detail i U.S. Pat. Nos. 4,911,920, 5,403,841,

5212, 162; and

4,861,760, The entire contents of these patents are incorporated herein by reference i their

entirety for all purposes.

For use in the methods of this disclosure, active compounds can be given per se or as
a composition contaming, for example, 0.001 to 99.5% (more preferably, 0.001 1o 10%) of

active ingredient in combination with a pharmaceutically acceptable carrier.

Actual dosage levels of the active mgredients in the compositions may be vared so as
to obtain an amount of the active ingredient that is effective to achicve the desired therapeutic
response for a particular patient, composition, and mode of administration, without being toxic

to the patient.

The selected dosage level will depend upon a vanety of factors including the activity
of the particular compound or combination of compounds employed, or the gster, salt or anude
thereof, the route of administration, the time of admunistration, the rate of excretion of the
particular compound(s) being emploved, the duration of the treatment, other drugs, compounds
and/or materials used in combination with the particular compound(s) emploved, the age, sex,
weight. condition, gencral health and prior medical history of the patient being treated, and

Like factors well known 1o the medical arts.
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A physician or veterinarian having ordinary skill in the art can readily determune and
prescribe the therapeutically effective amount of the composition required. For example, the
phyvsician or veterinarian could start doses of the composition or compound at levels lower
than that required m order to achieve the desired therapeutic effoct and graduallv increase the
dosage until the desired effect is achieved. By “therapeutically effective amount” 1s meant the
concentration of a compound that is sufficient to elicit the desired therapeutic effect. It is
generally understood that the cffective amount of the compound will vary according to the
weight, sex, age, and medical history of the subject. Other factors which influence the effective
amount may nclude, but are not himited to, the severity of the patient’s condition, the disorder
being treated, the stability of the compound, and, f desired, another type of therapeutic agent
being administered with the compound of formula (1) of the disclosure. A larger total dose can
be delivered by multiple administrations of the agent. Methods to deternune efficacy and
dosage are known to those skilled n the art (Isselbacher et al. (1996) Harnson's Principles of

Internal Medicime 13 ed., 1814-1882, herein incorporated by reference).

In general, a suitable daily dose of an active compound used in the compositions and
methods of the disclosure will be that amount ofthe compound that i1s the lowest dose effective
to produce a therapeutic effect. Such an effective dose will generally depend upon the factors

described above,

If desired, the effective daily dose of the active compound may be administered as one,
two, three, four, five, six or more sub-doses administered separately at appropriate ntervals
throughout the day, optionally, 1n unit dosage forms. In some embodiments of the present
disclosure, the active compound may be adounistered two or three times daily. In some
erbodiments, the active compound will be administered once daily.

The patient receiving this treatment is any animal in need, meluding primates, in
particular humans, and other mammals such as equines, cattle, swine and sheep, and poultry
and pets i general.

The invention now being generally described, it will be more readily understood by
reference to the following examples which are included merely for purposes of iHustration of
cerfain aspects and embodiments of the present invention, and are not intended to limit the
invention,

EXAMPLES
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Abbreviations

ACN  acetonitrile

AEC  3-amino-9-cthvicarbazole

BCA  bicinchoninic assay

BCS  bovine calf serum

DMSO dimethyl sulfoxide

FACS fluorescence-activated cell sorting

HFSC hair follicle stem cell

Hk  hexokinase

Ldh  lactate dehvdrogenase

Ldha lactaie dehydrogenase A

Ldha lactate dehydrogenase B

NAD B-nicotinamide adenime dinucleotide

NADH reduced B-nicotinamide adenine dinucleotide
OCT  optimal cutting temperature mediom

PBS  phosphate buffered saline

PLO  pluronic lectthin organogel

p-56  phospho-56 ribosomal protein

p-Sta3 phospho-signal fransducer and activator of transcription 3
RIPA radicimmunoprecipitation assay

TCA cvele  tncarboxylic acid cvele

- N N £y o & N g T 1 INONEY .
XT1 Yohie {7 amethocyedenitrosSanironhenvi 3 Bags
< 2 3-big {LL-MICHTIGRY -~ DArQ-2-3T0MNMCR YV - L5310

Matenals and Methods

Mice

Anmimals were acquired from Jackson Labs {(K/5-CrePR, Lgr5-CrefR and Lgro-
Cre Ry, Rutter Lab (Mpce™y and Seth Lab (Ldha™™y (Xie, H. et al., Cell Metab., 19, 795-809
(2014}} and mantained under conditions set forth by FUCUC and AR, For experiments that
mchude analysis of the telogen stage of the hair cycle, animals were harvested at post-natal day
50, for telogen-anagen transttion animals were harvested at day 70, and for anagen animals
were harvested at post-natal day 90, For expenments that include analysis of transgemic
amimals, K/3-CrePR animals were shaved and treated by intraperitoneal injections of
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mifepristone and Zgr3-CreER and Lgro-CreER animals were shaved and treated with
tamoxifen (10 mg/mi dissolved in sunflower sced oil, 2 myg per day for 3 days) during telogen
{post-natal day 50), and monitored for hair regrowth following shaving. Phenotypes shown
from treated animals were produced 3-4 wecks after mifepristone administration. For Fig. 3,
wildtvpe CS7BL/6J anmimals were shaved at post-natal day 50 and treated topically with
Transderma PLO Gel (premium lecithin organogel), PLO Gel Ultramax Base (TR220)
(vehicle), or the compound of formula (1) {Compound (1)) (20 uM) (Sigma Aldnch product
PZ0160) for indicated periods of time. Both male and female ammals were used in this stady
in approximately equal mumbers with no apparent difference in phenotype between genders.
All phenotypes described are representative of a mimimmum of o = 3 littermate pairs as indicated
m the description of each experiment. No statistical measure was used to determine the sample
size beforehand, nor were statistics used to measure effects, as the results were essentially
positive or negative as represented in the figures. The results desenbed inchude data from all
treated animals. The mvestigators were not blinded to allocation during the experimental data
collection, nor were the experiments randomized. The results shown were representative
images from at least three independently treated animals, and genotyping was performed both

before and after animal treatment for confirmation.
Histology, Immunostaining, and Immunoblotting

Tissues were isolated from the indicated genotyvpes and crabedded fresh in optimal
cuthing temperature (OCT) compound for frozen tissue preparations, or fixed ovemnight in 4%
formalin and embedded in paraffin. For frozen tissue, sectioning was performed on a Leica
3200 Cryostat, and fixed for 5 minutes in 4% paraformaldehyde. Paraffin embedded tissue
was sectioned, de-paraftinized, and prepared for hustology. All sections prepared for staining
were blocked in staining buffer contaming approprate control Ig(s (Goat, Rabbit ete).
Immmanchistochemistry was performed on formalin-fixed paraffin-embedded tissue with
citrate or Tris buffer antigen retrieval with the following antibodigs: Ki67 (Abcam abl16667,
1:50}, p-S6 (Cell Signaling CST2215, 1:50), Sox9 (Abcam ab185230, 1:1000), Ldha (Abcam
ab47010, 1:100}, Ldh (Abcam ab123683, 1:100), p-5tat3 (Abcam ab68153, 1.200}, p-Statl
(Abcam ab109461, 1:200), p-Stat3 (Abcam ab32364; 1:50), GH3 {Abcam ab6050; 1:100}, B-

catenin {(Abcam ab32372; 1:500). The DAKO HnVisiont+ HRP Peroxvidase Svetorm {(Dako

ko AEC Substrate Chromogen (Dako K346430-2) was used for detection.

Images were collected on an Olympus BX43 Upright Microscope and Zeiss Model Axio
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Imager M1 Upnght Fluorescence Microscope.  Protein samples for western blots and
enzyvmatic assays were extracted from FACS sorted epidermal populations i RIPA lysis
buffer (Pierce) with Halt protease and phosphatase inhibitors (Thermo-Fisher) and procipitated
1 acetone for concentration. The following antibodics were used: P-actin (Abcam ab8227;
1:1000}, B-actin (Santa Cruz sc-47778; 1:1000), C-Myc (Abcam ab32072; 1:1000), N-Myc
{Santa Cruz sc-53993; 1:200), H3K27Ac {(Abcam ab177178; 1:200), Mpcl (Sigma
HPAG45119).

A

Cell isolation and FACS

Whole dorsal and ventral mouse skin were excised and floated on trypsin (0.25%) for
1hat37° C or overmght at 4° C. The epidernus was separated from dermis by scraping and
epidermal cells were mechanically dissociated using a pipette. Epidermal cells were filtered
with a 70 uM cell strainer mto 20% bovine calf sermn (BCS), collected at 300g and washed
twice with phosphate buffered saline (PBS). The cells were then filtered through a 40 puM cell
strainer and stained for fluorescence-activated cell sorting (FACS) processing with CD34
Monoclonal Antibody {RAM34), FITC, ¢Bioscience™ (Catalog #:11-0341-82) and CD49d
{Integrin alpha 4) Monoclonal Antibody (R1-2), PE, eBioscience™ (Catalog #:12-0492-81).
Gating strategy shown in Fig. 4a. Cells sorted using BD FACSAna high-speed cell sorters.
Single positive and double positive populations were collected mto 20% BCS, RIPA lysis
buffer (Thermo Scientific, Pierce), or 0% methano! for enzymatic assavs, western blots or

mass spec analvses respectively.
Plate-reader Ldh assay

Ldh activity was determined in cell lysates by measurng the formation of soluble 2.3-

e (XTT) formazan in

\

direct relation to production of NADH over time at 475 nm at 37°C using a Synergy-MX plate
reader {Biotek Instruments). Lysates were prepared in radioinununoprecipitation assay (RIPA)
Buffer (Thermo Scientific Pierce). Protein content was determined using the bicinchominic
assay {BCA) Protein Assay Kit {(Thermo Scientific Pierce). 10 ug of protein were used per
well. The staining solution contained 50 mM Trs buffer pH 7.4, 150 pM XTT (Sigma), 750
UM P-micotinamide ademine dimucleotide (NAD) (Sigma), 80 uM phenazine methosulfate
{Sigma) and 10mM of substrate lactate (Sigma}. Ldh activity was determined i cell lysates

by measuring the change in absorbance of their common substrate or product, reduced B-
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nicotinamide adenine dinucleotide (NADH), over time at 340 nm at 23°C using a Synergy-

MX plate reader (Biotek Instruments).
In situ Ldh assay

Cryostat sections of mouse skin were briefly fixed (4% formalin for 5 nun}, washed

5 with PBS pH 7 4, and then incubated with the appropriate solution for LDH activity. Staining

medium contamed 30 mM Tris pH 7.4, 750 pM NAD (Sigma), 80 uM phenazine methosulfate

(Sigma), 600 pM Nitrotetrazolium Blue chloride (Sigma}, 10 mM MgCl2 (Sigma) and 10mM

of the substrate lactate (Sigma). Slides were incubated with staining medium at 37°C outil they

reached the desired intensity, then counterstained using Nuclear Fast Red (Vector,

10 Burhngame, CA)} and mounied using VectaMount {(Vector, Burlingame, CA)}. Control

reactions were performed by using incubation medium that lacked the substrate mixtare or

NAD.

Muass spectrometry-based metabolomics analysis

The experiments were performed as described in Folmes, C. D ef o/ Somatic oxidative

15  bioenergetics {ransitions mio pluripotency-dependent glveolvsis to  facilitate nuclear
reprogramming. Cell Metab 14, 264-271. To extract mtracelinlar metabolites, FACS sorted

cells were briefly rinsed with cold 150 mM ammonium acetate (pH 7.3}, followed by addition

of 1 ml cold 809% methanol {(McOH) on dry ice. Cell suspensions were transferred into
Eppendorf tibes and 10 nmol D/E-norvaline was added. After rigorously mixing, the

20 suspension was pelleted by centrfugation (1.3%10% rpm. 4 °C). The supernatant was
transferred into a glass vial, metabolites dried down under vacuom, and resuspended mn 70%
acetoniirile. For the mass spectrometry-based analvsis of the sample, 5 pl were mjected onto

a Luna NH2 (130 mm x 2 num, Phenomenex} column. The samples were analyzed with an
UlttMate 3000RSLC (Thermo Scientific) coupled to a (3 Exactive mass spectrometer { Thermo

25 Scientific). The @ Exactive was run with polarity switching (+3.50 kV /-3.50 kV} in full scan
mode with an w/z range of 65-975. Separation was achieved using A} 5 mM ammoniom
acetate (NH4ACO) (pH 9.9} and B) acetonitrile (ACN}. The gradient started with 15% A) going

10 90% A) over 18 nun, followed by an tsocratic step for 9 min and reversal to the inttial 153%

A} for 7 min. Metabolites were quantified with TraceFinder 3.3 using accurate mass

30 measurements {< 3 ppm) and retention times.
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Both male and female animals were used in this study i approximately equal
numbers with no apparent difference in phenotype between genders. All phenotypes
described are representative of a mintmum of 0= 3 littermate pairs as dicated in the
description of each experiment. For analysis of hair regrowth phenotype no statistical
measure was used to determine the sample size beforehand, nor were statistics used to
measure effects, as the results were essentially positive or negative as represented in the
figures. The results descnbed include data from all treated animals. The mvestigators were
not biinded to allocation during the experimental data collection, nor were the experiments
randomized. All results shown were representative images from at least three independently
treated animals, and genotyping was performed both before and after amimal treatment for
confirmation. For graphs, all coraparisons are shown by Student’s two-tailed unpaired t-test
and all graphs, bars or lines indicate mean and error bars indicate Standard error of the mean

{s.c.m).

Example 1: Lactate Dehvdrogenase activity is enriched in the Hair Follicle Stem Cell niche

MNumerous studies have uncovered unique gene expression signatures m HFSCs 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 HFSC
homeostasis’. Lactate dehvdrogenase 1s most commonly encoded by the Ldha and Ldhb genes
i mammals, the protein prodacts of which form homo- or hetero-tetramers to catalyze the
NADH-dependent reduction of pyruvate to lactate and NAD -dependent oxidation of lactate
to pyruvate’. By immunostaining, Ldba appeared to be cariched in quicscent HFSCs in situ
{telogen) (Fig. ia), IHC with an antibody that recognizes Ldha and Ldhb showed that only

Ldha appears to be localized to the HFSC niche (Fig. 4a).

HFSCs are known to go through successive rounds of quiescence (telogen) punctuated
by brief periods of proliferation correlating with the start of the hair cycle (telogen-anagen
transition). Proliferation or activation of HFSCs is well known to be a prerequisite for
advancement of the hair cycle. 1HC analysis also showed Ldba expression was enriched i
HFSCs (SoxH+) at three stages of the hair cycle (Fig. la). Consistently, immunoblotiing of
bysates from sorted cells showed nearly exchusive expression of Ldha in the basal HFSCs

{ooHICD34+), and significantly more Ldhb in both the basal (o6HICD34+) and suprabasal
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{a6LoCD34+) HFSC populations relative to total epidermis (Fig. 1by. Sorting strategy is

outhined in Fig. 4b.

To determine whether Ldha expression patiems corrclate with activity of the Ldh
enzvme, a colorimetric-based enzymatic assay was used to assess Ldh activity capacity in situ.
Typically performed on protein lysates or aliquots with a plate reader (Nguyen, H., ef al., Cell,
127, 171-183 (2006)), the Ldh activity assay was adapated to work i sifu on frozen tissue
sections. Note that since both the in site and in vitro Ldh activity assays employ use of excess
substrate (lactate), the results from these assavs reflect the capacity for Ldh activity, and not

the steady-state activity.

Applying this assay to skin samples demonstrated that Ldh activity capacity was
significantly higher in HFSCs, consistent with the expression pattem of Ldha (Fig. ic).
Furthermore, Ldh activity was enniched in BFSCs across the hair cycle (Fig. 1c). Asa
control, assays conducted without the enzymatic substrate (lactate) or on acid treated tissue
vielded zero activity {(Fig. 4d). To further validate these results, epidermal populations were
sorted, cell lvsates on the sorted cells were generated, and a similar colorimetric-based
enzymatic assay was performed on the sorted cell lysates, which also showed increased Ldh
activity in HFSCs (Fig. 1d). To better characterize the metabolism of HFSCs metabolomics
analysis was performed on sorted populations from mouse skin by liguid chromatography-
mass spectrometry (LC-MS) (Fig. 1e). Several glveolvtic metabolites, including
glucose/fructose~-6-phosphate, fructose-bisphosphate, dihydroxyacetone phosphate, 3-
phosphoglyeerate, and lactate, were routinely higher in HFSCs relative to total epidermis
across three mdependent experiments {isolated from different mice on different days).
Conversely, most TCA cycle metabolites were not consistently different between the
epidermis and HFSCs (Fig. le). Collectively these results suggest that while all cells in the
epidermis use the TCA cycle extensively to generate energy, HFSCs also have increased

Ldha expression, Ldh activity, and ghyecolvtic metabolism,

Measuring metabolism across the hair cyvele therefore would capture any dynamic
changes that occur in HFSCs that correlate with activation or quiescence. Analysis of RNA-
scq data from HFSCs isolated during cither telogen or the tclogen-anagen transition
demonstrated not only that Zdha 1s the predominant Ldh 1soform expressed in HFSCs (Fig.
Ik}, but 13 also mduced during the telogen-anagen transition (Figs. 1t and 1)
(NIHGEOGSEST404 and GSES1633). To confirm that the cells analyzed by RNA-seq were
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mdeed either in telogen or the telogen to anagen transition, important markers of this transition
were assessed including the Shh and Wnt pathways (G112, 3; Lefl, Axinl, Axin2, Condl) as

well as proliferation markers (Ki-67, Pona and Soxd) (Fig. 4¢).

The in vitre Ldh activity assay on lvsates from sorted HFSCs wncovered a modest
induction of Ldh activity correlating with the telogen to anagen transition (Fig. 11, right}. Hair
cvele staging was validated by Ki-67 immmunostaming to determine HFSC activation (Fig. 4c).
Additionally, measurements of steady-state metabolites extracted from sorted HFSCs showed
an increase in lactate in HFSCs as they transition from telogen to telogen-anagen transition,

and then decrease again in anagen as HFSCs return to quiescence (Fig. 1h)

Example 2 Deletion of Ldh activity blocks HESC activation

To determine whether Ldb activity 18 functionally related to the ability of HF5Cs to
remain quiescent or to activate at the start of a hair cycle, Ldha specifically was deleted 1o the
HFSCs. Taking advantage of mice with floxed alleles of Ldha!?, this enzyme was deleted in
HFSCs by crossing to mice bearing the K15CrePR allele’, known to be inducible by
Mifepristone specifically in HFS{Cs.  Deletion of Ldha in HFSCs was initiated by
administration of Mifepristone during telogen {day 50) and led to a typically mosaic
recombination of the floxed alleles across the backskin, Mice with HFSC-specific deletion of
Ldha failed to undergo a proper hair cyele, with most follicles remaining in telogen across at

least 33 pairs of littermates 3-4 weeks after Mifepristone treatment (Fig. 2a).

Histology showed that WT hair follicles entered into the telogen to anagen transition
typically by day 70, and this was accompanied by typical expansion of the hypodernus below
{Fig. 2b). However, in backskin with deletion of Ldha, the hypodermis did not expand, and
the telogen to anagen transition was severcly abrogated (Fig. 2b). In areas of strong phenotypic
penetrance, Ldh activity was severely abrogated m the HFSC compartment (Fig 2¢),
demonstrating that the Ldha allele 1s critically umporiant for Ldh activity in HFSCs and
consistent with the fact that the ‘a’ isoform of Ldh 1s oxpressed at the highest level
Quantification of hair cycle progression across numerous animals mdicated that most tollicles
lacking Ldha remained in telogen (Fig. 2d).

o addition, to confirm the phenotvpes, Ldha also was deleted with an independent
HFSC-specitfic Cre strategy. Lgr5-CreER has been used for hineage tracing in a variety of adult
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stem cell models, and has been shown to mark cells with high regenerative capacity, including
HFSCs (Jaks, V. ef al., Nat Genet 40, 1291-1299 (2008, Zgr3CreFER Ldhd™” mice, treated
with tamoxifen at post-natal day 30 prior to a synchronized hair cyele, also failed to activate
anagen across at least 20 hittermate paws (Fig. 2g). In sifu Ldh assay and metabolomics

confirmed the successful deletion of Ldha in these animals (Fig. 2h and Fig. 21).

The effect of loss of Ldha activity in K15+ cells was monitored over a six mounth period
and found that deletion of Ldhe led to a mosaic, but permanent block of HFSC activation i
some portions of the backskin (Fig. 4f). These data confirm that Ldh activity is required for
HFSC activation, and is not simply a marker of HFSCs. A closer look at these long term Ldha
deletions showed that Ldha-oull HFSCs continued expressing tyvpical markers, but lacked Ldh
activity, and failed to imitiate new hair cycles, while those tollicles that escaped deletion

continued to express Ldha and to cycle normally (Fig. 4g and Fig. 4h}.

After sorting HFSCs from amimals with or without Ldha deletion, LC-MS-based
metabolonmics analysis demonstrated that lactate levels, as well as levels of other glycolytic
metabolites, were strongly reduced in the absence of Ldha (Fig. 2¢), functional evidence that
the targeting stratogy was successful. The fact that glyvcolvtic metabolites upstream of lactate
were also suppressed suggests that HFSCs could be adapting their metabolism 1o account for
the loss of Ldh activity. Immumostaining for markers of HFSC activation and prohiferation
indicated a fathure of HFSC activation. Ki67 and pS6 have been clearly demonstrated to be
abundant in the HFSC niche at the start of the hair cycle!?, and both of these markers were
absent in Ldha deleted backskin (Fig 3f). Immunostaining for Ldha also confirmed suceessful
deletion of this protein, while staining for Sox9, a marker of HFSCs indicated that these cells
remained in their niche, but just failed to activate in the absence of Ldha (Fig 3f). Induction of
the hair cyvcle 1s also thought 1o be regulated by signabing from the Shh, Wit and Jak-Stat
pathways. Each of these was assaved by THC i nomal or Ldha deletion follicles, and it was
found that in general these pathways were not activated in Ldhga-null HFSCs that failed to enter

a telogen-anagen transition (Fig. 4i).

Example 3: Deletion of Mpcl in Hair Follicle Stem Cells activates a new hair evele

K15CrePR amimals were crossed to those floxed for mitochondnal pyruvate carrier 1

(Mpciy (K15CrePR:Mpe 7y, Mpcl, as a heterodimer with Mpc2, forms the mitochondrial
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pyvruvate carrier MPC, a transporter on the inuer mitochondnial membrane required for
pyravate entry into the mitochondria’®. Loss of function of Mpel has been shown to drive

lactate production through enhanced conversion of pyruvate to lactate by Ldh!®,

In animals with Mpcl deletion in HFSCs, a strong acceleration of the ventral and dorsal

93}

hair cycles was observed with all the typical features of a telogen-anagen transition {Fig. 33}
{12 littecrmatec pairs; additional amimals presented in Fig. 6a). Mifepristone treated
K15CrePR:Mpc//" animals were the only to show any signs of dorsal anagen by day 70.
Western blotting on sorted HFSCs validated the loss of Mpcl protein (Fig. 3b}. Importantly,
purified HFSCs lacking Mpel showed a strong mduction of Ldh activity (Fig. 3¢).
160 Quantification of the dorsal hair cycle across three pairs of hittermates showed a strong
imduction of anagen in backskin lacking Mpcl (Fig. 3d), and histology showed that the anagen
mduction was normal in appearance with a tvpical hypodermal expansion (Fig. 3¢).
Immunostaining demonstrated the induction i Mpel-null HFSCs of varnious markers of hair

cvcle activation such as Ki-67 and pS6, while Sox9 expression was unaffected (Fig. 3f). Long

Ju—
Wn

term deletion of Mpcl did not lead to aberrant follicles or exhaustion of HFSCs as judged by
pathology and staming for Sox9 (Fig. 4;). Furthermore, deletion of Mpce! with Lgr5CreER
showed a very similar phenotvpe as deletion with K/ 3CrePR (Fig. 3f and Fig. 3g), validating
the fact that deletion of this protein m HFSCs leads to their activation (n = 12 pairs of
hittermates). Fmally, immanofluorescence for the lres-GEFP of the Lgr3Cre iR transgene along
20 with Ki-67 and lineage tracing with K15CrePR:Mpc1¥1sl-Tomato mice also demonstrated
that the HFSCs were mdeed proliferative following mduction of Mpel deletion by tamoxifen

or mifepristone (Fig 4k).

Onu the other hand, deletion of Adpe/ n the top of the follicle (infundibulum, scbaceous
gland progenitors} and a limited number of interfollicular cells with Zgr6Cre ZR 28 did not
25 appear to affect the hair cycle (LgroCreER Mpc 177y (n = 10 littermate pairs) or general skin
homeostasis over at least 2 months (Fig. 41). Ldh activity assay on Lgré+ cells sorted from
wildtype or deletion skin demonstrated that the Mpel deletion was effective (Fig. 4m).
Together, these results mdicate that increasing lactate production through the blockade of
pvruvate into the TCA cycle has a strong effect on the ability of HFSCs, but not other celis in

30 the hair follicle, to become activated to initiate a new hair cycle.
The compound of formula (I} 15 a well-cstablished pharmacological inhibitor of the
mitochondrial pvruvate carrier and known to promote lactate production as a result in various
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settings!’. Topical treatment of animals in telogen (day 50) with the compound of formula ()
led to a robust acceleration of the hair cycle, as well as minor hyperproliferation of the
interfollicular epidermis {Fig. 31). Quaatification of the hair cyele across at least 6 pairs of
animals (vehicle vs the compound of formula (I}) indicated a strong acceleration of the hair
cyele, begimning i as fow as 3-5 days (Fig. 3j). Similar to genetic deletion of Mpel,
pharmacological blockade of the mitochondnal pynuvate carnier by topical application of the
compound of formula (I} for 48 hours during telogen promoted increased Ldh activity in the
interfollicular epidermis, consistent with increased capacity for lactate production (Fig. 3k).
Finally, metabolomic analysis demonstrated that topical apphication of the compound of

formula () increases total levels of lactate in sorted HFSCs (Fig. 31},

Together, these data demonstrate that the production of lactate, through Ldha, is
important for HFSC activation, and that HFSCs may mamtain a high capacity tor glveolviic
metabolism at least m part through the activity of Myc. A genetic or pharmacological

disruption of lactate production can modufate the activity of HFSCs.

17 month old mice were shaved and treated every other day with DMSO or 20uM of
the compound of formula (1} diluted in PLO gel (pluronic lecithin organogel). Images were
acquired at the indicated day after shaving and carried out for 30 days. The aged mice treated
with DMSO grew their coat back in a patchy pattern, while treatment with the compound of

formula (1) led to a more complete re-growth (Fig. 7).
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MCSLLP

CLAIMS

1. Use of a compound in the manufacture of a medicament for the treatment of alopecia or
hair thinning caused by anagen effluvium or telogen effluvium, wherein the compound is a

compound of formula (I):

@)

N OH

A\
\, CN
)

or a pharmaceutically acceptable salt thereof.

2. The use of claim 1, wherein the alopecia is caused by anagen effluvium or telogen

effluvium.

3. The use of claim 1 or 2, wherein the alopecia is selected from juvenile alopecia,
premature alopecia, senile alopecia, alopecia areata, androgenic alopecia, mechanical alopecia,

and symptomatic alopecia.

4. A cosmetic method of improving hair growth, reducing hair thinning, or treating balding,

wherein the method comprises administering to a subject a compound represented by formula (1)

@)

Ny~ “OH

A\
N, CN

)
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or a pharmaceutically acceptable salt thereof.

5. The method of claim 4, wherein the cosmetic method improves hair growth.
6. The method of claim 4, wherein the cosmetic method reduces hair thinning.
7. The method of claim 4, wherein the cosmetic method treats balding.
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