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METHOD OF TREATING

Field of the Invention

The invention relates to methods for treating alopecia, e.g. androgenic alopecia, with an
HDAC4 inhibitor, or a pharmaceutically acceptable salt or composition thereof. The
invention further relates to methods of treating alopecia, ¢.g. androgenic alopecia with an
HDAC4 inhibitor, or a pharmaceutically acceptable salt or composition thereof, in
combination with one or more of finasteride, minoxidil, dutasteride, spironolactone,

latanoprost, or oral contraceptives.

Summary of the Invention

Methods are provided for treating alopecia in a mammal in need thereof comprising
administering an HDAC (histone deacetylase) inhibitor, or a pharmaceutically acceptable
salt or composition thereof. In certain embodiments, the HDAC inhibitor is a class Ila
HDAC inhibitor. In other embodiments, the HDAC inhibitor is an HDAC4 inhibitor. In
certain embodiments, the HDAC4 inhibitor is a selective HDAC4 inhibitor.

Detailed Description

HDACs

Histone deacetylases (HDACSsa) are involved in the deacetylation of histones, transcription
factors, and other proteins in eukaryotic cells. HDAC inhibitors cause hyperacetylation of
histones, opening chromatin and leading to gene transcription and leading to cell-growth

arrest, differentiation, and apoptosis.

There are currently 18 known mammalian HDAC:s that fall into four classes as determined
by sequence similarity. Class I, II, and IV HDAC: are zinc-dependent enzymes, whereas
class II HDACs (SIRT1-SIRT7) are structurally unrelated. Class I HDACs (HDACI, 2, 3,
and 8) are usually present in the nucleus, while the class I HDACs exhibit shuttling. Class
IT HDAC: are subdivided into class ITa (HDACH4, 5, 7, and 9) and IIb (HDAC6 and 10).
Class Ila enzymes have an N-terminal extension of about 5-600 residues whereas the class
IIb enzymes contain two catalytic domains. Class IV comprises only HDAC11, which

exhibits sequence similarity to the class I enzymes.
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The HDAC inhibitors used in the methods herein have a wide variety of structures. In
some embodiments, the HDAC inhibitors, e.g., the HDAC4 inhibitor is one or more of a
hydroxamic acid based HDAC inhibiror, e.g. vorinostat (SAHA), belinostat, or
Panobinostat, or is a nonhydroxamic acid-based HDAC inhibitor such as the 2-
aminophenylamides MS-27510 or MGCD-010311 or the dithiol FK22812. In other
embodiments, the HDAC inhibitors are 5-(trifluoroacetyl)- thiophene-2-carboxamides,
which are potent and selective class I HDAC inhibitors. These molecules, exemplified by
structures 1 and 2 (image below), are active site binders and typically display around 10-

fold selectivity for class Il HDACs (HDACA4, 6) over class | HDACs (HDACI, 3).

Structures 1 and 2

In other embodiments, the HDAC inhibitor is selected from the table below:

P

S
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As used herein, "treatment” means any manner in which one or more symptoms associated
with the disorder are beneficially altered. Accordingly, the term includes healing or
amelioration of a symptom or side effect of the disorder or a decrease in the rate of
advancement of the disorder.

As used herein, the term "pharmaceutically acceptable salts" may comprise acid addition
salts derived from a nitrogen on a substituent in the compound of formula (I).
Representative salts include the following salts: acetate, benzenesulfonate, benzoate,
bicarbonate, bisulfate, bitartrate, borate, bromide, calcium edetate, camsylate, carbonate,
chloride, clavulanate, citrate, dihydrochloride, edetate, edisylate, estolate, esylate,
fumarate, gluceptate, gluconate, glutamate, glycollylarsanilate, hexylresorcinate,
hydrabamine, hydrobromide, hydrochloride, hydroxynaphthoate, iodide, isethionate,
lactate, lactobionate, laurate, malate, maleate, mandelate, mesylate, methylbromide,
methylnitrate, methylsulfate, monopotassium maleate, mucate, napsylate, nitrate, N-

methylglucamine, oxalate, pamoate (embonate), palmitate, pantothenate,

3
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phosphate/diphosphate, polygalacturonate, potassium, salicylate, sodium, stearate,
subacetate, succinate, tannate, tartrate, teoclate, tosylate, triethiodide, trimethylammonium

and valerate.

Pharmaceutical formulations may be presented in unit dose forms containing a
predetermined amount of active ingredient per unit dose. Such a unit may contain, for
example, 0.5 mg to 1g, preferably 1mg to 800mg, of a compound of the formula (I)
depending on the condition being treated, the route of administration and the age, weight
and condition of the patient. Preferred unit dosage formulations are those containing a
daily dose or sub-dose, as herein above recited, or an appropriate fraction thereof, of an
active ingredient. Furthermore, such pharmaceutical formulations may be prepared by any

of the methods well known in the pharmacy art.

Pharmaceutical formulations may be adapted for administration by any appropriate route,
for example by the oral (including buccal or sublingual), rectal, nasal, topical (including
buccal, sublingual or transdermal), vaginal or parenteral (including subcutaneous,
intramuscular, intravenous or intradermal) route. Such formulations may be prepared by
any method known in the art of pharmacy, for example by bringing into association the

active ingredient with the carrier(s) or excipient(s).

Pharmaceutical formulations adapted for oral administration may be presented as discrete
units such as capsules or tablets; powders or granules; solutions or suspensions in aqueous
or non-aqueous liquids; edible foams or whips; or oil-in-water liquid emulsions or water-

in-oil liquid emulsions.

For instance, for oral administration in the form of a tablet or capsule, the active drug
component can be combined with an oral, non-toxic pharmaceutically acceptable inert
carrier such as ethanol, glycerol, water and the like. Powders are prepared by comminuting
the compound to a suitable fine size and mixing with a similarly comminuted
pharmaceutical carrier such as an edible carbohydrate, as, for example, starch or mannitol.

Flavoring, preservative, dispersing and coloring agent can also be present.
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Capsules are made by preparing a powder mixture as described above, and filling formed
gelatin sheaths. Glidants and lubricants such as colloidal silica, talc, magnesium stearate,
calcium stearate or solid polyethylene glycol can be added to the powder mixture before
the filling operation. A disintegrating or solubilizing agent such as agar-agar, calcium
carbonate or sodium carbonate can also be added to improve the availability of the

medicament when the capsule is ingested.

Moreover, when desired or necessary, suitable binders, lubricants, disintegrating agents
and coloring agents can also be incorporated into the mixture. Suitable binders include
starch, gelatin, natural sugars such as glucose or beta-lactose, corn sweeteners, natural and
synthetic gums such as acacia, tragacanth or sodium alginate, carboxymethylcellulose,
polyethylene glycol, waxes and the like. Lubricants used in these dosage forms include
sodium oleate, sodium stearate, magnesium stearate, sodium benzoate, sodium acetate,
sodium chloride and the like. Disintegrators include, without limitation, starch, methyl
cellulose, agar, bentonite, xanthan gum and the like. Tablets are formulated, for example,
by preparing a powder mixture, granulating or slugging, adding a lubricant and
disintegrant and pressing into tablets. A powder mixture is prepared by mixing the
compound, suitably comminuted, with a diluent or base as described above, and
optionally, with a binder such as carboxymethylcellulose, an aliginate, gelatin, or
polyvinyl pyrrolidone, a solution retardant such as paraffin, a resorption accelerator such
as a quaternary salt and/or an absorption agent such as bentonite, kaolin or dicalcium
phosphate. The powder mixture can be granulated by wetting with a binder such as syrup,
starch paste, acadia mucilage or solutions of cellulosic or polymeric materials and forcing
through a screen. As an alternative to granulating, the powder mixture can be run through
the tablet machine and the result is imperfectly formed slugs broken into granules. The
granules can be lubricated to prevent sticking to the tablet forming dies by means of the
addition of stearic acid, a stearate salt, talc or mineral oil. The lubricated mixture is then
compressed into tablets. The compounds of the present invention can also be combined
with a free flowing inert carrier and compressed into tablets directly without going through
the granulating or slugging steps. A clear or opaque protective coating consisting of a
sealing coat of shellac, a coating of sugar or polymeric material and a polish coating of
wax can be provided. Dyestuffs can be added to these coatings to distinguish different unit

dosages.
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Oral fluids such as solution, syrups and elixirs can be prepared in dosage unit form so that
a given quantity contains a predetermined amount of the compound. Syrups can be
prepared by dissolving the compound in a suitably flavored aqueous solution, while elixirs
are prepared through the use of a non-toxic alcoholic vehicle. Suspensions can be
formulated by dispersing the compound in a non-toxic vehicle. Solubilizers and
emulsifiers such as ethoxylated isostearyl alcohols and polyoxy ethylene sorbitol ethers,
preservatives, flavor additives such as peppermint oil or natural sweeteners or saccharin or

other artificial sweeteners, and the like can also be added.

Where appropriate, dosage unit formulations for oral administration can be
microencapsulated. The formulation can also be prepared to prolong or sustain the release

as for example by coating or embedding particulate material in polymers, wax or the like.

Dosage unit forms can also be in the form of liposome delivery systems, such as small
unilamellar vesicles, large unilamellar vesicles and multilamellar vesicles. Liposomes can
be formed from a variety of phospholipids, such as cholesterol, stearylamine or

phosphatidylcholines.

Pharmaceutical formulations adapted for transdermal administration may be presented as
discrete patches intended to remain in intimate contact with the epidermis of the recipient
for a prolonged period of time. For example, the active ingredient may be delivered from
the patch by iontophoresis as generally described in Pharmaceutical Research, 3(6), 318
(1986).

Pharmaceutical formulations adapted for topical administration may be formulated as
ointments, creams, suspensions, lotions, powders, solutions, pastes, gels, sprays, acrosols

or oils.

Pharmaceutical formulations adapted for topical administration in the mouth include

lozenges, pastilles and mouth washes.

Pharmaceutical formulations adapted for rectal administration may be presented as

suppositories or as enemas.
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Pharmaceutical formulations adapted for nasal administration wherein the carrier is a solid
include a coarse powder having a particle size for example in the range 20 to 500 microns
which is administered in the manner in which snuff is taken, i.c., by rapid inhalation
through the nasal passage from a container of the powder held close up to the nose.
Suitable formulations wherein the carrier is a liquid, for administration as a nasal spray or

as nasal drops, include aqueous or oil solutions of the active ingredient.

Pharmaceutical formulations adapted for administration by inhalation include fine particle
dusts or mists, which may be generated by means of various types of metered, dose

pressurised aerosols, nebulizers or insufflators.

Pharmaceutical formulations adapted for vaginal administration may be presented as

pessaries, tampons, creams, gels, pastes, foams or spray formulations.

Pharmaceutical formulations adapted for parenteral administration include aqueous and
non-aqueous sterile injection solutions which may contain anti-oxidants, buffers,
bacteriostats and solutes which render the formulation isotonic with the blood of the
intended recipient; and aqueous and non-aqueous sterile suspensions which may include
suspending agents and thickening agents. The formulations may be presented in unit-dose
or multi-dose containers, for example sealed ampules and vials, and may be stored in a
freeze-dried (lyophilized) condition requiring only the addition of the sterile liquid carrier,
for example water for injections, immediately prior to use. Extemporancous injection

solutions and suspensions may be prepared from sterile powders, granules and tablets.

It should be understood that in addition to the ingredients particularly mentioned above,
the formulations may include other agents conventional in the art having regard to the type
of formulation in question, for example those suitable for oral administration may include

flavouring agents.

A therapeutically effective amount of a compound or a pharmaceutically acceptable salt or
solvate thereof will depend upon a number of factors including, for example, the age and

weight of the animal, the precise condition requiring treatment and its severity, the nature
7
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of the formulation, and the route of administration, and will ultimately be at the discretion

of the attendant physician or veterinarian.

Examples

A main advantage of genome-wide association (GWA) studies is that their hypothesis-free
scan of the genome for genes associated with common disease enables identification of
novel associations between different diseases and pathways. For example, a pioneering
GWA study demonstrated that susceptibility alleles for age-related macular degeneration
were found in the complement pathway[1], giving rise to novel insights into the etiology

and treatment of this condition[2].

Through previous GWA studies, we have identified genetic determinants of androgenetic
alopecia (AGA, male-pattern baldness) that highlight the importance of the androgen
pathway in this condition[3,4]. However, these studies did not identify readily apparent

novel pathways that link AGA to other conditions.

AGA is the most common form of hair loss in humans, affecting 80% of men by age
80[5]. Its etiologic factors are androgen dependency and genetic predisposition[5]. While
largely a cosmetic condition, the mechanisms influencing its etiology may also impact
upon important medical conditions such as coronary heart disease, metabolic syndrome,

and prostate cancer[6,7].

Prostate cancer is the most frequently diagnosed cancer and ranks second as a cancer killer
among men in the United States[8]. Androgens play a key role in stimulation of normal
prostate growth and are essential in prostate cancer initiation and progression[9]. The main
genetic determinant of AGA is the androgen receptor (4R)[3,4] and prostate cancer
susceptibility loci identified through recent GWA studies overlap with androgen receptor
binding sites[10,11] demonstrating a shared etiologic factor in these two conditions.
However, while evidence suggests that AGA and prostate cancer are strongly influenced
by androgen sensitivity[12,13], attempts to examine the relationship between AGA and

prostate cancer through case-control studies have yielded inconsistent results[7] [14-18].
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Since previous GWA studies for AGA explained only 13.7% of the variance in this
condition[3] we aimed to identify novel determinants of AGA and test their association
with common diseases, by undertaking a large-scale meta-analysis of GWA studies
involving 12,806 Europeans from seven cohorts included in the Meta-Analysis for
Androgenetic Alopecia Novel Determinants (MAAN) consortium. The current analysis
comprised 3,891 cases and 8,915 controls of European ancestry from seven independent
studies: Bonn, CoLaus, TwinsUK, Nijmegen Biomedical, 23andMe, Icelandic, and an
Australian population based twin study (Table 1). Briefly, we used an extreme discordant
case-control design to contrast individuals with early-onset AGA to older individuals
without alopecia as assessed by questionnaire, clinical visit or photographs evaluated by a
dermatologist, where available. Genome-wide genotyping, using standard platforms, and
imputation using the CEU panel of Phase II HapMap were performed. After the quality
control criteria were applied, 2,391,230 SNPs remained for genotype-phenotype

association analysis.

The sample size of the current meta-analysis (n = 12,806) was more than fourfold that of
the earlier GWA studies of AGA[3,4]. The genomic inflation factors of the individual
studies (Table S1) and overall meta-analysis (Agc = 1.02) were low, indicating that the
observed GWA results were not due to population stratification. The fixed-effect meta-
analytic data from all seven cohorts demonstrated a substantial excess of significant
associations with AGA at the tail of the QQ plot (Figure S1). We identified a total of 645
SNPs that achieved genome-wide significance (p < 5 x 10-8, Table 2, Table S2). The
fixed-effect meta-analytic results showed no evidence of substantial heterogeneity across
populations (Tables S1 and S2).

Consistent with our previous reports[3,4], a susceptibility locus for AGA on chromosome
20p11 was confirmed over a ~253 kb interval with the strongest signal arising at
rs6047844 (p = 1.71 x 10-39, odds ratio (OR) = 1.60, 95% confidence interval (CI) = 1.49
- 1.72) (Figure 1). We also showed confirmed association with AGA at the AR locus
through the identification of a highly significant signal spanning the gene region (OR =
2.20,95% CI=2.04-2.37, p=2.40 x 10-91 for risk allele T of the top SNP rs2497938).
Even after removing SNPs in these two established AGA loci, the QQ-plot demonstrated
an excess of SNPs associated with AGA (Figure S2).
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FOXA?2 (forkhead box A2) is worth noting among the flanking genes at the chromosome
20 locus. Foxa2, the transcription factor encoded by FOXA2 in mouse, interacts with AR,
especially through DNA binding domain, to regulate gene expression[19]. It is expressed
in prostate tissue and plays a pivotal role in neuroendocrine prostate tumors, a form of
metastatic prostate tumors, by inducing development from androgen-dependent tumors to
androgen-independent tumors[20-22]. Its expression was associated with the invasive
phenotype in the primary prostate cancer[22]. Furthermore, the association of metastatic
prostate cancer and AGA through AR polymorphisms was previously described in a well-

defined case-control study[14].

Multiple SNPs in strong linkage disequilibrium (LD) (#2 > 0-6) revealed a newly
discovered association interval encompassing several genes on chromosome 17q21.31.
The most significant signal of this region was detected for the synonymous (His649His)
SNP rs12373124 (P =5.07 x 10-10, OR = 1.33, 95%CI = 1.21 - 1.45 for risk allele T) at
the gene IMPS5 (intramembrane protease 5). However, as the genome-wide significant
SNPs are highly-correlated with each other in this region, the most proximal gene is not
necessarily the gene functionally affected by causal SNPs. The MAPT
(microtubuleassociated protein tau) gene, which encodes the tau protein, is of particular
interest in this region because its expression was detected in hair follicles (p = 9.22 x 10-3)

but not in the other tissues examined in our tissue expression analysis (Table S3).

The SNP with the smallest p value, apart from the AGA locus on chromosome 20,
(rs9287638[A]: OR =1.31,95% CI=1.21-1.41, P=1.01 x 10-12), is located on
chromosome 2q37, with seven other genome-wide significant SNPs in the same region.
These SNPs lie 558 kb downstream of HDAC4 (histone deacetylase 4). The next locus
mapped within HDACY (histone deacetylase 9) on chromosome 7p21.1 (rs2073963[G]:
OR =1.29,95% CI=1.20 - 1.38, P = 1.08 x 10-12). Our expression analysis revealed that
HDACY9 and HDAC4 were well expressed in hair follicles (p = 6.59 x 10-3 and 2.64 x 10-3
respectively), and HDACY was not expressed in skin or scalp tissues (Table S3).

Thus, two independent signals arose from HDACs (HDAC4 and HDACY9) which act as
transcriptional corepressors by deacetylating nucleosomal histones[23]. By interaction

with transcription factors ARR19 and CRIF1, HDAC4 plays a critical role in inhibition of
10
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AR transactivation[24,25] and its accumulation coincides with loss of androgen sensitivity
in prostate cancer[26]. Furthermore, HDAC9 and HDAC4 share conserved residues and
their tissue specific expression pattern overlaps[27]. Very recently, ZNF652 which has
been shown to be involved in transcriptional repression effect of HDACs[28] was
identified to be a prostate cancer susceptibility locus[29]. All together, our findings give
rise to the possibility that HDAC4 and HDACY might influence pathogenesis of AGA
through dysregulation of the androgen pathway, highlighting a shared etiologic factor in

this condition and prostate cancer.

The AUTS?2 (autism susceptibility candidate 2) gene was also identified (lead SNP
r$6945541[C]: OR = 1.27,95%CI = 1.18 - 1.38, p = 1.71 x 10-9) at the chromosome
7q11.22 locus. The mechanism underlying the association between the AUTS?2 locus and
AGA is currently unknown, but its expression profile reveals abundance of transcript in
hair, skin, and scalp (p = 2.64 x 10-3, < 1.00 x 10-3, and < 1.00 x 10-3 respectively, Table
S3), but not blood. Additionally, variants at AUTS2 were recently associated with the
regulation of alcohol consumption through a GWA study[30]. The function of AUTS? is
currently unknown. It was previously associated with autism and mental retardation[30].

How the AUTS?2 variants affect AGA outcomes deserves further investigation.

Remaining novel findings include one locus on chromosome 1 which is near the genes
TARDBP (TAR DNA binding protein), PEX14 (peroxisomal biogenesis factor 14),
MASP2 (mannan-binding lectin serine peptidase 2), and SRM (spermidine synthase)
(lowest p=9.07 x 10-11 for SNP rs12565727[A], OR = 1.33, 95%CI = 1.22 - 1.45) and
another locus on chromosome 18q21.1, near the 3’ end of SETBPI (SET binding protein
1), of which the most significant was rs10502861[C] (P =2.62 x 10-9, OR = 1.28, 95%CI
= 1.18 - 1.39). SETBPI again demonstrated expression in hair, skin, and scalp (detection p
values are 2.64 x 10-3, < 1.00 x 10-3, and < 1.00 x 10-3 respectively, Table S3), but not
blood.

Regional association plots for seven loci associated with AGA are shown in Figure 1. All
these loci were associated with AGA in random-effect results except the locus on

chromosome 18 (Table S4).

11
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While any of the above susceptibility loci may impart a small risk, examining the
combined effect of these loci in individuals harboring more than one risk allele may
improve the ability to identify individuals at high risk of AGA. Using the top SNPs
identified in this study from both the 6 novel loci and the 2 confirmed regions on
chromosome 20pl1 and AR gene, we constructed a genotype risk score based on the
weighted number of susceptibility alleles in an independent replication sample from
23andMe study. As shown in Table 3, there was an increased risk for AGA across each
quartile of the genotypic risk score. For the individuals with a genotype score in the
highest quartile, we observed a substantially increased odds for AGA (OR = 5.78, 95% (1

=486 -687, p=14x10 } compared to individuals at the lowest quartile.

Reasouing that 4R locus is the mwost important genetic factor coutributing to AGA, we
explored the relationship between 4R locus and other AGA susceptibility loct by several
complimentary approaches. First, we examined the cffect of AR locus on other AGA loct
by adding an interaction term in the logistic regression model. We found no evidence for
interaction (Table S5), which is consistent with our previous reports{4,31]. Second, we
sought chies of interaction between the AR locus and other AGA loci mediated by AR
binding sites since AR functions as a transcription factor. Although a large number of
genes were found to be targets of AR, no AR binding sites have been identified in any of
the candidate genes at the AGA locif32,33]. However, as aforementioned, among these
candidate genes, mteraction with AR and consequent regulation on an epididymis-specific
gene has been shown on FOXA2 (chromosome 20 locus), and the candidate gene at
chromosome 2 locus, HDACY, was reported to act as an inhibitor of AR, especially in
prostate cancer cells, suggesting that these two loci may have a role in androgen-

dependent pathway.

To discover potential association between AGA and other common diseases, we identified
that the 17g21.31 locus overlaps with a widely replicated locus that is strongly associated
with Parkinson’s discase[34-38]. Interestingly, M4PT on this locus contained identical
genome-wide significant risk alleles that were sharcd between AGA (12942168 [G], [OR
= 125 95% CI = 1.15 - 136, p = L 95 x 10 }) and Parkinson’s discasc (OR = 1.32,
95%CI = 1.23-1.39, p = 1.62 x H’) ) reported in a recently published large GWA

12
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study[38]. The lead AGA SNP (rs12373124) at the 17¢21.31 locus is in high linkage
disequiitbrium grl = {}-87) with SNPs that have been associated with Parkinson’s disease in

recent GWA studies{34,35].

To explore this unexpected relationship between Parkinson’s disease and carly-onset AGA
we next sought to understand whether AGA itself was a risk factor for Parkinson’s
discase. From among a set of the carly-onset AGA cases and controls using the same
definition for AGA as in the meta-analysis, we identified 568 self-reported, physician
diagnosed Parkinson’s disease cases, and 7,664 population controls[39]. This definttion of
Parkinson’s disease has been used previously to replicate genetic loci for this condition in
the 23andMe cohort{39]. We found that AGA cases had slgmhmmiy higher odds of
Parkinson’s disease (OR=1.28, 95% Cl = 1.06 - 1.55, p = &9 x 10 ) Restricting the
analysis to 714 individuals with current age 70 or higher, the association was stronger

(OR=1.94, 95% C1 = 1.31 - 2,88, p =6.5 x 10 ),

To mvestigate whether the shared genctic association at 17g21.31 explained the

association between Parkinson’s discase and AGA, we evaluated a regression model with
an additional term for an individual’s genotype at rs12185268, which is the variant in this
region most strongly associated with Parkanson’s disease i the 23andMe study. The OR
for association with early-onset AGA and 1&5 significance were essentially unchanged
{OR=1.96,95% Cl=1.32-290, p=6.0x 10 ) In the individuals in the age 70 or higher
group, we also tested the association between Parkinson’s discase and AGA stratified by
1312185268 genotypes. The AG and GG genotypes were pooled due to the small
proportion of GG homozygotes. There was no important difference between the odds
ratios for individuals with rs12185268 AA genotypes (OR =193, 95% CI=1.16 - 321, p
=87 x 10 ) and AGHGG genotypes (OR = 2,07, 95% C1 = 1.09 — 3.93, p = 2.2 x 10 ),
indicating that rs12185268 does not modify the association between Parkinson’s discase

and carly-onset AGA.

We next looked for evidence that any other loct associated with Parkinson’s discase were

also associated with early-onset AGA, or vice versa. We identified the lead SNPs imm 27

foci with p <1.0 x 10 ? for association with AGA, and 31 loct with p < 1.0 x 10 for

association with Parkinson’s discasc. We tested the AGA loci for association with
13
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Parkinson’s disease, and the Parkinson’s disease loci for assoctation with AGA. The
17g21.31 locus was the only locus demonstrating convincing evidence for association

across both phenotypes (Tables 56 and 87).

Parkinson’s disease is the second most common neurodegenerative disorder with a
prevalence of one percent in individuals that are over 60 years old[40]. Despite the often-
reported higher prevalence of Parkinson’s disease in men, as corapared to womenf40],
there are no previous reports investigating the relationship between AGA and Parkinson’s
discase. This novel association between Parkinson’s discase and carly-onset AGA

indicated that there could be a shared genetic or environmental cause for both conditions

Our data specifically identify genetic variation in the tau protein (encoded by MAPT) as
shared genetic risk factors for these two conditions. To date, only drug-induced hair loss
has been described in patients having Parkinson’s disease after use of dopamine
agonist{41], although roost of the patients affected by drug-induced hair loss are
females{41]. As noted above, a greater incidence of Parkinson’s disease has been reported
in clderly men than in women[40] and androgen mediated neurotoxicity has been
proposed to contribute to the gender bias in Parkinson’s disease[42]. Since this association
is entirely novel, it is unlikely that our results have arisen due to recall bias. At present we
arc unaware of any prospective Parkinson’s discase cohorts having coliected AGA data to
further explore this relationship, and our evidence provides rationale to undertake such

studies.

Furthermore, the 17g21.31 locus harbors an inversion polymorphism that has previously
been described to be under negative selection pressure and has been demonstrated to be
associated with decreased fertility in women[43]. We found a genome-wide significant
SNP for carly-onset AGA, whose risk allele (81800547 [A], p =

2.85x 10"8, OR =1.27, 95%CE = 1.16-1.39) represents the H1 haplotype of the 17g21.31
mversion. This H1 haplotype is under negative selection pressure in Europeans{44] and
fcelandic female carriers of the H1 lineage have fewer children than non-carriers, while
men sharing this haplotype have a trend towards decreased fertility[43]. We note that
previous studies have wdentified an association between polycystic ovaran syndrome
{PCOS), which is the most common cause of anovulatory infertility in women[45], and
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carly-onset AGA in their male relatives{46,47]. And increased androgen levels strongly
affect both traits. Our findings, therefore, provide rationale to explore the androgen
pathway as a possible explanation for the decreased fertility associated with the H1

haplotype in women.

Even though the definition of hair loss and the method of sampling differed between the
eight study groups, the associations of five genome-wide significant loci were essentially
identical in fixed- and random-effects analysis, suggesting that our results are unlikely to

be influenced by heterogeneity.

We are aware that some other diseases, including progressive supranuclear palsy,
corticobasal degeneration, frontotemporal dementia and Pick discase are also strongly
associated with the 17g21.31 region{48,49]. However it is difficult to test the association
between these discases and AGA duce to their low prevalence[50-521, and the fact that the

AGA cases recruited in our study were young,

Since 17g21.31 locus has been recognized as a risk factor for Parkinson’s discase, it is
plausible that an individual’s status of Parkinson’s disease may have an effect ou the
association between 17q21.31 locus and early-onset AGA. We undertook an association
analysis conditioned on Parkinson’s discase in 8,232 individuals for whom both phenotype
arc avatlable and counfirroed that status of Parkinson’s discase does not effect the strength
of association between AGA and rs12185268, the top variant at 17g21.31 locus in this
sample (unconditioned: OR = 0.76, 95% CI=0.70 - 0.82, P=7.9x 10 ; conditioned: OR
=(.76,95% C1=070-082,P=79x1 O—B)‘ This result was verified within strata of
Parkinson’s discase diagno;:;es: the OR was 0.69 in the Parkinson’s discase cases (95% C1
=051-09%4,p=18x IG‘A) and 0.76 for individuals without Parkinson’s discase (95% CI
=071 -083, p=1.1x 10_11). Further, the relationship between 17¢21.31 locus and
Parkinson’s discase was not affected by conditioning on AGA status although the
association on rs 12185268 was not significant (unconditioned: OR = .99, 95% CI = (.84

- 1.15, p = 0.86; conditioned: OR=1.00, 95% Cl=0.86 - 1.17, p = 0.97).

The identification of the new associations in this report was driven primarily by

augmented power arising from the expanded sample size, which was more than fourfold
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that of previous GWA analyses|3,4]. Similar to previous GWA studies[53], this increase
in power was associated with a decrease in effect sizes from newly identified loci (top
ORs range from 1-27 to 1-33 for six new loct versus OR = 1-60 for the lead SNP on
chromosome 20). In this regard, it scems likely that more variants with smaller effect sizes
could be uncovered by future larger studies to full describe the allelic architecture of carly-

onset AGA,

In conclusion, our findings provide fresh insights into the pathogenesis of carly-onset
AGA. As these newly identified susceptibility loci are also implicated in Parkinson’s
disease, prostate cancer and fertility, our results highlight the importance of hypothesis-
free genetic studies, which allow unexpected genctic relationships between conditions to

uncover shared etiologies.

Materials and Methods
Ethics Statement

All seven studies were approved by institutional ethics review commtitees at the
relevant organizations, and written informed consent was provided by all participating
individuals. Study Participants

All the participants for this genome-wide meta-analysis were drawn from seven
studies: Bonn (582 cases and 347 controls}), Colasu (57% cases and 547 controls),
TwinsUK cohort (162 cases and 210 controls), Nigmegen Biomedical Study (73 cases and
132 controls), 23andMe (2,167 cases and 1,753 controls), fceland {191 cases and 198
controls), Australian population based twin study (138 unrelated cases and 5728 unrelated
controls). A detailed description of all these studics and phenotype definitions used in

current study is provided in Text S1.

Genotyping and Quality Controls

The genotyping platforms, imputation methods and genome wide association methods
used in participant studies are provided in Table S1. Extensive quality control thresholds
were applied to include common SNPs (minor allele frequency > 1%) with a high call rate
(> 95%) for genotyped SNPs, and imputed SNPs with high quality metrics (variance ratio
> 0.3 for MACH and proper info statistic > 0.4 for IMPUTE)[54,55]. In addition, SNPs

demonstrating deviation from Hardy Weinberg Equilibrium (p > 10-6) were excluded. The
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test statistics for each cohort at each SNP were corrected for their respective genomic

inflation factors to avoid inflation of results due to population stratification.

Meta-analysis

We carried out a rocta-analysis under both fixed- and random-ctfects models using
the inverse-vartance method to combine results from each study using an additive genetic
model, while correcting for the genomic inflation factor for cach study and the overall
rocta-analysis. To implement this strategy GWAMA software was used for SNPs on
autosomes [S6]. Based on the data available, association results using pre-imputation
SNPs from Bonn, CoLaus, TwinsUK cohort, Nigmegen Biomedical Study, 23andMe and
Australian population based twin study were used for meta-analysis on X chromosorme
through YAMAS program (http://vamas. meb.uni-bonn.de/index.html). Proxy association
was applied to gain a higher power. We also tested for evidence of heterogeneity of effects
between SNPs and AGA across studies using the Cochran’s O statistics and ,[Z
measurement. SNPs with low heterogeneity (Q p value > 10 and 1’2 < 50%) and present
in at least three individual studies are reported. In order to test for an inflation of test
statistics and the presence of a signal arising from the data for the vanants influencing
AGA, we coustructed quantile~-quantile (QQ) plots[57]. Genome-wide significance was set
atap value of 5x 10 [58].

8 -6
<p<5x 10 , n=397) that were imputable

Genome-wide suggestive SNPs (5 x 10
using the MetaboChip platform were followed-up in an expanded meta-analysis imcluding
the THISEAS study[59] (Text S1, 297 controls and 219 cases) and the original seven
cohorts. This additional cohort joined the consortium after completion of the main meta-
analysis. No additional loci achieved genomce-wide significance after inclusion of this

cohort.

Expression Methods

To understand whether the identified SNPs are in close proximity to genes that show
differential cxpression in hair follicles, we performed tissue expression analysis. In brief,
total RNA extracted from human hair follicles, skin from temple, scalp, and whole blood

were used for array-based gene expression analysis. The differential expression of genes in
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these tissues was determined by the average signal of identical probes and detection p
values (which is significant, if a gene is reliably expressed). Further details are provided in

Text 51,

Genotvpe Risk Score

In genotype risk score analysis, the association between a genotype risk score based on the
weighted number of susceptibility alleles and AGA status was determined. Six novel
susceptibility loci, chromosome 20p11 locus and AR locus are included. The weights were
established using B coctficients for AGA susceptibility froro meta~-analysis. The resultant
genotypic risk score was divided into quartiles and the risk of AGA for cach quartile was
tested in an additional set of subjects in 23andMe study, which were not included in the
original meta-analysis, using the lowest risk quartile as the reference group. We identified
1582 controls and 1765 cases for this analysis, using the same phenotypic definition used
in the meta-analysis. The genotype data is complete without missing values based on
phasing and imputation. The trend for risk across the quartiles was tested using the non-

parametric trend test[60].

Interaction analvsis
To detect the potential modification effect of AR locus on any other AGA loci, an
interaction analysis was deployed using top SNPs dentified from meta-analysis. Each
SWNP was coded by the number of AGA risk-increasing aliele. The test of interaction is
based on the coctficient b3 of the interaction term in the logistic regression model Y =
b
+bhl *A+b2*B+b3* AB + ¢. The Bonferront correction was applied to address
the multiple comparisons problem and the significance level was set to p value <7 x

3

10 .

Association with Other Common Diseases

In order to better understand whether the dentified risk loci from the meta-analysis were
associated with common diseases, we scarched the AGA susceptibility loci using the
GWAS Integrator embedded in HuGE Navigator website][61]. This online reference tool

collects data from all published genetic studies in humaus to facilitate the identification of
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shared etiologic pathways between diseases.

To examine the relationship between Parkinson’s disease and AGA, we performed a
logistic regression of Parkinson’s disease status against AGA  status, evaluating
significance of the AGA term by analysis of deviance using a likelihood ratio test. To
control for confounding factors, we included age, age, and the top five principal

components derived from genotype data as covariates.
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Description of participant studies and phenotype definition

Bonn: All cases were recruited by dermatologists at the Department of Dermatology,
University of Diisseldorf, Germany. Males who were <30 years of age having AGA of
grades IV-VII or <40 years having AGA of grades V-VIi[1]. Population-based controls
were recruited at the Umiversity of Essen for the Heinz MNixdorf Recall cohort (Risk
Factors, Evaluation of Coronary Calciam and Lifestyle). All the cases and controls were of
German descent and their baldness status were assessed by dermatologist and documented

by photographs. The current sample size consists of 382 cases and 347 controls.

Col.aus: Members of this cohort were randomly selected from permanent residents of
Lausanne, Switzerland between 2003 and 2006[2,3]. Only individuals with 4 Europcan
grandparents were eligible for inclusion in the GWA study. Men were considered to have
androgenic alopecia if they expericnced Hamilton grade V-VII alopecia between the ages
of 35 and 65, while controls were men displaying no hair loss (Hamilton grade 1) between
ages 45 and 55 or grade I between the ages of 56 and 75. Age of onset was assessed by
questionnaire, Participants were recruited and assessed by nurses who had been
specifically trained to assess for androgenic alopecia. The current study sample consists of

578 cases and 547 controls.

TwinsUK: The TwinsUK cohort is a population-based sample of Britons, unselected for
any discase or trait, which is representative of the UK singleton population{4]. A

dermatologist using standardized photographs assessed all subjects. Cases were defined as

24



10

15

20

25

30

ATTAL1ON

WO 2013/181487 PCT/US2013/043519

Hamilton grade V-VII and controls were those without androgenic alopecia (Hamilton

grade I}. The current study included 162 cases and 210 controls[5].

Nijmegen Blomedical Study. The details of this study were reported previously[6].
Brictly, this is a population-based survey conducted by the Department of Epidemiology
and Biostatistics and the Department of Clinical Chemistry of the Radboud University
Nimegen Medical Center (RUNMC), in which 9,371 individuals participated from a total
of 22,500 age and sex siratified, randomly selected inhabitants of Nijmegen. Individuals in
the Nijmegen Biomedical Study were invited fo participate in a study on gene-
cuvirorment inferactions in multifactorial discases, such as cancer. All participants are of
self-reported European descent. In a second phase of this project, participants completed
an additional questionnaire and matched their hair pattern at 20 years, 40 years and present
age to a Hamilton grading schema|7]. Affected individuals were those reporting Hamilton
grade IV-VI by age 40 and controls were those with Hamilton grade T at age 50 years or
older, or Hamilton grade H-IIl at age 60 years or older. A total of 73 cases and 132

controls were included in the current analyses.

Z23andMe: Participants in this study arc unrclated male individuals of predoroinantly
European ancestry, selected from users of the 23andMe Personal Genome Service[&].
Status of male pattern baldoess was measured by self assessment through a web based
survey. Individuals with Hamilton grade I or higher, age of onset < 40 were defined as
cases, and individuals with Hamilton grade 1 and age >= 30, or Hamilton grade H and age
>= 50 were considered as controls. In the current study 2,167 cases and 1,753 controls

were tncluded.

Iceland: The hair loss of study subjects and the age of onset were identified from
questionnaire data. Individuals with considerable hair loss before the age of 50 years were
defined as cases. Individuals older than 50 years who reported no hair loss were defined as

controls. The current study icludes 191 cases and 19¥ controls.

Australian population based twin study: Mcasurcs of hair loss were obtained in the
course of an extensive semi-structured telephone interview with respondent booklet,
designed to assess physical, psychological and social manifestations of alcoholism and
related disorders, conducted with 6265 twins born 1964-71 from the volunteer based
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Australian Twin Registry. All males (45% of the sample} were asked to rate their degree
of hair loss, if any, using the Harnilton-Norwood Baldness scale, which was printed in the
respondent booklet). This data collection scheme was validated in a study by Ellis et al.[9].
Individuals with hair loss Hamilton-Norwood type HI or greater were classificd as cases
and population based individuals were recruited as controls. The current analyses consist

of 138 unrelated cases and 5728 unrclated controls.

THISEAS: The THISEAS study is a case- control study for coronary artery disease. As
part of the study, hair status was assessed in male individnals by trained scientists. The
pattern of AGA was deterromed using the Hamilton and Norwood classification. The
controls were those with no hair loss or those with Hamilton grade I at the age of 50 years
or older. Participants with Hamulton grade HI or higher, age of onset < 50 years were
defined as cases. 297 controls and 219 cases were included in the analyses of the current
study.

Tissue expression analysis

Total RNA from human hair follicles, skin from temple, scalp and whole blood was
extracted (RMNeasy Micro Kit, Qiagen, Hilden, Germany). Quality and quantity of the
RINA was analyzed on a NanoDrop ND-1000 spectrophotometer (Peglab Biotechnologie,
Erlangen, Gerroany). For quality reasons, cach RNA sample was additionally checked for
degradation via gel electrophoresis in a BioAnalyzer 2100 (Agilent Technologies,
Waldbronn, Germany) with RNA 6000 nano lab chips following manufacturer’s
instructions. Array-based gene expression analysis of individual tissue samples was
performed on Humina’s human HT-12v3 Expression BeadChips using standard protocols
(Hhumina, San Diego, USA}. In brief, 50ng of total RNA was reverse transcribed into
cRNA and biotin-UTP labelled using the lllumina TotalPrep 96-RNA Amplification Kit
{Ambion/Applicd Biosysteras, Darmstadt, Germany). Labelled cRNA was hybridized on
Hiumina HT-12v3 Expression BeadChips. The obtained fluorescence expression data
were background subtracted and quantile normalized using GenomeStudio software
(Hhlumina, San Diego, USA). Supplementary Table3 lists all genes shown in Figure 1 that
neighbour the SNP achicving the most significant p-value at the respective identified risk
loci for AGA. The average signal {AVG-signal) of identical probes and the detection p-

values (which is significant, if a gene 18 reliably expressed) are shown for cach transcript
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tested. If the expression of a respective gene was detected by more than one Hiumina
probe, the probe with the best expression valuoes based on all saraples tested is presented.
The same applies, if several probes detected different transcript variants of a respective
gene. Non-present fluorescence intensity after background subtraction was marked as -

and defined as not expressed in the corresponding tissue.
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Figare 1. Genome-wide meta-analysis results for AGA in MAAN,

{A) Manhattan plot showing the -logl® p value of SNPs against their chromosomal
positions. The genome-wide significant SNPs are green (p value < 5 x 1(}"8), The points
with p value < 1 x iOJw were truncated; the smallest p value was 2.4 x 10-91 at AR locus.
(B-H) Regional association plots for seven loci associated with AGA. In each panel, the
lead SINP 1s denoted in purple with is vs 1D and association p valae. The color of other
SNPs ingiicates the LD with the lead S‘N}’ as red (0.8 : r2 : 1}, orange ({).6 : rz < §.8), green
{04 rz < {.6), light blue (0.2 : if < (.4), and dark blue { i“l < 0.2). Estimated

recombination rates are in light blue.

Figaure 2 S1. Quantile-quantile plot of Meta-Analytic Results. (Genomic Control was

applied to cach individual cohort prior to meta-analysis and the overall resalts).

Figure 3 52. Quantile-quantile plot of Meta-Analytic Resulis after removing SNPs of
AGA locus on chromosome 20 and SNPs of AR locus on chromosome X, (Genomic
Control was applied to cach individual cohort prior to meta-analysis and the overall

results).

Figure 4 S3. Forest Plots of the Lead SNP from Genome-Wide Significant Lock
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What is claimed:

I A method of treating a maramal exhibiting one or more symptors of hair follicle
disregulation/dysfunction comprising administering one or more histone deacetylase 4

(HDACA4) inhibitors,

2 A method of stimulating hair growth in a mammal comprising administering one

or more HDACY inhibitors.

3 A method of preventing hair loss in a mammal comprising administering one ot

more HDACS inhibitors,

4 The method of claims 1-3, wherein the mammal has a condition sclected from the

following: alopecia, hair loss, or hair thinning.

5 The method of claims 1-4, wherein the condition is alopecia, and wherein the

alopecia is androgenic alopecia.
6 The method of claims 1-5, wherein the mammal is a human.

7 The rocthod of claims 1-6, further coraprising administering an additional molecule

for treatment of the symptoms of hair follicle disregulation.

8 The method of claim 7, wherein the additional treatment comprises one or more of
an HDACY inhibitor, finastenide, dutasteride, minoxidil, dutasteride, spironolactone,

latanoprost, or oral contraceptives.

9 Any of the methods above, wherein the treatment comprises a pharmaceutically
acceptable salt or coraposition thercof, of any inhibitor or molecule of any of the

preceding claims.
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