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Abstract

The Androgen Receptor (AR), a member of the steroid hormone receptor family, plays important
roles in the physiology and pathology of diverse tissues. AR ligands, which include circulating
testosterone and locally synthesized dihydrotestosterone, bind to and activate the AR to elicit their
effects. Ubiquitous expression of the AR, metabolism and cross reactivity with other receptors
limit broad therapeutic utilization of steroidal androgens. However, the discovery of selective
androgen receptor modulators (SARMS) and other tissue-selective nuclear hormone receptor
modulators that activate their cognate receptors in a tissue-selective manner provides an
opportunity to promote the beneficial effects of androgens and other hormones in target tissues
with greatly reduced unwanted side-effects. In the last two decades, significant resources have
been dedicated to the discovery and biological characterization of SARMs in an effort to harness
the untapped potential of the AR. SARMs have been proposed as treatments of choice for various
diseases, including muscle-wasting, breast cancer, and osteoporosis. This review provides insight
into the evolution of SARMs from proof-of-concept agents to the cusp of therapeutic use in less
than two decades, while covering contemporary views of their mechanisms of action and
therapeutic benefits.
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Introduction

The androgen receptor (AR) is one of the 49 members of the steroid receptor family of
ligand-activated transcription factors (1). The steroid or nuclear hormone receptors play
pivotal roles in the organogenesis, physiology, and pathology of a variety of tissues (1,2).
These receptors are promiscuously activated by wide-ranging ligands, including natural
hormones, growth factors, peptides, or synthetic molecules (3-5). The steroid receptor
family is organized into three classes (1). Class | is comprised of receptors for hormones
such as androgens, progestins, estrogens, and corticosteroids. Receptors for vitamins and
thyroid hormones belong to class I1, while receptors for bile acids and for which natural
ligands have not yet been identified are relegated to class IlI.
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Hormone signaling is under tight control with several context specific means of regulating
both the potency of a hormone response and the cellular outcome of hormone-receptor
interactions. Hormone signaling is modulated by the expression of various metabolic
enzymes (6-8), expression of coactivators and corepressors (9,10), and the activity of
various kinases and growth factors. For example, the estrogens have beneficial effects in
bone and brain, while having growth-promoting effects in uterus and breast (11-14).
Activation of the estrogen receptor (ER) by the principal circulating estrogen, estradiol, may
not only result in the prevention or treatment of osteoporosis, but may concurrently cause
mammary and uterine hyperplasia. Although both the beneficial and the growth-promoting
effects arise from agonistic activities of estrogens, the tissue of action determines whether
the effect is beneficial or detrimental. As it is ideal to have targeted therapeutic effects, the
ubiquitous expression of receptors presents a therapeutic challenge and precludes wider use
of exogenous hormone administration. To circumvent the limitations resulting from global
receptor activation, researchers sought ligands, referred to as Selective Receptor Modulators
(SRMs) that activate receptors in a tissue-specific manner. Selective Estrogen Receptor
Modulators (SERMs) were the first SRMs to be characterized and developed (15).
Tamoxifen and raloxifene are classical examples of SERMs that function as antagonists in
the breast, but as agonists in the uterus or bone, respectively, either directly or through
metabolic conversion (16-19). Decades after the discovery of SERMs, Selective Androgen
Receptor Modulators (SARMS) (20) were first described and subsequently developed to
facilitate tissue-selective activation of the AR. This was followed by the discovery of
Selective Glucocorticoid Receptor Modulators (SGRMs) (21), Selective Progesterone
Receptor Modulators (SPRMs) (22) and others. Recently, a tissue-selective Farnesoid X
receptor modulator was discovered with potential as a treatment for metabolic diseases (23),
further increasing the number of tissue-selective nuclear receptor modulators available for
therapeutic purposes.

Structure of the AR

Eight exons code for a 90 KB AR gene located in the X chromosome (24). The AR is
expressed in diverse tissues such as skeletal muscle, testes, prostate, breast, uterus, and
others (25). Unlike the Progesterone Receptor (PR) and the ER, the AR does not have
endogenously expressed well-characterized isoforms. The AR is comprised of four distinct
domains. The N-terminal domain (NTD) of the AR (spanning from amino acids 1-559) is
the least homologous domain among the class | members, with a homology of less than 15—
20% (26,27). The activation function-1 (AF-1) domain located in the NTD plays a pivotal
role in AR’s function (27). Deletion of the AR-AF-1 leads to a significant loss in AR’s
transcriptional capacity (26,28-30). The AF-1 of AR contains all, save three, of AR’s
phosphorylation sites, and hence is the target of various growth factors (31) that
phosphorylate the sites and activate the AR ligand independently (32). The DNA Binding
Domain (DBD) is highly conserved between receptors, has two zinc finger motifs that are
responsible for DNA recognition and dimerization, and plays a role in AR binding to
Androgen Responsive Elements (ARE) within the regulatory regions of androgen responsive
genes. The hinge region that lies between the DBD and the Ligand Binding Domain (LBD)
is a lysine rich region and is important for the nuclear localization of the receptor (33).
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Deletion of this domain eliminates nuclear localization and transcriptional activity of the AR
in the presence of ligand (34). The LBD of the AR is responsible for ligand binding, is only
moderately conserved among the receptors, and contains AF-2 which is important for the
ligand-dependent full activation of the receptor.

Selective Androgen Receptor Modulators (SARMS)

The AR and its endogenous ligands, androgens, are important for development and
maintenance of muscle and bone, secondary sexual organs, and development of other tissues
(35). Although androgens are important for normal development of various tissues, under
certain circumstances they also promote pathology of the prostate, heart, and the liver. Risks
of testosterone therapy such as dyslipidemia, benign prostatic hypertrophy, and uterine
hyper-proliferation preclude its use. These pathological roles of testosterone and its 5a.-
reduced form (DHT) led to the search for tissue-selective agonists of the AR that could
potentially activate the AR in selected tissues while sparing other tissues such as prostate,
heart, and liver. Such an agonist would provide an opportunity to fully realize the therapeutic
benefits of androgens. Most of the SARMs developed thus far are non-steroidal and have the
ability to activate the AR in muscle and bone, without accompanying activation or minimal
activation of the AR in prostate or seminal vesicles.

In a similar vein, SARM development has also sought to overcome the potential virilizing
effects of steroidal androgens (36). Considering that females, like males, are also affected by
osteoporosis, sarcopenia, and cachexia, a non-virilizing SARM could treat these
pathological states in women, without the virilizing side-effects accompanying steroidal
androgens. The putative beneficial effects of testosterone therapy in certain female
populations appear to be outweighed by the risks of virilization and poorly characterized
cardiovascular risk. Recent clinical trials, although highlighting testosterone’s ability to
improve sexual function and muscle mass in older men, corroborated concerns that
testosterone’s cardiac risks outweighed its therapeutic benefits (37,38).

Discovery of SARMs and structural diversity: (20)

The first preclinical evidence for tissue-selective activation of the AR was that
arylpropionamide SARMs increased levator ani muscle weight in castrated rats to the level
of sham-operated rats, but only partially increased the prostate and seminal vesicles weight
(39,40). This model, called the Hershberger assay, has been the primary means of
demonstrating tissue selectivity in SARM discovery. Although the use of levator ani muscle
as a surrogate end point for anabolic activity in skeletal muscle is criticized due to its
unparalleled expression of the AR, it provides a sensitive and rapid assessment of anabolic
effects. Over the next decade structure-activity relationship studies were conducted on the
arylpropionamide class of SARMs that culminated in two clinical candidates, with
enobosarm being the most advanced in clinical development (40,41). In addition to their
effects on muscle, enobosarm and other arylpropionamide SARMs also demonstrated
beneficial effects on bone (42). Enobosarm has been or is being evaluated in several phase Il
and phase 111 clinical trials for multiple indications (43-45).
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Ligand Pharmaceuticals developed tricyclic quinolinones that coincided with the discovery
of arylpropionamide SARMs (46,47). Similar to the arylpropionamide SARMs, these
quinolinones also bind to and activate the AR in low nanomolar concentrations while
eliciting tissue-selective activation of the AR in muscle.

Based on structure activity relationship of several SARM templates, Ligand Pharmaceuticals
chose LGD2226 as their first clinical candidate (48). Although LGD2226 demonstrated
myo- and osteo-anabolic activity and maintenance of sexual function in various preclinical
models, the development of LGD2226 was discontinued. Ligand advanced another molecule
LGD2941 to phase | clinical trials for frailty and osteoporosis in collaboration with Takeda
Abbott pharmaceuticals. To date, there isn’t any evidence that this and other SARMs
developed by Ligand have advanced further.

Other companies such as Merck (49), Glaxo, Johnson and Johnson, Orion, and Pfizer all
pursued SARM development during the late 1990s and the first decade of 2000s. Preclinical
results from each of the optimized scaffolds demonstrated potent tissue-selectivity and
anabolic activity. However, most, if not all, of these compounds failed to advance to clinical
development either due to toxicity or lack of efficacy, or other undisclosed reasons. The
structure of various SARM templates is provided in Figure 1.

Mechanisms for SARM tissue-selectivity

Enzymes

The molecular mechanisms underlying the separation of the detrimental androgenic
activities (e.g., virilization/prostatic hypertrophy) from the desired anabolic effects remain
unknown. While the SERMs have been investigated for decades, studies to characterize the
molecular mechanisms of action of SARMs have only been initiated more recently. Several
mechanisms such as the coactivator-corepressor ratio and tissue-selective modulation of
signaling pathways that have been established as mechanisms for the tissue-selectivity of
SERMs are also applicable to the SARMSs (50,51). The tissue-selective expression of ER-
isoforms, (ER-a and ER-p), that often have distinct responses to ligand and thereby provide
tissue-selective modulation of ER function by SERMs is unique to SERMs (52). A variety of
other molecular mechanisms likely contribute to the observed tissue-selectivity of SARMSs.

Although the tissue-specific expression of various steroidogenic and metabolic enzymes
does not sufficiently explain characterized differences between the pharmacology of
steroidal androgens and SARMs, it can account for the amplification and inactivation of
steroidal androgens observed in some tissues (53). One of the enzymes, 5a-reductase,
converts testosterone into more potent DHT in some tissues (e.g., prostate and skin) but not
others (e.g., muscle and bone), representing a tissue specific amplification of steroidal
ligands in prostate and other tissues that does not contribute to nonsteroidal SARM action.

Expression of other enzymes belonging to hydroxysteroid dehydrogenase (HSD) class
regulates the availability of steroidal androgens to the AR in a variety of tissues. The
enzymes 3-a HSD and 3-p HSD convert DHT to 3-a and 3- diols, respectively (54). Both
of these DHT metabolites are weaker AR ligands compared to testosterone or DHT.
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Considering that the 3-a and 3-p HSDs are bifunctional enzymes, the tissue-specific
expression and directionality of function ultimately regulate AR activity. Other androgen-
synthesizing enzymes 17- HSD types 3 and 5 are highly expressed in testes and prostate
and they play important roles in synthesizing testosterone from precursor androstenedione
(55,56). Interestingly, most SARMs developed are non-steroidal and are not thought to be
susceptible to enzymatic metabolism in target tissues and hence retain their activity in all the
tissues wherever they are bioavailable.

Function

More than 200 AR-interacting proteins (both coactivators and corepressors) (57,58),
including those with intrinsic functions such as histone acetyl transferase activity (SRCs,
CBP) (50), histone deacetylase activity (NCoR, SMRT) (50), and other chromatin modifying
functions (SWI/SNF/BRG) (50), have been identified. In addition to several coactivators that
are shared by other steroid receptors, a few coactivators such as the ARA family members
that exclusively activate the AR have been reported to be expressed in tissues such as
prostate (59,60). The AR differs from other receptors in its interaction with coregulators.
The LBD of the AR has 11 anti-parallel helices, unlike other receptors that contain 12
helices as the AR is devoid of helix 2, that undergo significant rearrangement upon ligand
binding creating a shallow hydrophobic pocket to facilitate association with the NTD of the
AR or coactivators containing an LxxLL motif (61,62). While the coactivator interaction
surface in other class I receptors exists in the AF-2 in the LBD, the coactivator interaction
surface in the AR exists in the AF-1 (58,63).

Earlier studies with SERMs identified that distinct chemical scaffolds have the ability to
induce unique conformational changes in the ER, resulting in interaction with different
cofactor subsets. The same has been demonstrated with SARMs, which induce distinct
conformational changes compared to testosterone and DHT, resulting in complexes
containing different coregulator complexes (64). Using combinatorial peptide-phage display,
McDonnell and his colleagues elegantly showed that different ligands induce distinct AR
and ER conformations leading to their association with varying coactivator peptides (64,65).
The SARMs RTI-018 and RTI-001 possessed a spectrum of agonist activities and altered
kinetics of response and these differences were attributed to SARM-mediated structural
differences leading to the association of the AR with coactivator peptides distinct from DHT
(66).

In another study, the antagonist bicalutamide recruited corepressors SMRT and NCoR, butin
the presence of IL-8 recruited coactivators thus adopting agonist features (67). This study
confirms the findings that changes in conformation induced by an external stimulus can
result in a shift in the transcriptional complex formed by the AR resulting in a change in
activity.

The role of coregulators in the tissue-selective action of synthetic molecules was deduced by
O’Malley and colleagues. RU486 or Mifepristone, a PR antagonist, demonstrated cell-line-
specific agonist/antagonistic activities that resulted from the coactivator/corepressor ratio
available in the respective cell lines (68). The same was also shown with tamoxifen, whose
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function was governed by the coactivator/corepressor ratio in breast cancer and uterine cell
lines (51,69).

Previously unreported data from our group supports the role of coactivators in the tissue-
selective function of arylpropionamide SARMs (Figure 2). Transactivation studies
performed in C2C12 muscle cells and in prostate cancer PC3 cells in the presence of the
coactivator SRC-1lindicate that while SRC-1 had a similar impact on SARM- and DHT-
induced AR transactivation in PC-3 cells, SRC-1 robustly increased SARM but not DHT-
induced AR transactivation in C2C12 cells. This data suggests that the conformational
change induced by the SARM facilitates the interaction of the AR with coactivators in
muscle cell environments, while DHT-induced conformation facilitates the interaction of
coactivators with the AR in the prostate cellular environment.

We also evaluated the recruitment of the AR, coactivators, and corepressors to the androgen
response elements (ARES) located on the PSA enhancer in LNCaP cells (Figure 3). While
DHT robustly recruited the coactivator SRC-1, but not corepressor NCoR, to the PSA
enhancer, an arylpropionamide SARM recruited both SRC-1 and NCoR to the PSA
enhancer. This suggests that the SARMSs form a complex in the prostate cellular environment
comprised of both coactivators and corepressors that will prevent maximal activation of the
AR in this androgenic tissue. Alternatively, the SARMs and steroidal androgens utilize
coactivators in anabolic tissues to promote maximal activation of the AR. These results and
associated literature evidence are summarized in Figure 4 as a model to demonstrate the role
of coregulators in SARM action.

Differences in the transcriptional complex formed in response to ligand binding also
modulate the rate of nuclear translocation and nuclear export. We identified that within the
same structural scaffold, SARMSs with minor structural modifications have completely
distinct nuclear translocation potential, demonstrating that the conformational change
induced by these SARMs has resulted in varying nuclear translocation rate (70).

Signaling Cascades

From ligand sensitization to translation of genes, all cellular processes are dependent on the
intracellular levels and activity of partners involved in the signaling pathway. These
signaling events lead to critical post-translational modifications including phosphorylation,
sumoylation, ubiquitination and others that are important for the function of the receptor.
The intracellular levels of kinases and phosphatases and the availability of growth factors
promote the genomic, non-genomic, and ligand-independent activation of the AR.

Similar to the coactivators, distinct signaling cascades regulate the function of transcription
factors. These are due to multiple players acting in an orchestrated fashion to mediate their
effects. Testosterone signals through inhibition of p38 MAPK, Notch-1, Notch-2 and
Jagged-1 signaling pathways in macrophages, but utilize PI3K-Akt pathway in bone cells
(71-73). This suggests that each ligand uniquely influences distinct pathways depending on
cell and tissue type to mediate its pharmacologic and physiological response (74). AR
phosphorylation is also affected ligand- dependently and -independently through growth
factor alterations leading to divergent physiological responses (75).
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Literature evidence suggests that non-genomic effects are also important for the anabolic
effects of androgens and estrogens (76), whereas nuclear genomic effects are critical for the
development of sexual organs. In addition to the nuclear AR, AR is also thought to be
located at the plasma membrane to mediate rapid non-genomic effects. For example, the
progression of meiosis that requires ERK occurs without the requirement for transcription.
The ability of a ligand to promote non-genomic activation in cells will also determine its
cell-type-specific function (77-79).

We demonstrated that the SARMs and DHT utilize distinct signaling pathways to promote
their genomic and non-genomic effects. An arylproprionamide SARM mediated its actions
through Src kinase, MEK-1/2 or MEK-3, ERK and p38 MAPK pathways, while DHT
primarily affected the IP3, PLC, PI3K, PKC, ERK, and JNK pathways (80). Adding
complexity, modulation of these pathways altered the recruitment of the AR and its cofactors
to the PSA enhancer in a ligand-dependent manner. In addition, both SARM and DHT
induced Xenopus laevis oocyte maturation and rapid phosphorylation of several kinases
through distinct signaling pathways. These results support the potential utilization of
signaling pathways available in a tissue microenvironment to promote maximal stimulation
of the AR by various ligands.

Although these are some potential mechanistic explanations for the tissue-selective function
of the SARMs, other potential mechanisms including conformation change of the AR
resulting in differential nucleo-cytoplasmic shuttling, the role of metabolizing enzymes and
tissue availability of SARMSs, and/or inhibition of the hypothalamus-pituitary-gonadal axis
that leads to reduced synthesis of testosterone might also contribute in part to tissue-selective
SARM function.

Potential clinical uses of SARMSs

SARMs could be used in diseases where steroidal androgens have been proposed as
therapeutics. The initial focus of SARM clinical development was their use for muscle
wasting conditions. However, the use of SARMs is now expanding to other diseases such as
breast cancer.

Muscle-wasting disorders

Adults over 40 years of age lose about 1% muscle mass each year (81). With life expectancy
increasing around the globe, the number of people with compromised muscle mass and
accordingly deficits in physical function has increased in the last decade. Age-related muscle
wasting or sarcopenia (82) and muscle wasting due to cancer, also called cancer cachexia
(44), are two serious muscle wasting disorders with no treatment options. Sarcopenia is a
major cause of frailty and carries with it an increase in physical disability as well as
morbidity and mortality (83). The demographic that is widely affected by cancer is adults
over 60 years of age. This age-group, already at higher risk to be deficient in muscle due to
age-related decline, is then at high risk to lose additional muscle due as their cancer
progresses and they receive anti-cancer therapy. Advanced cancer patients lose up to 1.5 kg
of lean mass per year (84). Studies have also demonstrated that muscle mass directly
correlates with survival in cancer patients (85,86). Androgens are important for building and
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maintaining skeletal muscle, and due to their anabolic effects on muscle are considered
front-runners in the potential treatment of cancer cachexia and sarcopenia (43,45). SARMs
are particularly relevant in this regard due to their tissue-selectivity and potential to provide
therapeutic increases in muscle mass with reduced side-effects.

With wide-spread use of corticosteroids to combat inflammation and allergies, even children
are susceptible to corticosteroid-induced muscle wasting. Although non-steroidal SGRMs
that spare muscle and bone, but have significant anti-inflammatory effects, have been
preclinically developed and tested, they have not successfully entered clinical trials, making
steroidal corticosteroids the only available option for a number of indications (87). SARMs
have been shown to be effective in ameliorating multiple preclinical models of muscle
wasting including glucocorticoid mediated muscle atrophy. (88).

Duchenne muscular dystrophy (DMD)

DMD is a genetic disorder that arises due to mutations in the cytoskeletal protein dystrophin
(89,90). The dystrophin gene is located in the X chromosome and a number of its mutations
cause truncated proteins that manifest clinically in the form of muscular dystrophy. Boys
with DMD suffer from progressive muscle wasting and weakness and will become wheel-
chair-bound often before reaching puberty. Boys with DMD suffer from cardiac and
respiratory failures due to weakness in the heart and lung muscles, respectively, resulting in
premature death (91,92). Recently, therapies to correct mutations using exon-skipping
strategies have been developed with one of these molecules receiving approval from the
Food and Drug Administration (FDA) (93). Although corticosteroids are the standard of care
to combat inflammation in DMD, with the exception of the novel exon skipping drug there
are currently no disease-modifying therapeutic agents, available to treat DMD. Regrettably
prolonged use of corticosteroids results in undesirable side-effects such as muscle wasting.

One of the strategies suggested to combat DMD is the use of SARMSs. Recently, the SARM
GLPG0492 was tested in dystrophin-mutated mdx mouse preclinical models of DMD.
GLPG0492 increased body weight, muscle mass and function in mdx mice that were either
sedentary or were stressed by exercise (94). These data support the use of SARMs for the
treatment of DMD either alone or as combination with exon-skipping drugs or other
strategies such as NFkB or myostatin inhibitors. Combination therapies capable of
increasing muscle mass could potentially extend the survival of the DMD afflicted boys.
Considering the function of AR on secondary sexual tissues, any SARM considered for
clinical evaluation in children with DMD should exhibit a broad tissue-selectivity and
impeccable safety profile.

Stress urinary incontinence (SUI)

The levator ani muscle in the pelvic floor is an AR-enriched muscle. Preclinical screening of
SARMs often includes determining their ability to increase levator ani muscle weight, which
is used as a surrogate for anabolic activity. The levator ani muscle and the pelvic floor
muscles in women become weak due to ageing, child birth, and depletion of circulating
hormones post-menopausally. Currently no treatment options are available for SUI. Since
women are highly susceptible to uterine hyperplasia and virilization, steroidal androgens are
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not an appropriate choice to treat SUI. SARMSs capable of selectively building pelvic floor
muscles with reduced virilizing and uterine proliferative side-effects would be preferred and
better tolerated for SUI. Preclinically, we demonstrated that treatment of ovariectomized
mice with SARMs resulted in restoration of the pelvic muscles to their sham-operated
weight (95). Additionally, the induction of several genes associated with muscle catabolism
was inhibited. This study supported the clinical evaluation of enobosarm for SUI.

Osteoporosis

The ability of SARMs to increase both muscle and bone strength in animal models suggests
that they may provide a unique dual approach to osteoporosis therapy (96) (40,42,97)(98).
Currently osteoporosis is primarily treated with anti-resorptive agents that prevent further
breakdown of bone by the body. Anti-resorptive agents potentially prevent further bone turn-
over, but will be unable to increase bone mass. In preclinical models, AR agonists such as
DHT and SARMSs have prevented bone loss in both castrated male rats and ovariectomized
female rats. They also increased cortical and trabecular bone mineral density above baseline
in these experimental conditions (99). SARMSs have been shown not only to prevent loss of
bone (i.e., treatment begins at time of surgery) in ovariectomized and castrated rats, but also
to increase bone strength (42,97).

Breast Cancer

Although androgens have been considered to be a risk factor in prostate cancer they have
been recommended to treat breast cancers. Even before the discovery of SERMs and
aromatase inhibitors, steroidal androgens such as medroxyprogesterone and
fluoxymesterone were used to treat breast cancer (100). Expression of the AR in breast
cancer has been consistently correlated with better disease-free- and overall- survival. In
addition, combined expression of the AR with steroidogenic enzymes that result in increased
synthesis of androgens have been shown to be extremely beneficial in breast cancer.
However, these steroidal androgens, as indicated above, caused virilization, resulting in their
discontinuation.

With the discovery of SARMs, women with breast cancer may have another safe and
effective treatment option. Although the mechanism underlying the role of the AR in breast
cancer is not completely understood, experimental evidence suggests that the AR inhibits
ER function to inhibit the growth of ER-positive breast cancers. While the mechanism of
action in ER-positive breast cancer is somewhat clearer, the mechanism of action in ER-
negative or triple negative breast cancer (TNBC) is complex and has not been elucidated.
Both a SARM, enobosarm, and an antagonist, enzalutamide, are in clinical trials to treat
breast cancers. Recent press release from GTX, Inc., which is currently conducting a clinical
trial with enobosarm in women with ER-positive breast cancer, indicated that the SARM
slowed further growth of cancer (partial response and stable disease) in a subset of patients
(101). Although no clinical data have been published on enzalutamide in ER-positive breast
cancer, a phase I clinical trial to evaluate safety and bioavailability of enzalutamide in
women with ER-positive breast cancer showed that enzalutamide reduced the serum
concentration of anastrozole and exemestane by 90% and 50%, respectively, which could
impact the efficacy of the aromatase inhibitors (102). However, enzalutamide has shown
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early promise in triple-negative breast cancer (TNBC). With TNBC being further sub-
classified into several subsets, it may be possible that a SARM and an antagonist might
provide anti-proliferative effects to distinct subsets of TNBC. This concept will be evaluated
in future clinical trials. The reader is referred to a recent review for detailed information on
the potential role of AR in breast cancer (103).

Most of the above indicated diseases require prolonged treatment with anabolic agents,
which suggests that a strong safety profile will be required. Prolonged SARM administration
is expected to be safer than steroidal agents. As such SARM stand poised to replace
steroidal androgens for the treatment of these diseases.

Current clinical development paradigm of SARMs

Currently, to the best of our knowledge, the only SARM that is in clinical trials is enobosarm
(GTx, Inc., Memphis, TN). Other companies that have previously pursued SARMs clinically
are Ligand Pharmaceuticals, Merck, Glaxo, and Radius, Inc. A search of the
clinicaltrials.gov database returned a small number of trials, many of which are phase |
studies and investigator-initiated exploratory trials. While several other SARMs have been
tested clinically for various diseases, they have not advanced beyond phase Il proof-of-
concept. Enobosarm was tested in two double-blind placebo-controlled phase 111 clinical
trials in lung cancer patients at risk for cachexia. While enobosarm significantly improved
muscle mass in both the trials, it only marginally increased the physical function. Similarly,
two phase 111 trials with anamorelin, a non-peptide, orally-active, centrally-penetrant,
selective agonist of the ghrelin/growth hormone secretagogue receptor, in subjects with lung
cancer and cachexia showed that it increased muscle mass but failed to improve hand grip
strength (104). However, the anamorelin results have been submitted to the European
Medicines Agency (EMA) as part of a package for regulatory approval. We speculate that
the results of the phase Il trials with enobosarm and anamorelin and the complexity in
conducting clinical trials in this space have discouraged other companies from pursuing
SARMs in cancer-associated muscle wasting and that the field is seeking regulatory clarity
before proceeding (105).

GTx Inc. is currently conducting three phase 11 proof-of-concept clinical trials. One each for
ER-positive breast cancer, triple-negative breast cancer, and SUI. While the results from ER-
positive breast cancer trials (one completed and another ongoing) were largely positive, the
TNBC trial is still recruiting patients. The SUI trial is a novel and interesting study. Since
the levator ani muscle is enriched in the AR, it responds quickly when exposed to androgens.
Since SUI, in many cases, is associated with damaged and therefore weakened pelvic floor
muscles, androgen-based approaches, as a result of their ability to increase muscle mass,
might provide a potential therapeutic opportunity. The tissue-selective properties of SARMs
position them as an ideal treatment option for SUI.

Summary and future

SARMs of several structural templates and a variety of potencies are described in peer-
reviewed and patent literature. SARMS represent a new generation of tissue-selective
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androgens with an as yet unrealized potential to treat several diseases. Unfortunately, the
development path for diseases such as cachexia and sarcopenia is difficult due to apparent
regulatory requirements to show both increases in muscle mass and improvement in physical
function (e.g., stair climb power, hand grip strength), with the later endpoint being highly
variable and dependent on multiple factors. The future of SARMs currently hinges on the
ongoing phase Il clinical trials for breast cancer, SUI, and osteoporosis. Although strong
preclinical data and rationale suggest a positive outcome for a SARM in SUI, the ongoing
trial with a SARM for SUI is the first-in-human trial and its outcome will determine the
utility of SARMs in SUI. Ongoing phase 1l trials of enobosarm in breast cancer are similarly
positioned to set the course for the use of SARMs in this disease, while regulatory decisions
regarding other muscle building agents will likely set the course forward, if any, for the use
of SARM s in acute or chronic muscle wasting. The future of SARMs for the treatment of
these and other conditions should be decided in the next five years either way. We anxiously
await the results.
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Figurel.
Structures of selected SARMs from various pharmaceutical companies.
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Figure2.
PC-3 (prostate cancer cells) or C2C12 (muscle cells) cells were transfected with CMV-hAR,

GRE-LUC, CMV-LUC, and coactivator SRC-1 using Amaxa electroporator. Cells were
treated 24 hours after transfection and luciferase assay was performed 48 hours after
transfection.

The results show that while SARM increased the AR transactivation significantly in C2C12
cells even at lower concentrations (1 nM), it increased the AR transactivation in prostate
cancer cells only at higher concentrations (10 nM).
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Figure 3. Recruitment of both coactivator and corepressor in a SARM complex
LNCaP cells were serum starved for 2 days and treated with vehicle, 10 nM DHT, or 100

nM arylpropionamide SARM for 4 hours. Cells were fixed with 1% formaldehyde to cross-
link protein:DNA complex and immunonoprecipitation was performed with SRC-1 or NCoR
antibodies. DNA:protein complex crosslink was reversed, DNA extracted, and realtime PCR
with primers and probes specific to the PSA enhancer ARE was performed.
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Figure 4. Model
While a full agonist such as DHT promotes a full agonistic conformation in prostate

environment by interacting with coactivators, a SARM promotes a partial agonistic
conformation by promoting a complex that contains coactivators and corepressors.
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