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Abstract

Kennedy Disease/Spinal Bulbar Muscular Atrophy (KD/SBMA) is a progressive neurodegenerative
disease caused by genetic polyglutamine expansion of the androgen receptor. We have recently found
that overexpression of wildtype androgen receptor in skeletal muscle of transgenic mice results in a
KD/SBMA phenotype. This surprising result challenges the orthodox view that KD/SBMA requires
expression of polyglutamine expanded androgen receptor within motoneurons. Theories relating to
the etiology of this disease drawn from studies of human patients, cellular and mouse models are
considered with a special emphasis on potential myogenic contributions to as well as the molecular
etiology of KD/SBMA.
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Role of androgen receptor in neuromuscular systems

Androgens are generally considered to have anabolic actions on neuromuscular systems.
Sexually dimorphic neuromuscular systems provide excellent models for understanding how
androgens exert these anabolic actions, and studies of these model systems have generally
concluded that androgenic anabolic actions are largely, although not exclusively, mediated via
androgen receptors (AR). Several reviews on this topic exist, including an article in this issue
(Forger and Sengelaub), and so we will only briefly comment on these studies in order to
introduce our experiments relating to androgens and neuromuscular pathology.

The importance of AR to sexual differentiation of rodent copulatory neuromuscular systems
is illustrated by testicular feminization mutation (Tfm) mutant rats, in which the normal
function of androgen in promoting greater levator ani (LA) muscle size and spinal nucleus of
the bulbocavernosus (SNB) motoneuron number and size is disabled by a loss of function
mutation in the ligand binding domain of the AR gene (Breedlove and Arnold, 1981; Forger
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etal., 1993; Sengelaub et al., 1989; Yarbrough et al., 1990). Tfm mutants firmly establish the
necessity of AR in neuromuscular anabolism, but do not speak to which cellular targets of
androgen mediate these effects. It is equally plausible that AR in muscle fibers, motoneurons,
and/or those in other cell populations are responsible for sexual differentiation and maintenance
of neuromuscular systems and rather elaborate experiments are required to address this site of
action question (Johansen et al., 2004; Morris et al., 2004).

Available evidence supports dissociable roles for motoneuron and muscle AR in mediating
androgenic action on the SNB system. Some effects of androgen on motoneurons (i.e. those
that maintain motoneuron size and gene expression), appear to rely on AR in motoneurons,
and are therefore said to be direct, or cell autonomous (Monks et al., 2001, 1999; Watson et
al., 2001). Other effects, such as the developmental rescue of both muscle and motoneurons
and maintenance of adult motoneuron dendrites, affect motoneurons cell non-autonomously
(i.e. indirectly) via actions on target muscles (Freeman et al., 1996; Rand and Breedlove,
1995). Nonetheless, the evidence that implicates AR in muscle in these effects does not resolve
which cells in muscle mediate actions on the development and maintenance of neuromuscular
systems. It is to answer precisely this question of site of action of androgen in the SNB system
that we embarked on a series of studies characterizing the role of AR in skeletal muscle.

We initially addressed the cellular and molecular basis of the unusual androgen sensitivity of
the LA muscle and found that along with unusually high AR protein in this muscle in relation
to the extensor digitorum longus control muscle (Monks et al., 2006), the LA also has relatively
more AR in LA myonuclei but not fibroblast nuclei, two prominent cell types in skeletal muscle
that express AR, and which are therefore potential targets of androgen in this tissue (Monks et
al., 2004). These studies suggested to us that it would be valuable to generate transgenic (Tg)
mice in which AR is overexpressed solely in muscle fibers. We will further describe the
generation of these mice and their phenotype below. The ultimate goal of these studies was to
cross these Tg mice with testicular feminization (Tfm) mice, which have no functional AR in
any tissue. Using this cross, a male mouse in which AR is expressed only in skeletal muscle
fibers can be obtained, allowing for a test whether AR in muscle fibers is sufficient to
masculinise of the SNB system.

One incidental prediction we had of Tg mice that overexpress AR in muscle fibers is that they
would have an exaggerated neuromuscular response to androgens, and to some extent this has
been borne out, although the nature of this response is surprising. In pursuing these studies,
we discovered that overexpression of AR in skeletal muscle fibers results in a neuromuscular
phenotype that recapitulates many of the key features of a human disease named both Kennedy
disease and spinal bulbar muscular atrophy (KD/SBMA), which is caused by a characteristic
mutation of the AR gene.

KD/SBMA overview and description

A polymorphic number of glutamine (Q) repeats exists in the N-terminal transactivation
domain of the AR gene. This polymorphism is thought to contribute to individual differences
in androgen sensitivity, as shorter repeat lengths increase AR transactivation, and longer repeat
lengths decrease AR transactivation. At the population level, lower repeat lengths are
associated with increased incidence of a number of androgen-mediated disorders including
benign prostate hyperplasia and prostate cancer, whereas longer repeat lengths, up to about 36,
are associated with male infertility (Casella et al., 2003; Mifsud et al., 2001). Q repeat
expansion beyond this normal range is associated not only with androgen insensitivity affecting
primary and secondary sexual characteristics (e.g., gynecomastia, hypogonadism, progressive
loss of libido and erectile function, oligospermia and azoospermia) but also with the progressive
neuromuscular atrophy known clinically as KD/SBMA (Kennedy et al., 1968; Walcott and
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Merry, 2002). KD/SBMA is relatively rare, with prevalence being reported as approximately
1/400,000 (Fischbeck, 1997). In humans, the disorder is characterized by late onset muscular
atrophy beginning in the hips, then shoulders and progressing to muscles innervated by the
brainstem (bulbar muscles), resulting in difficulty with walking, speech and swallowing
(Atsuta et al., 2006; Fischbeck, 1997; Kennedy et al., 1968). The most common cause of death
appears to be pneumonia associated with respiratory difficulties (Atsuta et al., 2006). One
puzzling aspect of KD/SBMA is that some cells (i.e. specific neuromuscular systems) seem
particularly susceptible to pathology, despite AR being expressed in many cell types.

The genetic basis of KD/SBMA was uncovered gradually. This disease shows an X-linked
pattern of inheritance, which subsequently localized the allele to the long arm of the X-
chromosome through polymorphism linkage analysis (Fischbeck et al., 1986). Molecular
genetic studies of the AR gene subsequently revealed that KD/SBMA is specifically associated
with increased number of CAG nucleotide repeats (which code for Q) in exon 1 of the AR gene
(La Spada et al., 1991). Furthermore, the number of repeats in this polyQ tract is predictive of
age of onset and of disease severity, with more repeats resulting in earlier onset and more severe
symptomology (Atsuta et al., 2006; La Spada et al., 1992). Most experimental models support
a causal role for expansions of this polyQ tract in many pathological features of KD/SBMA as
will be described below. Toxicity resulting from polyQ expansion is also observed with several
other proteins, and forms a class of neurodegenerative disorders, including Huntington’s
disease and the spinal and cerebellar ataxias (Zoghbi and Orr, 2000).

Studies of spinal cord and skeletal muscles from clinical samples have indicated several
histopathological hallmarks of KD/SBMA. The most famous of these is AR-immunoreactive
inclusions, which are proteinaceous aggregates visible at the light microscope level. Inclusions
are observed in diverse neural and non-neural tissues (Adachi et al., 2005). In the spinal cord,
motoneurons are typically atrophic, and decreased ventral root size is also observed, reflecting
motoneuron loss (Sobue et al., 1989). Dorsal root ganglion pathology has also been reported,
corresponding with mild sensory disturbance (Sobue et al., 1989). In muscle, several atrophic
features are typically described, including notably clumps of small, angulated muscle fibers
(Katsuno etal., 2006b). Inclusions are not reported in skeletal muscle samples from KD/SBMA
patients (Adachi et al., 2005). These histopathological changes in muscle have generally been
considered to be secondary to denervation resulting from motoneuron pathology, in other
words to be neurogenic in origin (Kennedy et al., 1968; Nagashima et al., 1988). More recent
studies have interpreted some histopathology in muscle as myogenic in origin (Katsuno et al.,
2006b; Yu et al., 2006a).

There is currently no treatment for KD/SBMA, although mouse models have suggested several
viable therapeutic approaches. Notably, we now know that the mechanism of polyQ AR
pathology in these models is androgen dependent, and this has prompted clinical trials in which
androgens are reduced in KD/SBMA patients. A clinical trial of leuprorelin, which reduces
testicular production of androgen, indicates that this treatment reduces inclusion formation in
scrotal skin of patients, although motor function is not significantly affected (Banno et al.,
2006). Additionally, one case has recently been reported in which androgen administration to
a KD/SBMA patient resulted in an acceleration of symptoms, which was reversed with
cessation of androgen treatment (Kinirons and Rouleau, 2008). Finally, clinical trials organized
by the neurogenetics branch of NINDS are currently underway to evaluate the efficacy of
Dutasteride, a 5-a-reductase inhibitor, in treating KD/SBMA (trial number NCT00303446).

Experimental models of KD/SBMA

Initial attempts to model KD/SBMA used transfection of polyQ expanded AR in cells of neural
(Brooks et al., 1997; Darrington et al., 2002; Kobayashi et al., 2000; Nakajima et al., 1997)
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and non-neural (Avila et al., 2003; Becker et al., 2000; Mandrusiak et al., 2003; Merry et al.,
1998; Takeshita et al., 2006) origin. In embryonic spinal neurons, transfection of AR with 65
Q repeats (AR65Q) did not obviously reduce viability or the ability of AR to translocate
(Brooks et al., 1997). However, N-terminal truncated AR constructs with a greater number of
repeats (AR97Q and AR112Q) did reduce viability of transfected cells in a Q repeat length-
dependent fashion (Merry etal., 1998). AR-immunoreactive inclusions occur in several cellular
models, although polyQ expansion AR isn’t always necessary or sufficient for inclusions or
toxicity, as will be discussed below.

Several Tg mouse models of KD/SBMA have been developed, all involving an expansion of
Q repeats, either as a pure Q tract, or within a truncated or full length AR gene (Table 1).
Notably, Tg mice produced by several different labs expressing full length AR gene containing
an expansion of the polyQ tract, show many features in common with KD/SBMA in humans.
Initial models expressed polyQ AR with cytomegalovirus (CMV) or prion protein (PrP)
promoters, which are expressed in many cell types, these models are informative, but are
somewhat limited in being forced overexpression constructs.

Two additional models have been developed which include endogenous regulatory elements
to address this concern. In the first, a Tg mouse has been generated using a yeast artificial
chromosome (YAC) containing a 450 kb clone of the human AR gene modified to include 100
Q repeats. This model has the advantage of likely containing the normal regulatory elements
of the AR gene (Sopher et al., 2004). A second mouse model has been created in which a polyQ
tract of 113 repeats has been knocked-in to the endogenous AR allele (Yu et al., 2006a). This
model has the advantage of having essentially all of the endogenous regulatory elements of the
AR gene and additionally does not include potential interactions between the endogenous
wildtype (WT) AR and a polyQ AR transgene.

Taken as a whole, these models indicate that several features of KD/SBMA can be reproduced
in mice using polyQ alleles. The KD/SBMA phenotype presents clinically with several atrophic
symptoms. These mice tend to lose weight and adopt postural abnormalities including an arched
back (kyphosis). They also display motor dysfunction, including reduced spontaneous
movement, and have pronounced weakness in standard tests such as the length of time which
mice can hang suspended (hang test). Most models have onset of symptoms in early adulthood
and exhibit evidence of androgen dependence, such as a sex bias in pathology, with males
being more affected than females, castration improving affected males, and testosterone
inducing symptoms in females (Table 1). A paradoxical reduction in normal androgen function
is also observed in some models, which includes impaired male fertility associated with altered
testicular morphology (McCampbell et al., 2000; Thomas et al., 2006b;Yu et al., 2006b).
Histopathology in some models indicates progressive neurodegeneration of spinal
motoneurons and myopathy (McManamny et al., 2002;Sopher et al., 2004;Yu et al., 2006b),
and in some models inclusions containing AR are observed in motoneurons and/or muscle
(Abel et al., 2001;Adachi et al., 2001;Katsuno et al., 2002;Yu et al., 2006a).

Although these models prove that several features of KD/SBMA can be induced with polyQ
alleles, considerable variability exists in the extent to which these various features are present
within different models. Notably there has been much discussion concerning the presence or
absence of inclusions in affected cells of various mouse models of KD/SBMA and this has
allowed for a reconsideration of the mechanistic role of this histopathological aspect of KD/
SBMA. Before we consider various etiological mechanisms that might underlie KD/SBMA,
we will describe Tg mice that overexpress AR with a WT number of Q repeats solely in skeletal
muscle using the human skeletal actin (HSA) promoter. These HSA-AR Tg mice have a
phenotype that is remarkably similar to that of polyQ AR Tg mice.
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HSA-AR Tg Mice

The AR expressed by HSA-AR is a clone derived from WT laboratory rats (Tan et al., 1988),
comprising 22 Q repeats, which is well within the normal range in humans and is typical of
mice (Fig. 1A). We elected to use the HSA promoter to drive expression of AR because this
promoter has been characterized by several groups (Brennan and Hardeman, 1993; Miniou et
al., 1999) and consistently expresses strongly and exclusively in muscle fibers. The HSA
promoter was cloned from the human ACTA1 gene, which is an actin isoform specific for
muscle lineage cells. In our hands, this promoter does not appear to be expressed in other
muscle types, including cardiac or smooth muscle (Monks et al., 2007). We verified HSA
expression in two ways: we generated HSA-LacZ reporter mice, which use the same promoter
to express B-galactosidase, an enzyme that is easily detected histochemically, and we measured
AR protein in several tissues in HSA-AR Tg mice. We obtained very similar results when
measuring expression using the HSA promoter to those reported by others (i.e. specific and
uniform expression in skeletal muscle fibers). We detected no transgene expression in other
tissues. Importantly, we could not detect any transgene expression in nervous tissue including
spinal motoneurons (Monks et al., 2007).

We obtained several HSA-AR founders from microinjection of the transgene, most of which
were female, providing an initial clue that the transgene was exerting an androgen-dependent
pathology. We subsequently determined that the male founders did not express the transgene
detectably. After several rounds of breeding, we noticed that very few Tg males were found at
weaning, an observation that has been borne out for many generations in two different
institutions. Further investigation revealed that many Tg males die perinatally, likely as a result
of androgen production by the Tg males themselves at this developmental stage. As adults,
most HSA-AR males appear infertile, despite apparently normal testicular anatomy.

The males that survive are characterized by a neuromuscular phenotype that varies in severity
between founding lines and according to transgene copy number. The most severe form
associated with the highest transgene expression is morphologically and behaviourally obvious
at weaning and is characterized by reduced body weight, altered posture (they appear kyphotic
—Fig. 1B), decreased spontaneous locomotion, weakness and motor dysfunction (Fig. 1C)
typical of the KD/SBMA phenotype of polyQ mice. Along with these motor deficits, males
have marked myopathy, including a reduction in the number of muscle fibers overall (Fig. 1D).
In addition to myopathy, these males have reduced motor axon number (Fig. 1E), although
motoneuron number does not differ between WT and Tg males, suggestive of axonopathy
without motoneurons loss. Because we know that the transgene is muscle specific, we may
infer that this neuropathology is secondary to muscle pathology.

Motor dysfunction and reduced body weight is exhibited by males of 3 of the 7 founding lines
with detectable transgene expression whereas unmanipulated females of all founding lines are
behaviourally asymptomatic and have normal body weight. The remaining 4 founding lines
also had reduced male viability, and surviving males were behaviorally asymptomatic. This
sex limitation of the neuromuscular phenotype is suggestive of androgen dependence, and
indeed, castrating HSA-AR Tg males results in dramatic improvement of motor function,
including increased stride length (Fig. 2A), and hang time when held suspended (Fig. 2B).

In further support of the androgen dependence of the HSA-AR phenotype, adult Tg females
that are treated with testosterone in the male range exhibit loss of body weight/muscle mass
and motor dysfunction (Figs. 2C, D) similar to their male counterparts (including weakness
and kyphosis). These symptoms manifest within days of testosterone treatment. Although
several myopathic features typical of Tg males were also present in testosterone-treated Tg
females, no loss in muscle fiber number was observed in treated females. Interestingly, acute
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androgen treatment of female HSA-AR mice does not result in axon loss, even though it results
in myopathy and motor dysfunction comparable to that observed in Tg males. This observation
reinforces the notion that the transgene affects muscle primarily and that axon loss in males
reflects more chronic, indirect, effects of androgen.

Of course, behavioural neuroendocrinologists are keenly aware of the potential contributions
of aromatization of testosterone and estrogenic mediation of androgenic effects. To address
this possible mechanism of androgen action, we additionally treated Tg females with
pharmacological doses of estrogen or dihydrotesterone alone, and the results of this experiment
strongly support AR-mediation, rather than estrogenic mediation. Females treated with either
testosterone or dihydrotestosterone had reduced hang time and body weight, whereas treatment
with estradiol was without effect (Fig. 3).

To further explore potential molecular mechanisms, we determined hindlimb muscle mRNA
expression of several genes dysregulated in polyQ models of SBMA (Fig. 4), including
upregulation of several that are associated with denervation (MyoD, myogenin and
acetylcholine receptor alpha), and downregulation of a candidate growth factor (vascular
endothelial growth factor — VEGF). The results of these studies extend the similarity between
HSA-AR mice and polyQ AR mouse models and suggest a model similar to that proposed for
female-typical development of the SNB system, in which motoneurons retract their axons and
are lost due to deprivation of target-derived growth factors (Johansen et al., 2004;Morris et al.,
2004).

Is this a simple case of non-specific toxicity?

One might ask whether HSA-AR mice tell us anything at all about KD/SBMA. Perhaps HSA-
AR mice exhibit neuromuscular atrophy that results from non-specific toxicity of an
overexpressed protein. Would any protein cause similar problems if sufficiently
overexpressed? This particular possibility is unlikely for several reasons. Firstly, several strains
of Tg mice using the HSA promoter do not have a similar neuromuscular phenotype, notably
including HSA-LacZ mice that we generated. Additionally, the HSA-AR phenotype is
androgen dependent, which indicates that it is mediated by AR function specifically, rather
than non-specific toxicity. Finally, AR mRNA expression in skeletal muscle decreases
following androgen treatment of HSA-AR females, and is lower in unmanipulated males than
females, when pathology is present (Fig. 4E).

Perhaps a more fruitful approach is to ask to what extent HSA-AR mice and polyQ mice share
traits and etiological mechanisms. The extent of overlap in phenotype is already surprising
from the perspective of a strong orthodox model in which a critical number of Q repeats is
necessary for the KD/SBMA disease process. Of course, it is difficult to say what the critical
number of Q repeats is, as vastly greater number of Q repeats (at least 2—3 times greater) are
necessary for pathology in cellular and mouse models of KD/SBMA relative to the human
case. Conversely, in some cellular models of KD/SBMA, no Q repeats at all are necessary for
toxicity or inclusion formation (Stenoien etal., 1999), and AR constructs with WT polyQ repeat
lengths can also form inclusions and/or be toxic (although at lower frequency than polyQ AR)
when overexpressed in cellular models (Ellerby et al., 1999; Stenoien et al., 1999; Thomas et
al., 2004). A similar conclusion has been reached in a Tg model of SCAL, a related polyQ
disease, in which overexpression of WT Ataxin 1 is sufficient for polyQ-like
neurodegeneration (Fernandez-Funez et al., 2000; Tsuda et al., 2005).

There is currently no information available as to whether AR is overexpressed in human cases
of KD/SBMA, although it is unlikely that this possibility has been evaluated. Current genetic
diagnosis of KD/SBMA is based solely on the number of Q repeats contained within exon 1
of the AR gene. Because of similarity in clinical presentation between KD/SBMA and
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amyotrophic sclerosis (ALS), it remains possible that duplications in AR or other mutations
affecting AR expression levels in muscle might be identified in some individuals currently
diagnosed with ALS, for example. Nonetheless, we are not arguing that current diagnostic
criteria for KD/SBMA should be revised, but rather that because overexpression of AR and
polyQ expansion of AR manifest similarly, they may converge on similar pathological
mechanisms, as is observed in other polyQ disorders.

Despite the surprising similarity in clinical presentation, histopathology and gene expression
described above, HSA-AR mice do have several points of contrast with polyQ models, aside
from the obvious difference in number of Q repeats. Notably, HSA-AR mice have significant
perinatal mortality, whereas other polyQ AR mice generally have a later onset of symptoms,
typically exhibiting motor dysfunction in early adulthood (Table 1). Nonetheless, the onset of
motor dysfunction in surviving HSA-AR mice is similar to that in other polyQ AR models. An
additional difference is that HSA-AR mice do not exhibit inclusions in muscle or neural tissues.
It is worth mentioning that both age of onset and the manifestation of inclusions varies
considerably amongst polyQ AR mice (Table 1). In the final analysis, we believe that it is
reasonable to treat HSA-AR mice as a model of KD/SBMA, albeit an unorthodox one. HSA-
AR mice suggest that expression level and number of Q repeats both contribute to, and are
sufficient for, converging pathological processes. We additionally propose that muscle is an
important determinant of pathology in KD/SBMA.

Theories of KD/SBMA etiology

Site of action

Based on clinical and histopathological findings, KD/SBMA has been traditionally thought of
as neurogenic. This explanation of neural pathology resulting from a direct mechanism within
motoneurons is appealing as it is parsimonious. In further support of this idea, polyQ AR is
sufficient to cause pathology in cultured motoneurons (Merry et al., 1998; Palazzolo et al.,
2007), and inclusions are present in motoneurons of KD/SBMA patients (Adachi et al.,
2005) and some polyQ AR Tg mouse models (Adachi et al., 2001; Chevalier-Larsen et al.,
2004; Katsuno et al., 2002; Yu et al., 2006a). Nonetheless, emerging evidence is challenging
this view. For example, polyQ AR is not obviously more prone to form inclusions in
motoneurons than in other cell types, even though this population of cells is considered more
vulnerable to degeneration. Inclusions are prominent in non-neural cells (including scrotal
epithelia of KD/SBMA patients) and are generally widespread throughout the nervous system
of polyQ mice rather than being restricted to motoneurons (Table 1).

Another obstacle to the proposal that neurodegeneration results from cell autonomous actions
of polyQ AR in motoneurons is that neuron specific expression of polyQ AR has thus far been
unsuccessful in producing motoneuron pathology (Abel et al., 2001; Bingham et al., 1995).
Mouse models exhibiting evidence of motoneuron pathology have expressed AR using the AR
promoter (which is expressed in muscle as well as motoneurons), ubiquitous promoters, or in
our model, a muscle specific promoter (Table 1). Itis likely that motor deficits in CNS-specific
polyQ AR may represent neural dysfunction, perhaps via altered electrophysiological
properties of motoneurons or motor nerves (Yu et al., 2006a), rather than frank regression of
motoneurons such as motor axon loss or motoneuron loss. Therefore, the available evidence,
limited though it is, actually suggests that neural degeneration is non-cell autonomous and
originates in skeletal muscle. Supporting this idea, inclusions and muscle pathology precede
motoneuron pathology in the one polyQ AR mouse where this possibility has been assessed
(Yu et al., 2006a). Finally, HSA-AR mice demonstrate that myogenic pathology is sufficient
to reproduce many features of KD/SBMA. Taken together, these results warrant further
investigation into myogenic contributions to KD/SBMA.
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Given that there is evidence implicating muscle contributions to KD/SBMA, how might muscle
dysfunction induce motoneuron degeneration? One salient model is provided by muscle-nerve
interactions in which retrograde factors (e.g. VEGF) produced by muscle provide trophic
support for motoneurons. Reduction in trophic factor delivery to motoneurons because of
myopathy provides a plausible mechanism whereby myogenic neurodegeneration might occur.
Another more complicated scenario might involve a deficit in axonal transport, resulting in
functional denervation, such as that suggested by studies of polyQ AR models (Katsuno et al.,
2006a; Morfini et al., 2006).

Induction of inclusions

Inclusions are reliably associated with pathology in a number of models of KD/SBMA and are
considered a hallmark feature of this and other polyQ diseases. Nonetheless, the role of
inclusions in the etiology of KD/SBMA remains controversial. There is little definitive
evidence to determine whether these inclusions are causal, protective or unrelated to pathology.
In a mouse model of a related polyQ disorder (SCA7), inclusions are actually indicative of
normal functioning of the ubiquitin-proteasome pathway in neurons, and less healthy neurons
are less likely to exhibit inclusions (Bowman et al., 2005), suggesting that inclusions may
represent an adaptive response. Inclusions are additionally immunoreactive for ubiquitin and
ubiquitin-like proteins as well as for steroid hormone receptor cofactors such as SRC1 and
CBP (McCampbell et al., 2000; Stenoien et al., 1999). These observations, along with evidence
of atypical proteolysis of polyQ AR (Merry et al., 1998), has led to a hypothesis in which
activated polyQ AR contributes to inclusions and becomes toxic via aberrant proteolysis of
AR.

Experimentally introducing polyQ peptides with a nuclear localization signal is sufficient to
induce apoptosis in cultured cos-7 and PC12 cells, whereas polyQ peptides restricted to the
cytoplasm are non-toxic to these cells (Yang et al., 2002), suggesting that the polyQ is itself
toxic when localized to the nucleus. In support of this idea, a Tg mouse expressing a polyQ
tract under control of the AR promoter has several features of KD/SBMA, including nuclear
inclusions (Adachi et al., 2001). Furthermore, ligand-induced nuclear translocation (Takeyama
et al., 2002) per se, rather than AR transactivation appear to trigger pathology, since
hydroxyflutamide (OHF), which induces nuclear translocation of AR while inhibiting AR
transactivation, leads to neurodegeneration in cellular and fly models of KD/SBMA. It is
unclear whether this result is generalizable to cell (Darrington et al., 2002) or mouse (Katsuno
etal., 2002) models using full length polyQ AR, in which flutamide does not induce inclusions
and/or pathology.

Whereas polyQ repeats can be sufficient for inclusion formation and toxicity, it is doubtful that
they are necessary for inclusion formation for reasons described above. Nonetheless, in several
cellular models, repeat length is correlated with inclusion formation (Merry et al., 1998;
Stenoien et al., 1999). Inclusions can be quite prominent within cells and in some cases likely
account for a significant proportion of cellular protein. Therefore, it may be reasonable to infer
that the functions normally carried out by protein species sequestered in inclusions may be
compromised or dysregulated. Most hypotheses relating to this have focused on the potential
shortages of transcriptional cofactors and indeed, transcriptional dysregulation is observed in
cellular and mouse models of KD/SBMA (Katsuno et al., 2006a; Lieberman etal., 2002; Sopher
etal., 2004; Yu et al., 2006a).

Transcriptional dysregulation

Several genes have been implicated as potential contributors to KD/SBMA based on
observations of differences in gene expression between polyQ and WT AR. In one such study,
transcriptional profiling of polyQ AR cells has been carried out, with the general conclusion
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that AR65Q has both a loss of normal AR function and a gain of function that is ligand
independent (Lieberman et al., 2002).

It is generally unclear whether these changes in gene expression result from aberrant
interactions of polyQ AR with the transcriptional machinery or whether they represent an
indirect pathological response. In arelated polyQ disorder (SCA1), results from a mouse model
implicate deficiencies of polyQ Ataxinl in the function of multiprotein complexes that Ataxin
normally forms with a transcriptional repressor in the pathology (Bowman et al., 2007; Lam
etal., 2006). These results suggest that polyQ diseases are not solely gain of function mutations,
but that loss of function may also contribute to the pathology.

Another source of indirect evidence speaking to transcriptional dysregulation comes from
studies of compounds which target cofactors. CREB binding protein (CBP) has been a popular
target, as CBP is a histone acetyl-transferase (HAT) cofactor for AR in motoneurons, and is
sequestered in inclusions (McCampbell et al., 2000; Minamiyama et al., 2004; Sopher et al.,
2004). Additionally, dysregulation of at least one candidate gene (VEGF) is mediated via CBP
(Sopher et al., 2004). Sodium butyrate, which broadly inhibits histone deacetylase (HDAC)
activity, also reduces symptomology in polyQ AR mice (Minamiyama et al., 2004).

It appears that disruption of AR-cofactor interactions improves pathology via prevention of a
toxic gain of function rather than by interfering with the normal function of AR. This conclusion
has been reached from two lines of evidence. In the first, an AR-cofactor inhibitor (ASC-J9)
improves atrophic symptoms but preserves fertility (Yang et al., 2007), establishing that these
are dissociable. In the second, Tg polyQ AR mice crossed onto a Tfm background, thereby
eliminating endogenous AR, have worse atrophic symptoms and only partially rescued Tfm
phenotype (Thomas et al., 2006b).

This experiment suggests both that normal AR function can actually ameliorate KD/SBMA
symptoms and that polyQ AR has greatly reduced WT AR function. It is unclear via what
mechanism WT AR function inhibits polyQ AR function in this model. One possibility is that
WT AR may promote beneficial gene expression. A further possibility suggested by studies
of Ataxinl, is that WT AR may provide competitive antagonism of protein-protein interactions
with polyQ AR. One caveat when interpreting the loss of function of polyQ expansion of AR
is that polyQ AR is generally expressed at much lower levels than WT AR when driven by the
same promoter, and so it may be underexpression of AR rather inherent deficiencies in polyQ
AR that explain loss of function in cellular and mouse models (Brooks et al., 1997).

Aberrant interactions of AR with heat shock proteins

AR normally associates with several heat shock proteins (HSP), which are thought to aid in
stability of unliganded AR and to facilitate cellular localization of AR, in part via interactions
with cytoskeletal proteins. These functions are largely intact in polyQ AR models, most of
which show correct nuclear translocation with ligand binding and limited toxicity and
aggregates when unliganded. Nonetheless, the sequestration of HSPs and nuclear cofactors in
inclusions (Stenoien et al., 1999; Walcott and Merry, 2002), suggests dysfunction in cellular
trafficking and/or chaperone functions of HSPs when interacting with polyQ AR.

Experimentally altering HSP function can reduce pathological features in KD/SBMA models,
providing support for a functional role for HSPs in mediating toxicity and inclusions formed
by polyQ AR. For example, overexpression of HSP40 and/or HSP70 reduces inclusions and
cell death in a cellular model (Kobayashi et al., 2000), likely via enhanced protein degradation
via the ubiquitin-proteosome pathway (Bailey et al., 2002). Similarly, HSP105a and HSP90
can reduce inclusions and improve viability in cellular models (Ishihara et al., 2003; Thomas
et al., 2006a). Furthermore, manipulation of HSP function via geldanamycin or related
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compounds improve KD/SBMA features in cellular and mouse models (Katsuno et al., 2005;
Thomas et al., 2006a; Waza et al., 2005). Whereas the mechanism of geldanamycin/17AAG
action is generally thought to occur via HSP40 and HSP70 induction, its protective effect is
maintained even in cells that lack the intermediary HSP induction protein (Thomas et al.,
20064a), suggesting that this compound likely mediates neuroprotection via HSP90 interactions,
rather than induction of HSPs. Ongoing studies are evaluating the efficacy of these compounds
in HSA-AR mice.

Aberrant proteolysis of polyQ AR

Summary

It appears that polyQ tracts are particularly difficult to protealize, potentially because of
transglutaminase activity, in which extensive cross-linking occurs between glutamine and
lysine. These transglutamine reactions appear important for polyQ AR toxicity in cultured cells
and there is evidence of this type of cross-linking in nervous tissue samples of Tg polyQ AR
mice (Mandrusiak et al., 2003). Several studies have proposed that proteolytic fragments
containing the polyQ repeat mediate the pathological functions of polyQ AR. One study has
implicated caspase-3 cleavage of a site in the N-terminal of AR in both the cytotoxic and
inclusion forming aspects of polyQ AR (Ellerby et al., 1999). In a second line of evidence,
aberrant proteolytic fragments have been described for greatly expanded glutamine tracts
(Merry et al., 1998), which may relate to soluble oligomers formed by polyQ AR (Li et al.,
2007). In at least one polyQ AR Tg model, the formation of these microaggregates, which
include the polyQ tract, is androgen dependent and precedes KD/SBMA symptomology. These
soluble aggregates may ultimately resolve the inconsistent relationship between frank
aggregates and pathology which have been observed in mouse models of KD/SBMA, including
HSA-AR mice (Table 1).

Explicit Tg mouse models of KD/SBMA, in which PolyQ AR is expressed either ubiquitously
throughout the organism, specifically in the nervous system, or using the AR promoter, have
generally resulted in a phenotype that is characterized by at least some of the following: sex
limitation (males are affected but females are not), androgen dependence, reduced body weight,
kyphosis, motor dysfunction, loss of motor axons, and muscular atrophy characterized by
histopathological signs (Table 1). These pathological changes typical of KD/SBMA are
generally ascribed to action of the polyQ AR on motoneurons, with muscle effects being a
secondary consequence of denervation.

Nonetheless, all of these features are observed in HSA-AR Tg mice in which WT AR is
overexpressed solely in muscle fibers and not in motoneurons. Because this phenotype runs
contrary to the prevailing view that the symptoms of KD/SBMA result from a primary
motoneuron pathology, we believe that characterizing this model will yield new insights into
the neuromuscular atrophy typical of KD/SBMA as well as into the roles of AR in muscle
fibers.
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Fig. 1.

HSA-AR transgene and male phenotype. A) HSA-AR transgene comprises the human skeletal
actin (HSA) promoter and a WT rat AR cDNA containing 22 glutamine (Q) repeats, coded for
by the sequences indicated. This transgene expresses solely in skeletal muscle fiber lineage
(Monks et al., 2007). B) An adult male HSA-AR Tg mouse from the 141 line. Note the small
size and curvature of the spine (kyphosis) typical of polyQ AR mice. C) Latency to fall when
held suspended from a cage lid (hang time) is significantly shorter for HSA-AR Tg males
relative to WT brothers. The number of muscle fibers (D) from the extensor digitorum longus
(EDL) muscle and motor axons (E) from the 5th lumbar ventral root (L5 axons) is significantly
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reduced in HSA-AR Tg males relative to WT brothers. Graphs represent mean=SEM and *
indicates significantly different from WT as indicated by a t-test with p<0.05.
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Fig. 2.

Androgen dependence of motor dysfunction in HSA-AR Tg mice. Tg males exhibit
impairments in motor tasks such as gait analysis and Hang test, which are somewhat normalized
by castration. A) The HSA-AR male’s paw prints (blue for rear paws and red for front paws)
are shown prior to castration (middle) and following castration (right). A WT brother’s prints
are shown for comparison (left). Stride length, which is related to strength, for each mouse is
indicated. B) Latency to fall when held suspended from a cage lid (hang time) is significantly
shorter for HSA-AR Tg males (open bars) relative to WT brothers (filled bars) prior to
castration (INTACT), but not following castration (CASTRATE). Androgen dependence is
also indicated by androgen administration to HSA-AR Tg females (C, D). In this experiment,
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HSA-AR Tg females (triangles) are compared to WT sisters (circles), all animals are given
either testosterone in a silastic capsule (T — empty symbols) or the vehicle capsule alone (VEH
— closed symbols). Motor dysfunction is only observed in T treated Tg females (TG/T —open
triangles) and begins 3 days following T treatment. Graphs represent mean = SEM and *
indicates significantly different from VEH as indicated by PLSD comparisons with p<0.05.
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Fig. 3.

Androgens but not estrogens induce atrophy in HSA-AR Tg females. Female HSA-AR mice
are asymptomatic unless treated with androgens. Seven days of treatment with silastic capsules
containing testosterone (T), dihydrotestosterone (DHT), but not empty capsule vehicles (VEH),
or capsules containing 17p estradiol (E2), results in inability to hang suspended (top), and a

marked reduction in body weight (bottom). Graphs represent mean £ SEM and * indicates
significantly different from VEH as indicated by a t-test with p<0.05.
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Fig. 4.

Gene expression is dysregulated in HSA-AR Tg mice. Alteration in gene expression in pooled
hindlimb muscles are observed in HSA-AR Tg male mice, including decreased mRNA for
vascular endothelial growth factor isoforms 164 and 188 (VEGF — A), and increased mRNA
for Myogenin (B), acetylcholine receptor a. subunit (AChR — C) and myogenic differentiation
gene (MyoD — D). For A-D, fold change is relative to WT samples after normalizing to
GAPDH expression. E) Pathology in HSA-AR mice is not due to simple toxicity due to
overexpression, because testosterone treatment significantly reduces transgene expression
while inducing pathology. The number of copies of AR mRNA in extensor digitorum longus
muscle of HSA-AR Tg females treated with silastic capsules containing testosterone (T) or an
empty silastic capsule vehicle (VEH) was measured by quantitative PCR normalized to known
amounts of AR cDNA. Graphs represent mean+ SEM and * indicates significantly different
from B as indicated by a t-test with p<0.05.
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Original reference

Construct promoter-
protein (#Q)

Phenotype

Onset

Androgen dependent

Bingham et al. (1995)
La Spada et al. (1998)
Abel et al. (2001)

Chevalier-Larsen et al.
(2004)

Abel et al. (2001)

Adachi et al. (2001)

Katsuno et al. (2002)

McManamny et al. (2002)

Sopher et al. (2004)

Yu et al. (2006a)

Monks et al. (2007)

Mx-AR(45Q)
NSE-AR(45Q)

AR-AR(45Q)

PrP-A AR(112Q)

NFL-A AR(112Q)

AR-239Q

CMV/B-actin-AR(97Q)

CMV-AR(65Q)
CMV-AR(1200)

AR-AR(100Q)

AR(113Q) KI

HAS-AR(22Q)

Very low transgene
expression
No phenotype

No phenotype reported,
repeat instability

CNS but not muscle
inclusions, motor deficits, no
obvious neuropathy or
myopathy, some male
infertility

Some CNS inclusions, motor
deficits, no obvious
neuropathy

CNS inclusions, motor
deficits, no neuropathy loss

CNS, muscle inclusions,
motor deficits motor deficits,
neuropathy; Neurogenic and
myogenic myopathy

Mild atrophy, not fully
characterized

No inclusions, motor deficits,
neuropathy, testis atrophy,
myopathy

CNS inclusions (but not
motoneurons), neuropathy,
myopathy, reduced VEGF

CNS and muscle inclusions,
motor deficits neuropathy,
testicular atrophy, myopathy
transcriptional dysregulation,
electrophysiological
disturbance

No inclusions, motor deficits,
axonopathy myopathy,
transcriptional dysregulation,
VEGF

N/A

N/A

10-12 weeks

34 weeks

10-12 weeks

10-12 weeks

3 weeks

32-48 weeks

Adult

Perinatal/10-12 weeks

N/A

N/A

AAR = Truncated AR, CMV = cytomegalovirus promoter, HSA = human skeletal actin promoter (muscle specific), KI = knock-in of polyQ tract, Mx
=interferon-induced cellular resistance protein, NFL = neurofilament light chain (neuron specific), NSE = Neuron specific enolase, PrP = prion protein

promoter.
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