a potent pathogenic marker of SBMA, the 6MWT
might be used in combination with other biomarkers
in order to determine response to therapeutics.®

In conclusion, our observations suggest that the

6MWT is a reliable biomarker to quantify exercise
capacity in patients with neuromuscular disorders
such as SBMA.
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Prevalence and incidence rates of chronic
inflammatory demyelinating polyneuropathy in the

Japanese population

M lijima," H Koike,' N Hattori,' A Tamakoshi,? M Katsuno,? F Tanaka,' M Yamamoto,'
K Arimura,® G Sobue,' the Refractory Peripheral Neuropathy Study Group of Japan

ABSTRACT

Objective and methods: To characterise the epidemio-
logical features of chronic inflammatory demyelinating
polyneuropathy (CIDP) in the Japanese population, this
study performed a nationwide assessment of the
prevalence and incidence rates in Japan.

Results: The prevalence rate per 100 000 was 1.61 in
the total population; 2.01 in males and 1.23 in females.
The age dependent prevalence rates were 0.23 in
juveniles (<15 years old), 1.50 in young adults (15—

55 years) and 2.31 in elderly adults (>55 years). The sex
and age dependent prevalence rates were 0.22 in males
and 0.24 in females in juveniles, 1.81 in males and 1.19in
females in young adults, and 3.12 in males and 1.64 in
females in elderly adults. The annual incidence rate per
100 000 was 0.48 in the total population, 0.58 in males
and 0.38 in females. The age dependent incidence rate
was 0.06 in juveniles, 0.40 in young adults and 0.73 in
elderly adults. The sex and age dependent incidence rate
was 0.05 in males and 0.08 in females in juveniles, 0.50
in males and 0.30 in females in young adults, and 0.93 in
males and 0.58 in females in elderly adults, Both the
prevalence and incidence rates were very similar
throughout the eight geographical areas studied, from the
northem to the southern parts of Japan,

Conclusions: The prevalence and incidence rates were
similar to those reported in the Caucasian population. The
pathogenic background is suggested to be comman
throughout the different races and geographic areas,
while gender and age effects should be taken into
account in the pathogenesis of CIDP.

Chronic inflammatory demyelinating polyneuro-
pathy (CIDP) is a motor and sensory neuropathy
with an immune mediated inflammatory element.
The clinical course is divergent, taking chronic,
progressive, recurrent and regressive courses; the
clinical symptoms of the motor and sensory
modality and its symptomatic distribution are also
divergent.' * The therapeutic efficacies of intrave-
nous immunoglobulin therapy, plasma exchange
and corticosteroid therapy have been established in
large scale case controlled studies.”* Well recog-
nised diagnostic criteria, a thorough understanding
of the pathophysiology of the disease and bene-
ficial therapeutics have led to the acceptance of
CIDP as a clinical entity.' ** However, the epide-
miology of CIDF has been rarely investigated, and
thus this information is lacking, particularly in
Asian populations.

In this study, the prevalence and incidence
rates of CIDP in the Japanese population were

-99 -

determined, particularly as they relate to geogra-
phical, gender and age related distributions; these
data were also compared with those from
Caucasian populations.

METHODS

Data for a nationwide survey were collected
according to previously described methods.”* As
this study included paediatric and internal medi-
cine clinics as well as neurology clinics, we
collected patients with CIDP who were diagnosed
by the American Academy of Neurology (AAN)
criteria,” Saperstein’s modified criteria’® and the
inflammatory neuropathy cause and treatment
(INCAT) criteria. We reviewed each patient’s data
and ascertained if the patient fulfilled these
diagnostic criteria. Patients with diabetes mellitus
(17.2% of collected patients), hereditary diseases
and obvious paraproteinaemia were excluded from
the study.

As CIDP is a chronic disease and persists in its
symptoms for more than 1 year in most patients,
we computed prevalence and incidence rates for
1 year of data collection.” We First compiled a list
of all of the hospitals in Japan with 20 or more beds
from data reported by the Health, Labor and
Welfare Ministry in Japan. The majority of the
patients with CIDP (almost 95% of the patients in
the preliminary survey in the Aichi prefecture in
Japan) are seen in neurology clinics of general city
hospitals, or the department of neurology or
department of paediatrics of university hospitals
in Japan; all of these hospitals and facilities with
more than 20 beds in the whole of Japan were
included in this survey. A few patients with CIDP
(less than 5% of the patients in the preliminary
survey in the Aichi prefecture in Japan) are seen in
internal medicine or paediatric clinics of the city
hospitals, and thus we selected the hospitals of
internal medicine and paediatrics for data sampling
according to the previously described randomised
selection procedure. In brief: 5% of those hospitals
with 20-99 beds, 10% of those with 100-199 beds,
20% of those with 200-299 beds, 40% of those
with 300-399 beds, 80% of those with 400499
beds and 100% of the hospitals with 500 or more
beds.”* For departments of neurclogy, we selected
all hospitals because we speculated that most
patients with CIDP should be correctly diagnosed
by neurologists. We classified all hospitals into 30
strata depending on the type of clinical department
and the size of the hospital (see supplementary
table 1 online). We sent questionnaires directly to
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Table 1 Prevalence and incidence rates in the total

Japanese population
Male Famale Total
Prevalence rate (/100 000)
Juvenile 0-15 y 0.22 0.24 023
Adults 15+ y 231 1.42 1.83
Young adult 15-55 y 1.81 118 1.50
Elderdy adult 55+ y 312 1.64 A
Total population 20 1.23 1.61
Incidence rate (/100 000)
Juvenile 0-15 y 0.05 0.08 0.08
Adults 15+ y 0.67 043 054
Young adult 15-55 y 050 0.30 0.40
Eldery adult 55+ y 033 0.58 0.73
Total population 058 0.38 0.48

the physicians of the departments of neurology, paediatrics and
internal medicine in these hospitals, and independently to each
hospital, asking each for the number, gender and other clinical
and experimental information of patients who were newly
diagnosed as CIDP (incidence number) or had been already
diagnosed as CIDP and were still receiving treatment (pre-
valence number) over 1 year, from the beginning of September
2004 to the end of August 2005. We also asked how they
diagnosed the patients as having CIDP by referring to the
diagnostic criteria of the AAN research criteria, Saperstein’s
modified criteria, the INCAT criteria and other diagnostic
backgrounds."” ¥ In addition, we obtained information on the
gender and age distribution of the Japanese population in each
prefecture based on the national census (October 2005). We
calculated the number of patients with CIDP in each stratum
and extrapolated the prevalence and incidence figures based on
the response rates to the questionnaire and the population
statistics. To calculate the geographical distribution, we
arranged 47 prefectures into eight areas from the north to the
south of Japan and assessed the prevalence and incidence rates
based on the population in each area.

This study was performed as a project study in the Refractory
Peripheral Neuropathy Research Study Group, under the
auspices of the Ministry of Health, Labor and Welfare of
Japan. The study design was agreed upon and approved by the

Figure 1 Geographic distribution of
prevalence and incidence rates
throughout Japan. There were no
statistical preponderances in the
geographical distributions of either the
prevalence or incidence rates,

prevalence rate
in Japan (/100 000)

Average (SD) 1.73 (0.59)
95% Cl

Geographical distribution of

Ethics Committee of Nagoya University Graduate School of
Medicine.

RESULTS

The study received 1561 responses to the questionnaire out of
2827 surveyed facilities, for a total net recovery rate of 55.2%;
51.8% of the neurology clinics, 41.8% of the clinics of internal
medicine and 70.1% of the paediatric clinics (see supplementary
table 1 online). From September 2004 to August 2005, 742 men
and 480 women were diagnosed with CIDP in the 1561 medical
facilities out of the total of 2827 randomly selected surveyed
hospitals in Japan having more than 20 beds. Based on these
data, and the response rates from each stratum of the facilities,
we obtained a prevalence number of 2433 patients (1495 men
and 938 women) (see supplementary table 2 online). The CIDP
prevalence rate per 100 000 of the Japanese population was 1.61
in the total population, 2.01 in the male population and 1.23 in
the female population (table 1). The age dependent prevalence
rate was 0.23 in juveniles, 1.50 in young adults and 2.31 in
elderly adults. The sex dependent prevalence rate in each age
group was 0.22 in males and 0.24 in females in juveniles, 1.81 in
males and 1.19 in females in young adults, and 3.12 in males and
1.64 in females in elderly adults. The number of newly
diagnosed patients with CIDP during the year from
September 2004 to August 2005 was 601 (354 men and 247
women) (see supplementary table 3 online). The annual
incidence rate per 100 000 was 0.48 in the total population,
0.58 in males and 0.38 in females. The age dependent annual
incidence rate was 0.06 in juveniles, 0.40 in young adults and
0.73 in elderly adults. The sex dependent incidence rate in each
group was 0.05 in males and 0.08 in females in juveniles, 0.50 in
males and 0.30 in females in young adults, and 0.93 in males and
0.58 in females in elderly adults (table 1).

Additionally, there was no difference in the prevalence or the
incidence rates in the total population in eight geographical
areas (Hokkaido, Tohoku, Kanto, Koshin-etsu, Tokai, Kinki,
Chugoku-Shikoku and Kyushu-Okinawa) in Japan (fig 1),

DISCUSSION
The higher prevalence and incidence rates in males compared
with females, and the increasing rates with aging were the

Geographical distribution of
incidence rate
in Japan (/100 000}

Average (SD) 0.52 (0.21)
95% ClI

f |O<15

W2s=

[ 1.5 = prevalence rate < 2.5

v |[<o05
[[] 0.5=incidence rate <0.75
Mo7s=
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Table 2 Comparison of the prevalence and incidence rates among Caucasian and Japanese populations

Prevalence rate (100 000 Incidence rate (/100 000}
Report Location Population Total Adult Juvenile Total Adult  Juvenile
Lunn™ (1994-1985)  England (UK) 14049000 0.46-1.24 NA* NA* NA NA NA
Mcleod™ (1996) New South Wales 5985000 1.87 NA 0.481 NA NA NA
(Australia)
Newcastle 448000 NA NA NA 0.15 NA NA
|Australia)
Chio™ {2001) Piemonte and Valle 4 334 225 3,58 NA* NA® 036 NA NA
d'Aosta (ltaly)
lijima {2004-2005)  Whole areas of 127655000 1.6 1.83 0.23% 048 054 0.063
Japan (Japan)

*Although the exact dats wers not reported, the age dependent increase in the prevalence rate was discussed in each report.

tJuvenile population is designated as those under 20 yaars.
$Juvenile populstion is designated as those under 15 years,
NA, not available.

major observations of the Japanese epidemiology of CIDP, as
was the lack of a specific geographical distribution. As CIDPisa
chronic disease generally lasting more than 1 year, our results
on observations over 1year are expected to represent the
transverse epidemiology in the Japanese population.

A few well designed epidemiological studies have been
reported from the UK, Australia and the north of Italy in
Caucasian populations.'"* The most striking finding was that
our data in the Japanese population were similar to those
reported in these Caucasian populations (table 2). Compared
with the UK-Australian data, we found epidemiological
similarity in the total prevalence and incidence rates, male
predominance over females, and the higher prevalence and
incidence rates in the adult population compared with the
juvenile population, although the ages categorising their
juvenile populations were different to ours. The prevalence rate
in northern Italy was slightly higher than ours (table 2), while
the increasing prevalence and incidence rates in their elderly
populations were similar to ours. The prevalence and incidence
rates in our study may be somewhat underestimated as we
excluded patients with diabetes mellitus or paraproteinaemia;
these data were also collected in a hospital based manner,
excluding those under home care or under private office follow-
up not attending hospital during the survey period. Another
source of bias is that we would have missed patients who were
diagnosed before the survey, but who did not attend hospital
during the survey period, which may have occurred because
their disease was too mild, or patients were too ill or did not see
any point in attending because their treatment was not helping.

In addition, our results clearly demonstrate that there is no
significant preponderance in the geographical distribution from
the north to the south of Japan for the epidemiology of CIDP.
These results suggest that CIDP is similar in its epidemiological
background in different races and different geographical
environments, indicating that the pathogenesis of CIDP could
be common worldwide, and independent of genetic and
geographical environmental influences, although further studies
are needed to confirm this.

Another interesting observation was the gender related
difference in the prevalence and incidence rates. In the adult
population, prevalence and incidence rates were significantly
higher in males; the male to female ratiowas 1.63to 1 (1.52to 1
in young adults and 1.90 to 1 in elderly adults) for the
prevalence rate and 1.56 to 1 (1.67 to 1 in young adults and 1.60
to 1 in elderly adults) for the incidence rate. Whereas in the
juvenile population a significant preponderance was observed in

girls, the male to female ratio was 0.92 to 1 for the prevalence
rate and 0.63 to 1 for the incidence rate. At present we do not
understand the background mechanism underlying this gender
related difference, particularly its reversed ratio among the adult
and juvenile populations.” " However, the gender and age
related differences in the epidemiological indices were remark-
able, especially given their reversal during puberty, suggesting
that the effects of gender could be significant in the pathogen-
esis of CIDP.
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Abstract: Polyglutamine diseases are hereditary neurodegenerative disorders caused by an abnormal expan-
sion of a trinucleotide CAG repeat, which encodes a polyglutamine tract. To date, nine polyglutamine diseases
are known: Huntington's disease (HD), spinal and bulbar muscular atrophy (SBMA), dentatorubral-
pallidoluysian atrophy (DRPLA) and six forms of spinocerebellar ataxia (SCA). The diseases are inherited in an
autosomal dominant fashion except for SBMA, which shows an X-linked pattem of inheritance. Although the
causative gene varies with each disorder, polyglutamine diseases share salient genetic features as well as mo-
lecular pathogenesis. CAG repeat size correlates well with the age of onset in each disease, shows both so-
matic and germiine instability, and has a strong tendency to further expand in successive generations. Aggre-
gation of the mutant protein followed by the disruption of cellular functions, such as transcription and axonal
transport, has been implicated in the etiology of neurodegeneration in polyglutamine diseases. Although animal
studies have provided promising therapeutic strategies for polyglutamine diseases, it remains difficult to trans-
late these disease-modifying therapies to the clinic. To optimize “proof of concept”, the process for testing can-
didate therapies in humans, it is of importance to identify biomarkers which can be used as surrogate end-

points in clinical trials for polyglutamine diseases.

Keywords: Polyglutamine, Huntington's disease, spinal and bulbar muscular atrophy, spinocerebellar ataxia, den-
tatorubral-pallidoluysian atrophy, biomarker, surrogate endpoint.

INTRODUCTION

Neurodegenerative diseases are a group of devas-
tating disorders which enfeeble movement and/or cog-
nitive functions by affecting a certain population of neu-
rons within the central nervous system. The complexity
in the pathogenesis of neurodegeneration in these di-
sorders has resulted in few available and effective the-
rapies. Although the disease entities were mostly des-
cribed in the late nineteenth century, it was recent ad-
vances in molecular biology that identified the causati-
ve gene mutations in familial cases and thereby drama-
tically expanded the understanding of the pathogenesis
of neurodegenerative disorders such as Alzheimer's
disease, Parkinson's disease and polyglutamine disea-
ses. Continual efforts to understand the disease me-
chanisms have identified the accumulation of intracellu-
lar and extracellular proteins as the molecular basis for
various neurodegenerative diseases. Moreover, the
creation of animal models that recapitulate human pat-
hology has been driving the translation of biological
insights into disease-modifying therapies which inhibit
the core events of the pathogenesis in neurodegenera-
tion. These therapeutic approaches, however, are now
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challenged by drawbacks in clinical trials for neurode-
generative diseases: limited pools of potential partici-
pants, insensitive outcome measures and the slow
progression of disease. To circumvent these obstacles,
it is desirable to identify biomarkers with which to moni-
tor disease progression and responses to therapies. In
this review, several attempts to identify biomarkers for
polyglutamine diseases and hereditary neurodegenera-
tive disorders caused by unique gene mutations will be
discussed.

CLINICAL AND GENETICAL FEATURES OF
POLYGLUTAMINE DISEASE

Epidemiology

To date, nine polyglutamine diseases are known:
Huntington's disease (HD), spinal and bulbar muscular
atrophy (SBMA); dentatorubral-pallidoluysian atrophy
(DRPLA) and six forms of spinocerebellar ataxia (Table
(1)). The best characterized polyglutamine disease is
HD, which affects 5-7 individuals out of 100,000 in wes-
tern countries. Although HD is unusually common in
certain areas including Tasmania and the villages
around Lake Maracaibo in Venezuela, the prevalence
of this disease is not more than 1 per 100,000 in Asia
[1]. SBMA, also known as Kennedy's disease, exclusi-
vely affects males with a prevalence of 1-2 per 100,000
in the total population [2]. The prevalence of DRPLA is
high in the Japanese population, 0.2-0.7 in 100,000,
but patients have also been identified in other popula-
tions including Europe and North America [3]. Haw Ri-
ver syndrome, an autosomal dominant disorder found

© 2008 Bentham Sclence Publishers Ltd.
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Table 1. Classification of Polyglutamine Diseases
Causative Gene
Disease Major Clinical Features Affected Regions Protein (Locus)
Huntington's disease Chorea, cognitive deficits, ) —_— IT15
(HD) psychiatric disturbances Striatum, cerebral cortex Huntingtin (4p16.3)
Spinal and bulbar muscular
atrophy Weakness, muscular atrophy, Spinal cord, brainstem Androgen AR
(SBMA, Kennedy disease) bulbar palsy receptor (Xq13-q12)
Spinocerebellar ataxia type Ataxia, bulbar palsy, pyramidal SCAT =il
1 signs, Cerebellum, brainstem Ataxin 1
(SCAT) muscular atrophy (6p23)
Spinocerebellar ataxia type "
Ataxia, slow eye movement, ; SCA2
(SCZAZ) neuropathy Cerebellum, brainstem Ataxin 2 (12924.1)
Spinocerebellar ataxia type i
3 Ataxia, bulging eye, parkinsonism, Ebe) L ast g, P SCAIMID
(SCA3, Machado-Joseph spasticity, fasciculations sulnalcind (14q32.1)
disease) L
Spinocerebellar ataxia type “;': '"ﬁiﬂ?’ CACNATA
6 Ataxia Cerebellum k:.pe " o013
o C;}‘;f:bcu:::" LR
Spinocerebellar ataxia type :
7 Alaxia, retinal degeneration Cerebellum, "7""3& Brainstan, Ataxin 7 2 5‘12‘4713
(SCAT) visual cortex (3p12-p13)
Spinocerebellar alaxia YPe |  ataxia, cognitive deficis, dystonis, et S TATA box bin- TBP
(SCA1T) parkinsonism ? ding protein (6q27)
Dentatorubral- - i Cerebellum, cerebral cortex, globus
pallidoluysian atrophy OB il Al e o O paliidus, Atrophin 1 ( 1‘;”1”3‘-‘;”
(DRPLA) » cog red nuclel, subthalamic nuclel RS

in African American families in North Carolina, is gene-
tically identical to DRPLA [4,5]. The prevalence of po-
lyglutamine-associated SCAs, among which SCA3 is
the most common, has been estimated to be not more
than 3-5 per 100,000.

Symptoms

In general, symptoms of polyglutamine diseases ty-
pically appear in mid-life and progressively deteriorate
before death from fatal complications. Clinical features
vary for each disorder, corresponding to the pathologi-
cal distribution of neurodegeneration.

Individuals with HD can become symptomatic at any
time between the ages of one and 80 years, with the
mean at 35 to 44 years. HD is characterized by move-
ment disorder, early cognitive signs and psychiatric
disturbances. Chorea is the most common motor symp-
tom in adult HD cases, whereas parkinsonism may be
predominant in juvenile-onset patients. Cognitive dys-
function in HD impairs attention, execution and memo-
ry, and shows a stepwise progression over time. De-
pression and suicidal ideation are also frequent in HD
patients. Another clinical finding in HD is motor imper-
sistence, the inability to sustain a voluntary muscle
contraction such as tongue protrusion. After progressi-
ve deterioration for 10-20 years, HD patients die from

complications of falls, inanition, dysphagia or aspira-
tion.

Major symptoms of SBMA are weakness, atrophy
and fasciculations of bulbar, facial and limb muscles
[6]. Patients with SBMA occasionally demonstrate
signs of androgen insensitivity such as gynecomastia,
testicular atrophy, impaired erection and decreased
fertility, some of which are detected before the onset of
motor impairment. Female carriers are usually asymp-
tomatic, but some express subclinical phenotypes in-
cluding high amplitude motor unit potentials on elec-
tromyography. The progression of SBMA is usually
slow, but life-threatening respiratory tract infection often
occurs in the advanced stages of the disease, resulting
in early death in some patients. The cardinal cause of
death is aspiration pneumonia [7].

Symptoms of DRPLA include progressive ataxia,
epilepsy, myoclonus, choreoathetosis and intellectual
decline, a variable combination of which is observed in
each patient. Progressive myoclonic epilepsy characte-
rized by myoclonus, seizures, ataxia and progressive
intellectual deterioration is predominant in early-onset
cases, most of whom inherit their disease alleles from
their affected fathers. In contrast, choreoathetosis and
cerebellar ataxia are major symptoms in late-onset pa-
tients of DRPLA [8]. Some patients with DRPLA may
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also exhibit psychosis in addition to extrapyramidal and
cerebellar symptoms. The age of onset is from 1 to 62
years with the mean at 30 years.

The main symptoms of SCAs are cerebellar ataxia
and dysarthria, although additional signs might also be
observed. SCA1 patients may present with pyramidal
signs, muscular atrophy and peripheral neuropathy,
whereas SCAZ2 is characterized by slow eye movement
and hypo- or areflexia. Bulging eye, parkinsonism,
spasticity and facial and lingual fasciculations might
suggest SCA3. SCAG is typified by pure cerebellar dys-
function such as ataxia, dysarthria and nystagmus,
whereas visual impairment due to retinal degeneration
is often observed together with ataxia in SCA7 patients
[9]. Cognitive decline, dystonia and parkinsonism cha-
racterize the clinical presentation of SCA17 [10]. Alt-
hough symptomatology may help distinguish each
SCA, clinical diagnosis is hampered by variability in
neurological phenotypes. Gene analysis is thus indis-
pensable for the diagnosis of polyglutamine-induced
SCAs.

Genetics

Polyglutamine diseases are hereditary neurodege-
nerative disorders caused by an abnormal expansion of
a trinucleotide CAG repeat, which encodes a polyglu-
tamine tract [11]. The CAG repeat length in the causa-
tive genes shows virtually no overlap between unaffec-
ted individuals and the patients with polyglutamine di-
seases. The diseases are inherited in an autosomal
dominant fashion except for SBMA, which occurs only
in males because of testosterone-dependency in the
pathogenesis of the disease [12]. The pathogenic
threshold for the disease is approximately 35-40 CAGs
in all polyglutamine-mediated disorders except for
SCAB, in which disease develops when the expansion
exceeds 21 CAGs.

Although causative gene products are unrelated
outside of the polyglutamine stretch, these disorders
share salient genetic features. For example, CAG re-
peat size correlates well with the age of onset in each
disease: patients with a longer CAG repeat tend to de-
monstrate an earlier onset of symptoms. The size of
the CAG repeat, at least partially, accounts for the dif-
ferences between the clinical features of early-onset
juvenile cases and those in late-onset adult patients.
Besides, CAG repeats show both somatic and germline
instability, and have a strong tendency to further ex-
pand in successive generations, leading to the pheno-
menon of anticipation, in which subsequent genera-
tions have an earlier onset and more severe symp-
toms. The strong correlation between CAG repeat size
and the age of onset is the basis for the estimation of
disease onset in preclinical mutation carriers of HD
[13].

Histopathology

In each polyglutamine disease, there is loss of a
specific subset of neurons despite the widespread ex-
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pression of the causative gene products throughout the
central nervous system (Table (1)). Regional degenera-
tion may result in the atrophy of neuronal tissues which
is visible in computed tomography (CT) or magnetic
resonance imaging (MRI) scans. For example, HD is
characterized by the atrophy of the caudate and puta-
men together with an enlargement of the frontal horns
of the lateral ventricles. Brain-imaging sc Bates ns de-
monstrate cerebellar atrophy with or without the loss of
pontine volume in most SCA cases and often reveal
cerebral and cerebellar atrophy in DRPLA patients. The
abnormal polyglutamine proteins are also expressed
outside the nervous system, leading to non-neuronal
pathology, such as diabetes mellitus, in some polyglu-
tamine diseases [14,15].

Although the population of vulnerable cells varies
for the diseases, the abnormal polyglutamine protein
forms inclusion bodies in affected neurons, which is a
unifying histopathological hallmark of polyglutamine
diseases [16]. These neuronal inclusion bodies are
often detected in the nucleus, although they may be
formed within the cytoplasm or neurites. The deposition
of inclusion bodies is not only found in the postmortem
neural tissues from patients, but has also been repor-
ted in animal models of polyglutamine diseases. The
abnormal polyglutamine proteins in the inclusion bodies
are often truncated, indicating that proteclytic cleavage
appears to enhance the toxicity of the causative gene
products [17]. Many components of the ubiquitin-
proteasome pathway and molecular chaperones co-
localize with inclusion bodies, implying that a failure of
cellular defense mechanisms underlies neurodegene-
ration in polyglutamine diseases. Although the forma-
tion of neuronal inclusion bodies is a disease-specific
histopathological finding, its role in the pathogenesis of
disease has been heavily debated. Several studies
have suggested that polyglutamine inclusion bodies
may indicate a cellular response coping with the toxicity
of abnormal polyglutamine proteins [18]. Instead, in
SBMA and DRPLA, the diffuse nuclear accumulation of
the abnormal polyglutamine proteins has been conside-
red to be essential for inducing neurodegeneration (Fig
(1)) [19,20].

MOLECULAR PATHOGENESIS AND THERA-
PEUTIC DEVELOPMENT

Pathogenesis

The expanded polyglutamine tract in the causative
gene product has been implicated in the pathogenesis
of polyglutamine diseases in two different, but not mu-
tually exclusive, ways: 1) loss of normal function of the
protein induces neuronal degeneration; and 2) the cau-
sative protein acquires toxic properties that damages
neurons. Although the expansion of the polyglutamine
tract may suppress the normal function of the protein,
the removal of the causative protein genetically or by
other means fails to result in disease in either humans
or animal models. Therefore, the main cause of neuro-
degeneration in polyglutamine diseases appears to be
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Fig. (1). Accumulation of abnormal proteins in polyglutamine diseases. Immunohistochemistry of autopsy specimens from pa-
tients using an anti-polyglutamine antibody (1C2). A. Cerebral cortex, HD; B. Putamen, HD: C. Dentate nucleus, DRPLA, D,
globus pallidus, DRPLA; E. Anterior horn of spinal cord, SBMA; F. Pons, SBMA. Scale bar = 100 um.

a gain of toxic function of the causative protein contai-
ning the expanded polyglutamine tract.

Accumulation of abnormal proteins has been consi-
dered to be central to the pathogenesis of neurodege-
nerative diseases such as Alzheimer's disease, Parkin-

son's disease, amyotrophic lateral sclerosis (ALS) and
prion disease [21]. It is now widely accepted that the
accumulation of causative proteins in neurons is an
important event in the pathogenesis of polyglutamine
diseases. Proteins with expanded polyglutamine seg-

- 106 -



Molecular Genetics and Biomarkers of Polyglutamine Diseases

ments have an altered conformation, resulting in ag-
gregation of the proteins. These polyglutamine aggre-
gates are formed in neurons, when the production of
causative proteins overwhelms the cellular protective
capacity, such as the ubiquitin-proteasome system and
molecular chaperones. The propensity to aggregate of
aberrant proteins is dependent on the polyglutamine
stretch length, The protein accumulation probably un-
derlies some clinical features of polyglutamine disea-
ses, such as the late onset of symptoms, progressive
disease course and the dependence of onset age on
polyglutamine length [22]. Several experimental obser-
vations indicate that the formation of toxic oligomers, or
intermediates, of abnormal polyglutamine-containing
proteins instigates a series of cellular events which
lead to neurodegeneration [23]. Although the aggrega-
ted polyglutamine proteins also form inclusion bodies,
these amyloid-like fibrils might be less toxic than oligo-
mers. On the other hand, recent studies have sugges-
ted that soluble B-sheet monomers of abnormal poly-
glutamine protein appear to be toxic [24].

Disruption of the transcriptional machinery has also
been hypothesized to underlie the pathogenesis of po-
lyglutamine diseases [25]. Transcriptional co-activators
such as CREB-binding protein (CBP) are sequestrated
into the polyglutamine-containing inclusion bodies
through protein-protein interactions in mouse models
and in patients with polyglutamine diseases [26]. Alter-
natively, the interaction between transcriptional co-
activators and soluble pathogenic proteins has also
been demanstrated in animal models of polyglutamine
diseases as well as in postmortem tissues of patients
[27]. CBP functions as a histone acetyltransferase
(HAT), regulating gene transcription and chromatin
structure, It has been indicated that the HAT activity of
CBP is suppressed in cellular models of polyglutamine
diseases.

Several lines of evidence suggest that oxidative
stress and mitochondrial dysfunction are implicated in
the pathogenesis of polyglutamine diseases. Mitochon-
drial defects have been shown in the brains of HD mice
as well as in lymphoblasts from HD patients [28]. Im-
paired activities of oxidative phosphorylation enzymes
have also been observed in the postmortem HD stria-
tum [29]. The levels of deletions in mitochondrial DNA,
another indicator of oxidative stress, are increased in
the cerebral cortex of HD patients [30], Oxidative da-
mage may also result from transcriptional dysregulation
of peroxisome proliferators-activated receptor-y coacti-
vator 1o, which regulates the expression of various
mitochondrial proteins [31].

Apoptotic pathway has also been proposed to play
an important role in the pathogenesis of polyglutamine
diseases. A number of cell-based studies have shown
that the expression of abnormal polyglutamine protein
activates apoptotic pathway and induces apoptosis.
Pro-apoptotic caspases, such as caspase-1 and -8, are
activated in the brain of HD patients, and both genetic
and pharmacological inhibition of caspase slows disea-
se progression in a mouse model of HD [32,33]. Cal-
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pain, another mediator of apoptosis, has also been
shown to be activated in HD brain [34]. Furthermore, it
should be noted that caspases and calpain enhance
the toxicity of aberrant proteins through protein cleava-
ge

Abnormal polyglutamine proteins have also been
shown to inhibit anterograde and/or retrograde axonal
transport, suggesting that disrupted axonal transport
appears to underlie the pathogenesis of HD and
SBMA. [35,36]. Alternatively, it has been demonstrated
that polyglutamine-dependent transcriptional dysregu-
lation of dynactin 1, an axon motor regulating retrogra-
de transport protein, plays a crucial role in the reversi-
ble neuronal dysfunction observed in the early stages
of SBMA [37]. The pathogenic androgen receptor (AR)
containing expanded polyglutamine, the causative pro-
tein of SBMA, has also been demonstrated to activate
¢-Jun N-terminal kinase (JNK), leading to an inhibition
of kinesin-1 microtubule-binding activity and the even-
tual disruption of anterograde axonal transport [38].

In mouse models of polyglutamine diseases, it has
been postulated that neuronal dysfunction, without cell
loss, is sufficient to cause neurological symptoms [39].
These observations indicate that the pathogenesis of
polyglutamine diseases is potentially reversible at early
stages (Fig. (2)). Indeed, arrest of gene expression af-
ter the onset of symptoms reverses the behavioral and
neuropathological abnormalities in conditional mouse
models of polyglutamine diseases [40,41]. This hypot-
hesis is also supported by the fact that the neuronal
cell death is often undetectable in mildly affected HD
patients despite the presence of definite clinical featu-
res [42].

Therapeutic Strategies

There is no disease-modifying therapy which has
been proven to be effective in clinical trials, although
some drugs have been used for symptom relief, such
as tetrabenezine or neuroleptics for chorea in HD. Po-
tential therapeutics, however, have emerged from basic
research using animal models of polyglutamine disea-
ses.

Because the accumulation of aberrant proteins is an
important target of therapeutics in polyglutamine disea-
ses, several efforts have been made to inhibit aggrega-
te formation in cellular and animal models. High-
throughput screening systems have been employed in
an attempt to identify compounds which inhibit the ac-
cumulation of abnormal polyglutamine proteins [43].
Oral administration of trehalose, the most effective di-
saccharide identified in an in vitro aggregate formation
assay, suppressed polyglutamine accumulation in the
brain, improved motor dysfunction and extended life
span in a transgenic mouse model of HD [44] In
SBMA, anti-polyglutamine therapies have been deve-
loped taking advantage of the fact that the accumula-
tion of the pathogenic AR proteins is dependent on the
circulating level of testosterone [45,46]. It should be
noted that surgical castration reverses motor dysfunc-
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Fig. (2). Pathogenesis of polyglutamine diseases and the role of biomarkers. Accumulation of causative proteins, the culprit of
neurodegeneration, triggers several downstream events in the pathogenesis of polyglutamine diseases: dysregulation of trans-
cription, mitochondrial dysfunction and disruption of axonal transport. These events result in neuronal dysfunction, which has
been considered to be partially reversible in the early stages of the disease. Biomarkers might be used for the selection of pa-
tients who are likely to benefit from interventions, and for the monitoring of responses to the preventive, disease-modifying and

symptomatic therapies.

tion in mouse models of SBMA [47]. The luteinizing
hormone-releasing hormone analogue, leuprorelin,
prevents nuclear translocation of aberrant AR proteins,
resulting in a significant improvement of disease phe-
notype in a mouse model of SBMA [48].

Activation of the cellular defense machinery is anot-
her promising therapeutic approach for polyglutamine
diseases. Over-expression of heat shock proteins
(HSPs), stress-inducible molecular chaperones, inhibits
toxic accumulation of abnormal polyglutamine protein
and suppresses neurodegeneration in a variety of ce-
llular and animal models of polyglutamine diseases [49-
52]. Similar beneficial effects have also been achieved
by the pharmacological induction of HSPs [53,54]. On
the other hand, inhibition of Hsp90 has been demons-
trated to arrest neurodegeneration by activating the
ubiquitin-proteasome system in polyglutamine disea-
ses. Treatment with 17-allylamino geldanamycin (17-
AAG), a potent Hsp90 inhibitor, dissociated p23 from
the Hsp90-AR complex, and thus facilitated proteaso-
mal degradation of the pathogenic AR in cellular and
mouse models of SBMA [55,56]. Autophagy has also
been attracting attention as another clearance mecha-
nism of abnormal polyglutamine proteins. Rapamycin,
an inducer of autophagy, improved behavioral abnor-

malities and decreased aggregate formation in a mou-
se model of HD [57].

Transcriptional dysregulation is another target for
therapeutic intervention. Because suppression of histo-
ne deacetylase (HDAC) activities resulis in an augmen-
tation of histone acetylation and a subsequent restora-
tion of gene transcription, HDAC inhibitors have been
considered to be of therapeutic benefit in polyglutamine
diseases [27]. Butyrate was the first HDAC inhibitor to
be discovered and the related compound, phenylbuty-
rate, has been successfully employed in experimental
cancer therapy. Oral administration of sodium butyrate
ameliorates the symptomatic and histopathological
phenotypes of a mouse model of SBMA through upre-
gulation of histone acetylation in nervous tissues [58].
This compound has also been shown to alleviate neu-
rodegeneration in a mouse model of DRPLA [59]. In
mouse models of HD, the administration of HDAC in-
hibitors: sodium butyrate; suberoylanilide hydroxamic
acid and phenylbutyrate; has been shown to alleviate
polyglutamine toxicity and improve neuronal dysfunc-
tion [60-62].

Other potential therapeutic compounds for polyglu-
tamine diseases include: antioxidant agents (e.g. crea-
tinine, coenzyme Q10, remacemide and lipoic acid);
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caspase inhibitors (e.g. minocycline); transglutaminase
inhibitors (e.g. cysteamine); anti-apoptotic agents (e.g
tauroursodeoxycholic acid), excitotoxicity blockers (e.g
amantadine and memantine) and lithium [63]. In addi-
tion to pharmacological approaches, RNA interference,
peptide inhibitors, cell transplantation and trophic factor
supplementation are all potential therapeutic strategies,
if safety and delivery problems are solved.

BIOMARKERS FOR POLYGLUTAMINE DISEASE

The Need for Polyglutamine
Diseases

Biomarkers of

A biomarker is defined as "a characteristic that is
objectively measured and evaluated as an indicator of
normal biologic processes, pathogenic processes or
pharmacologic responses to a therapeutic intervention”
[64]. Biomarkers are thus very important tools to distin-
guish presymptomatic or mildly affected patients from
unaffected individuals, to monitor disease progression
and to determine the efficacy of therapeutics in clinical
trials. The use of biomarkers effectuates several steps
in therapeutic research: the selection of lead com-
pounds for confirmative clinical trials; the designing of
interventional studies; understanding the pharmacolo-
gical profiles of candidate compounds; distinction of
individuals who are likely to benefit from therapies and
those who are susceptible to adverse effects (Fig. (2)).
Some biomarkers may also be employed as surrogate

Clinical measurements
Congnitive test
Saccade velocity

Blood

Oxidative stress markers
Gene expression profile
Metabolite profile
Proteomics

Current Molecular Medicine, 2008, Vol. 8, No.3 227

endpoints, the parameters intended to substitute clini-
cal endpoints in interventional trials. Not only do these
markers serve to accelerate the development of thera-
pies, but also build a bridge from the animal models to
the human disease by identifying common molecular
events shared by animals and patients.

The disease progression of neurodegenerative di-
sorders including polyglutamine diseases is fairly slow
and highly variable, hampering the sensitive detection
of therapeutic effects in clinical trials. For example, the
Total Functional Capacity Scale (TFC), a 14-unit (range
0-13) functional scale for HD, declined 0.72 units per
year in a large cohort study, suggesting that more than
700 patients would be needed to conduct a 2-year cli-
nical trial [65]. Clinical scales such as TFC are also
subject to some degree of inter- and intra-rater variabi-
lity. Because the number of patients in each polygluta-
mine disease is small, trials targeting clinical endpoints
would also require long observation periods, which
might diminish the motivation of participants. The use
of biomarkers may reduce sample sizes and shorten
trial duration and thus is expected to facilitate "proof of
concept’, the process for testing candidate therapies in
exploratory clinical studies, for polyglutamine diseases.
In addition, biomarker measurement has been demaons-
trated to track disease progression in at-risk mutation
carriers of HD showing no definitive clinical phenotypes
[13].

Neuroimaging
MRI
SPECT
PET
fMRI
MRS
Diffusion-weighted MRI

CSF

Proteomics

Skin
Histopathology

Muscle
Gene expression profile

Fig. (3). Potential biomarkers for polyglutamine diseases. Animal and clinical studies have provided candidate biomarkers for
polyglutamine diseases, including: neuroimaging; biofluid analysis; clinical measurement; gene expression profiles, proteomics,

metabonomic analysis and histopathology; some of which have been tested in preliminary clinical trials.
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Theoretically, biomarkers for neurodegenerative di-
seases should detect disease-specific neuropathology,
non-specific neurodegenerative processes or biological
events downstream of neuronal dysfunction. Ideal bio-
markers are replicable, non-invasive, reliable, precise
and inexpensive variables which are easy to measure.
Currently studied biomarkers for polyglutamine disea-
ses include: parameters of neurcimaging; biofluid ana-
lysis, physical assessment, gene expression profiles;
proteomics, metabonomic analysis and histopathology,
some of which have been investigated in preliminary
clinical trials (Fig. (3)) [66].

Neuroimaging Markers

Because regional brain atrophy is a fundamental
neuropathological finding in HD and SCAs, neuroima-
ging parameters have been the most popular biomar-
kers for polyglutamine diseases. In addition to assess-
ment of brain structures, imaging techniques also pro-
vide important information on function, metabolites or
perfusion. Recent advances in molecular imaging
would enable the detection of causative protein accu-
mulation and disease-specific molecular pathogenesis
[67.68].

1. Structural Neuroimaging

Structural imaging studies using CT or MRI have
delineated the correlation between brain morphology
and cognitive functions in HD patients. Several neuro-
radiological studies have shown that the earliest chan-
ges in HD appear in the striatum (caudate, putamen
and globus pallidus), the degree of which has been
intensively studied in quantitative studies using MRI.
The caudate volumes have been reported to correlate
with the Mini Mental State Examination (MMSE) and
with performances on neurophysiological tests [69,70].
The volumes of the caudate and putamen are signifi-
cantly decreased in preclinical HD carriers who are far
from their estimated age of disease onset as calculated
from CAG size, and the rate of caudate atrophy beco-
mes significant approximately 11 years from the esti-
mated age of onset [71]. In addition, more generalized
brain atrophy has also been detected with MRI, sug-
gesting that the rate of whole brain atrophy is also a
potential biomarker [72,73]. Recently, computational
neuroanatomic techniques have been applied to neu-
roimaging of HD. Voxel-based morphometry (VBM), a
fully automated method that detects regional structural
changes on a voxel-wise basis, delineates reduction in
gray matter volume in the striatum of presymptomatic
HD carriers [74]. Tensor-based morphometry, another
automated technique, also demonstrates progressive
regional gray matter atrophy within the striatum of pre-
clinical at-risk HD carriers [75].

Regional atrophy has also been reported in polyglu-
tamine-mediated SCAs. MRI volumetry using manual
segmentation has also detected a significant atrophy of
the cerebellum and brainstem in SCA1, SCA2, SCA3
and SCA7 patients [76-80]. The brainstem volume in
MRI correlates with the Inherited Ataxia Clinical Rating
Scales (ICARS) in SCA1 but not in SCA2 [80]. VBM
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has also been applied to patients with SCAs, but it has
yet to be defined whether parameters in this methad
can be used as biomarkers [81,82].

2. Functional Imaging of Resting State

Functional neuroimaging is intended to measure re-
gional cerebral blood flow (rCBF), metabolites or neu-
rotransmission activity as indicators of brain functions.
There are two major classes of functional imaging met-
hods: one examines the resting-state activity and the
other measures the changes in brain activity during the
performance of a task. In HD, neuroimaging studies of
resting cerebral metabolism using positron emission
tomography (PET) and single-photon emission compu-
ted tomography (SPECT) have demonstrated metabo-
lic abnormalities in the striatal and extra-striatal re-
gions. Reduced rCBF in frontotemporal regions and in
the caudate have been reported to correlate with cogni-
tive functions [83,84]. Glucose hypometabolism has
also been revealed in PET, the degree of which corre-
lates with cognitive deficits in HD patients [85,86] Re-
duction in glucose metabolism becomes more severe
as the disease progresses [87). Neural transplantation
studies have demonstrated that increased metabolic
activity in the striatum correlated with an improvement
of cognitive functions in HD patients [88]. Receptor
binding is another measurement that can be used to
assess regional resting-state activity. Numerous stu-
dies have delineated a reduction in dopamine D2 re-
ceptor binding in the striatum, which correlates with
cognitive dysfunction in HD individuals [89,90]. Extra-
striatal reductions in the binding of this receptor have
also been observed in HD [91]. PET studies in pre-
symptomatic mutation carriers of HD have also de-
monstrated a reduction in striatal dopamine receptor
binding, which is a more sensitive biomarker than glu-
cose hypometabolism or MRI volumetry [92,93]. Anot-
her approach to visualize microglial activation in PET
has also been tested in the brains of HD mice and pa-
tients [94].

Reduced rCBF has been reported in the cerebellum
of SCA6 patients, and the degree of reduction correla-
tes with the disease duration [95). Regional glucose
hypometabolism in PET has been reported in patients
with SCA1, SCA2, SCA3, SCAB and SCA17 [96,97].
PET studies on presymptomatic gene carriers of SCA2
and SCA3 have also demonstrated cerebellar glucose
hypometabolism without clinical signs of spinocerebe-
llar ataxia [98,99]. Topographic brain mapping indicates
a correlation between hypometabolism in the frontal
cortices and the ICARS scores in a group of patients
with SCA2, SCA6 or sporadic ataxia [100]). Because
extrapyramidal features are often seen in some forms
of polyglutamine-mediated SCAs, striatal functional
imaging has also been investigated. Reduction in do-
pamine receptor binding in the striatum has been des-
cribed in patients with SCA2, SCA3 and SCA17 [101-
103]. Dopamine transporter (DAT) density, an indicator
of presynaptic dopaminergic neurotransmission, is also
decreased in patients with SCA2, SCA3 and SCA17
[97,104-108]. In SCA3, a reduction in DAT density is
observed in the patients with no detectable parkinso-
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nism and also in asymptomatic carriers [107,108]. DAT
loss correlates with the ICARS score in SCA2 patients,
suggesting that functional neuroimaging may provide
biomarkers of polyglutamine-mediated SCAs [1089].

3. Functional Imaging of Activated State

Neurcimaging studies such as functional MRI (fMRI)
have been used to assess cerebral activity during cog-
nitive tasks. fMRI measures the blood oxygen level
dependent (BOLD) hemodynamic responses in the
brain, which indicates neural activities. BOLD respon-
ses in the striatum have been shown to be reduced in
presymptomatic HD carriers having no volumetric or
behavioral abnormalities [110]. In contrast, the respon-
ses in the cortices are increased in preclinical carriers
far from their estimated disease onset age, probably
reflecting compensation. Neuroimaging using activation
has also been applied to SCAs [111].

4. MR Spectroscopy (MRS)

MRS is a non-invasive imaging technique used to
measure the relative amounts of metabolites in selec-
ted brain regions. The variables assessed in MRS in-
clude: N-acetylaspartate (NAA, marker of neuronal
number); lactate (marker of hypoxia), choline (marker
of membrane turnover); creatine (marker of energy me-
tabolism) and lipid (marker of necrosis). MRS studies
on presymptomatic and manifest HD individuals have
shown a decrease in NAA, creatinine and choline, as
well as an increase in lactate, and have demonstrated
the correlation between the amounts of metabolites
and disease severity [112-114] Other studies, however,
have suggested the insensitivity of MRS parameters in
the evaluation of the HD brain [115,116]. MRS studies
on SCAs have also shown that NAA/creatine and cho-
line/creatine levels are decreased in SCA1 and SCAZ2,
and that the concentration of NAA in the pons correla-
tes with the ICARS scores in SCA1 patients
[80,117,118]. Although MRS may provide potential
biomarkers for polyglutamine diseases, more investiga-
tions are needed for validation of the parameters.

5. Diffusion-Weighted Images

Diffusion-weighted MRI is an imaging modality to
depict the local characteristics of water diffusion, which
can be quantified by calculating the apparent diffusion
coefficient (ADC), an indicator of water diffusion. An
increased ADC in the affected regions has been repor-
ted in HD, SCA1, SCA2 and DRPLA [1198-121]. A study
using diffusion tensor imaging also showed that fractio-
nal anisotropy, a measure of the directional diffusion of
water, was increased in the corpus callosum in early
and preclinical HD individuals [122].

Clinical Measurements

Measurements from clinical assessment are also
potential biomarkers, although the strategies using the-
se parameters should overcome bias due to phenotypic
variation in the patients and due to inter- and intra-rater
variability. Quantitative parameters in cognitive func-
tions have been shown to decline with disease pro-
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gression, and thus have been used for the follow-up of
symptomatic and presymptomatic individuals of HD
[123]. Progressive impairments have been demonstra-
ted in attention, inhibition, executive function and me-
mory of HD individuals [124-126). The extent of the
reduction in visual processing speed and storage ca-
pacity has also been demonstrated to correlate with the
disease duration in HD [127].

Eye movement is another target for identification of
polyglutamine-related biomarkers. Quantitative measu-
rements of eye movement have also shown that sac-
cade variables, such as velocity and latency, are also
potential biomarkers of disease progression in pre-
symptomatic and early clinical stages of HD [128-
130]. This approach is also likely to be feasible for clini-
cal evaluation of SCA2 patients, in whom the saccade
velocity correlates with the disease duration [131]. Gi-
ven that neuropathy is often seen in patients with SCAs
and those with SBMA, electrophysiological parameters
are alternative potential biomarkers for these diseases
[132,133].

Blood and Urine Markers

Because blood is one of the most accessible human
samples, serum and plasma are desirable targets for
biomarker identification. Given the implication of mito-
chondrial damage in the pathogenesis of HD and other
neurodegenerative diseases, makers of oxidative
stress are plausible parameters to monitor disease
progression. The serum level of 8-
hydroxydeoxyguanosine (8-OHdG), an indicator of oxi-
dative damage to DNA, has been demonstrated to be
increased in HD patients and to be reduced by creatine
supplementation [134]. The level of leukocyte 8-OHdG
has also been reported to be elevated in HD [135]. A
decrease in the levels of mitochondrial DNA from leu-
kocytes, another marker of oxidative stress, has been
shown in the blood from patients with polyglutamine
diseases [136]. There are also studies demonstrating a
reduced function of the A2A adenosine receptor in pe-
ripheral blood cells of individuals with HD and those
with polyglutamine-mediated SCAs, although no corre-
lation was found between the measured variable,
Bmax, and the disease severity in HD [137-139]. Anot-
her study suggested an increase in the level of neural
specific enolase (NSE) in the serum of symptomatic
patients of SCA3 [140]. Urine is another easily acces-
sible sample to monitor metabolic and endocrinological
abnormalities in polyglutamine diseases, although
human data is lacking [141]

Cerebrospinal Fluid (CSF) Markers

Cocaine- and amphetamine-regulated transcript
(CART) has been shown to be elevated in CSF sam-
ples from HD patients, probably reflecting the pathoge-
nic lesions, especially those in the hypothalamus [142].
Although the loss of orexin neurons is another indicator
of hypothalamic pathology, a reduction in the CSF level
of orexin has not been demonstrated in HD patients
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[143,144). F -isoprostane, a marker of oxidative stress,
is also increased in CSF from HD patients, although
the level is not correlated with disease duration [145].
CSF level of homovanillic acid has been reported to be
decreased in HD, SCA1, and SCAZ3, reflecting an alte-
red dopamine metabolism [146,147). Lactate/pyruvate
ratio in CSF has been shown to be increased in HD
and SCA3 [148,149]. In accord with the results of gene
expression analysis, inflammatory activation has also
been revealed by proteomic analysis of CSF and se-
rum from presymptomatic and manifested HD indivi-
duals [150].

Histopathological Markers

Among polyalutamine diseases, SBMA is unique in
that the accumulation of causative proteins, ARs, is
dependent on serum levels of testosterone. Since
human AR is widely expressed in various organs, the
nuclear accumulation of the pathogenic AR protein is
detected not only in the central nervous system, but
also in non-neuronal tissues such as the scrotal skin of
SBMA patients. The degree of AR accumulation in the
scrotal skin epithelial cells tends to be correlated with
that in the spinal motor neurons in autopsy specimens,
and it is well correlated with CAG repeat length and
inversely correlated with the motor functional scale
[151]. These findings indicate that the degree of AR
accumulation in the scrotal skin is a biomarker with
which to monitor the pathogenic processes of SBMA,

Gene Expression Profiles

Altered gene expression is a unified pathogenic fea-
ture of polyglutamine diseases, which has been repor-
ted in both animal models and patients. The polygluta-
mine-induced alterations in gene expression may result
from various pathogenic factors such as transcriptional
dysregulation and microinflammation [152,153]. Intri-
guingly, some of these changes are shared by the ani-
mal models of HD and DRPLA, suggesting that gene
expression profiles would provide common biomarkers
for various polyglutamine diseases [154] It has been
shown that gene expression changes in skeletal mus-
cle samples from HD mice are also present in muscle
biopsied from patients, indicating the possibility that
non-neuronal tissues could be the target of biomarker
identification [155]. This view has been exemplified by
a dose-finding study of an HDAC inhibitor, sodium bu-
tyrate, in HD patients [156]. In this large-scale analysis
of mMRNA from blood, a significantly altered gene ex-
pression was detected in symptomatic and preclinical
HD individuals, and similar changes were also detected
in the postmortem HD brain. The study also demons-
trated that these changes in gene expression correla-
ted with disease progression and response to HDAC
inhibition. These intriguing results suggest that expres-
sion levels of certain genes in peripheral blood could
be biomarkers for polyglutamine diseases, although the
sensitivity of this approach is not likely high enough for
small-scale clinical trials [157].
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Metabonomics/Metabolomics

Metabonomics/metabolomics is an approach to
quantify the dynamic multiparametric metabolic res-
ponse of living systems to pathophysiological stimuli or
genetic modification, by measuring small molecular
metabolites such as glucose and cholesterol. Given
thermoregulatory and metabolic defects in HD mouse
models, it appears legitimate to search for metabolic
biomarkers for polyglutamine diseases [158,159]. Me-
tabolite profiling by gas chromatography-time-of-flight-
mass spectroscopy has demonstrated robust changes
in various components of fatty acid metabolism and
also those of several aliphatic amino acids in serum
from HD mice and patients [160]. A decreased level of
branched chain amino acids was also detected in anot-
her study on MRS analysis of the plasma from HD pa-
tients [161]. In addition, metabolite alterations have
been seen in the MRS-based analysis on brain extract
from SCA mice [162). Taken together, metabolite profi-
ling would provide important information on biomarker
identification for polyglutamine diseases, although the
changes in this modality may not reflect known hypot-
heses on the pathogenesis of neurodegeneration.

FUTURE PERSPECTIVE

Since the identification of a CAG repeat expansion
within the AR gene as the cause of SBMA in 1991
[163], tremendous efforts have been made to unders-
tand and cure polyglutamine-mediated neurodegenera-
tive disorders. It has proven to be more difficult than
expected to apply disease-modifying therapies to pa-
tients, because polyglutamine diseases are relatively
rare and progress slowly, and because presently avai-
lable clinical parameters are not sensitive enough to
detect the beneficial effects of disease-modifying the-
rapies in interventional trials. Therefore, biomarkers
reflecting the pathogenesis and severity of each disor-
der are needed to be identified and used as surrogate
endpoints in clinical trials. In addition, biomarkers which
sensitively detect presymptomatic biological changes in
mutation carriers may also be applied to preventive
trials, given that that early symptoms of polyglutamine
diseases appear to reflect neuronal dysfunction rather
than neuron loss.

Among the biomarkers so far studied, neuroimaging
parameters appear to be the most reliable for sympto-
matic and preclinical individuals of HD. Alternative pa-
rameters, such as clinical measurements, blood mar-
kers and gene expression, are also potential biomar-
kers, which could be applied to one or more polygluta-
mine diseases, given that these markers have been
identified on the basis of unified pathogenic mecha-
nisms. It is foreseeable that a multimodal panel of bio-
markers might be advantageous to define endpoints in
clinical trials for polyglutamine diseases, because a
combination of several markers would provide compli-
mentary information on the different aspects of the pat-
hogenesis. Therefore, integrated approaches are fun-
damental for the identification of polyglutamine-related
biomarkers. An increasing number of studies have

-112 -




Molecular Genetics and Biomarkers of Polygl ine Di

been providing new candidate biomarkers which depict
polyglutamine-related molecular changes, such as an
impaired ubiquitin-proteasome system [164]. The mas-
sive expansion of molecular imaging studies is also
expected to aid in identifying novel molecular markers
of polyglutamine diseases.

Reliance on biomarkers, however, can be mislea-
ding, because surrogate endpoints may not accurately
predict the actual effects of therapeutic interventions.
The limitation of biomarkers has been illuminated in
various clinical trials [165]. In certain circumstances, a
therapeutic intervention may improve clinical outcome
measurements without any changes of biomarkers.
Conversely, some therapeutics might affect surrogate
endpoints with no amelioration of true clinical end-
points. These false-positive and false-negative possibi-
lities underscore the cautious exploitation of biomar-
kers in therapy development. It is thus of critical impor-
tance to validate candidate biomarkers for polyglutami-
ne diseases in both cross-sectional and longitudinal
studies. Integrated approaches, such as long-term sur-
veillance and phase 4 clinical trials, would reinforce the
plausibility of biomarkers.
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