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ABSTRACT: Heat shock proteins (HSPs) that function mainly as molecu-
lar chaperones play an important role in the folding and quality control
of proteins. Compared with these chaperones, Hsp90 is unique in that
it binds to substrate proteins, called Hsp90 client proteins. Hsp90 is in-
volved in the folding, activation, and assembly of its client proteins in
association with its co-chaperones. Because numerous oncoproteins be-
longing to the Hsp90 client protein family are selectively degraded by
Hsp90 inhibitors, 17-allylamino-17-demethoxygeldanamycin (17-AAG),
a first-in-class Hsp90 inhibitor, is now under clinical trials as a novel
molecular-targeted agent for a wide range of malignancies. In spinal and
bulbar muscular atrophy (SBMA), the pathogenic gene product is polyg-
lutamine (polyQ)-expanded androgen receptor (AR), which belongs to
the Hsp90 client protein family and is known to be degraded by 17-AAG.
We have recently demonstrated that administration of an anticancer
agent 17-AAG significantly ameliorated polyQ-mediated motor neuron
degeneration by reducing the total amount of mutant AR. The ability of
17-AAGtodegrade mutant protein would bedirectly applicableto SBMA
and other neurodegenerative diseases in which the disease-causing pro-
teins also belong to the Hsp90 client protein family. Our proposed ther-
apeutic approach using a novel anticancer agent 17-AAG has emerged
as a candidate for molecular-targeted therapies for neurodegenerative
diseases.

Keyworps: neurodegeneration; polyglutamine; anticancer agent;
Hsp90 inhibitor

INTRODUCTION

In chronic neurodegenerative disorders such as Alzheimer’s disease (AD),
Parkinson’s disease (PD), and polyglutamine (polyQ) diseases, abnormal
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accumulation of disease-causing protein is a comimonly observed characteris-
tic.! A selective elimination of disease-causing protein would be a promising
remedy for neurodegenerative disorders.

Among these neurodegenerative disorders, it is well confirmed that polyQ
diseases are caused by the expansion of a trinucleotide CAG repeat encoding
glutamine in the causative genes, and to date, nine disorders have been identi-
fied as polyQdiseases.? In polyQ diseases, spinal and bulbar muscular atrophy
(SBMA) was first identified among these diseases® and is characterized by
premature muscular exhaustion, slow progressive muscular weakmness, atro-
phy, and fasciculation in bulbar and limb muscles.* In SBMA, the pathogenic
gene product is the androgen receptor (AR), which contains an abnormally
expanded polyQ. The number of polymorphic CAG repeats in the AR gene
is normally 14-32; but ranges from 40 to 62 CAGs in SBMA patients.> A
correlation exists between the number of CAG repeats and disease severity.%”
The pathologic features of SBMA are motor neuron loss in the spinal cord and
brain stem,* and diffuse nuclear accunmlations and nuclear inclusions (NIs)
containéi;ng the mutant AR in the residual motor neurons and certain visceral
organs.

Heat shock protein (Hsp)90 is essential for function and stability of the AR,
the C-terminus of which has a high affinity for Hsp90, inducing the conforma-
tional change required for its nuclear translocation after ligand activation.*!!
Hsp90 functions in a nulticomponent complex of chaperone proteins includ-
ing Hsp70, Hop (Hsp70 and Hsp90 organizing protein), cde37, and p23. In
addition, Hsp90 is involved in the folding, activation, and assembly of sev-
eral proteins known as Hsp90 client proteins.!? Numerous oncoproteins be-
longing to the Hsp90 client protein family are selectively degraded in the
ubiquitin—proteasome system (UPS) by Hsp90 inhibitors. 17-allylamino-17-
demethoxygeldanamycin (17-AAG), a first-in-class Hsp90 inhibitor, isnowin
clinical trials as a novel molecular-targeted agent for a wide range of malig-
nancies.!® AR also belongs to the Hsp90 client protein family and is degraded
in the presence of Hsp90 inhibitors.'#1¢

WE have recently demonstrated that 17-AAG markedly ameliorated polyQ-
mediated motor neuron degeneration through degradation of mutant AR.'7 We
consider that the ability to facilitate degradation of disease-causing protein
would be of value when applied to SBMA and other related neurodegenerative
diseases. This review discusses our research findings and other studies, and the
clinical application of Hsp90 inhibitors to neurodegenerative diseases beyond
neoplastic ones.

GENERATION OF LESS TOXIC HSP90 INHIBITOR, 17-AAG

The most classical Hsp90 inhibitor is geldanamycin (GA), a natural product
that was developed as an antifimgal agent.'® Later, GA was also found to have
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apotent and selective antitumor effect against a wide range of malignancies.'®
Although GA showed potential as a novel anticancer agent,?” it was also found
to have intolerable liver toxicity.?! To overcome this GA-induced liver toxicity,
scientists at the US. National Cancer Institute (INCI) succeeded indeveloping a
new derivative of GA, 17-AAG, that shares its important biological activities™
but shows less toxicity.>> Owing to this promising derivative, Hsp90 inhibitors
have taken a rajor developmental leap in their clinical applications, and 17-
AAGis nowin Phase II clinical trials with encouraging results as an anticancer
agent.?+28

The antitumor effect of Hsp90 inhibitors is due to their ability to specifi-
cally bind to the Hsp90 adenosine 5’ -triphosphate (ATP)-binding site, thereby
modulating Hsp90 fimction and proteasormal degradation of Hsp90 client pro-
teins.?®>3! Because numerous oncoproteins were shown to belong to the family
of Hsp90 client proteins,'? Hsp90 inhibitors are expected to become part of a
new strategy in antitumor therapy.® Hsp90 inhibitors including GA and 17-
AAG have been shown to have a higher selectivity for tumor cells compared
with general antitumor agents.*>3? This selectivity is due to the high affinity of
17-AAG for the Hsp90 client oncoproteins when they are incorporated in the
Hsp90-dependent nmiltichaperone conplex, thereby increasing their binding
affinity to 17-AAG more than 100-fold.>* This high selectivity of 17-AAG
to the incorporated Hsp90 client protein eventually minimizes its toxic side
effects.>! We think that this selectivity of Hsp90 inhibitors would also be ad-
vantageous for the treatment of neurodegenerative diseases.

Hsp9%0 complexes are thought to exist in two main forrs; one complex is a
proteasome-targeting form associated with Hsp70 and Hop, and the other is
a stabilizing form with cdc37 and p23 (RG. 1A).193537 As for AR, Hsp90 is
essential to maintain its high ligand-binding affinity and its stabilization.” '4 In
practice, Hsp90 inhibitors reduce androgen ligand-binding affinity and induce
the degradation of AR.'*!> We also confirmed that 17-AAG resulted in the
shifting of the AR-Hsp90 chaperone complex from a rmature stabilizing form
with p23 to a proteasome-targeting form with Hop.!”

17-AAG’S DEGRADATION OF MUTANT AR DEPENDS
ON PROTEASOME

Todetermine whether ornot 17-AAG promotes the degradation of the polyQ-
expanded mutant AR, we treated SH-SY5Y cells highly expressing the wild-
type (AR-24Q) or nuttant (AR-97Q) AR for 6 h with 36 p.M 17-AAG or
with dumethylsulfoxide (IDMSO) as control, in the absence or presence of
the proteasome inhibitor, MG132. Inmmumoblot analysis demonstrated that the
monomeric mutant AR decreased significantly more than did the wild type,
suggesting that the nutant AR is more sensitive to 17-AAG than is the wild
type. The degradation of wild-type and muttant AR by 17-AAGwas completely
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FIGURE 1. Hsp90 inhibitors and the pharmacological effect. (A) Geldanamycin (GA)
is the most classical Hsp90 inhibitor. Although GA has a potent and selective antittumor
effect against a wide range of malignancies, this agent has intolerable liver toxicity. The
17-AAG, a new derivative of GA, shares its important biological activities but shows less
toxicity. (B) The 17-AAG specifically binds ATP-binding site of Hsp90, resulting in a
shift of the Hsp90 complex. Two main forms of this complex exist. One conplex is a
proteasome-targeting form associated with Hsp70 and Hop, and the other is a stabilizing
form with ede37 and p23. Hsp90 inhibitors block the progression of the Hsp90 complex
toward the stabilizing form and shift it to the proteasomal-targeting form. This figure is
modified from a model proposed by Neckers. 10

blocked by MG132 (FIG. 2A), suggesting that 17-AAG-faciiltated degradation
was dependent on the proteasome system as previously reported. 39

To determine whether the decrease in AR was due to protein degradation or
to changes in RNA expression, the turnover of wild-type and nmutant AR was
then assessed with a pulse-chase labeling assay. In the presence of 17-AAG, the
mutant AR and the wild-type AR had half-lives of 2 h and 3.5 h, respectively
(F1G. 2B), while mRINA levels for both the wild-type and mutant AR were quite
similar.!” These data indicate that 17-AAG preferentially degrades the nutant
AR protein without altering mRINA levels.
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FIGURE 2. The 17-AAG'’s degradation of mutant AR depends on proteasome function.
(A) 17-AAG treatment (36 wM, 6 h) of transfected SH-SY5Y cells reduced the levels
of mutant AR (AR-97Q) significantly more than wild-type AR (AR-24Q)), however, both
decreases were completely blocked by the proteasomal inhibitor, MG132. (B) Effects of 17-
AAG on the half-life of wild-type and nutant AR assessed from pulse-chase experiments.
Amounts of AR-24Q) rermaining in the absence and presence of 17-AAG are indicated by
closed circles (e) and open circles (o), respectively. Amounts of AR-97Q remaining in
the absence and presence of 17-AAG are indicated by closed () and open (¢) diamonds,
respectively. Mutant AR was degraded more rapidly than the wild-type AR in the presence
of 17-AAG. Values are expressed as means + SE (n= 4).

Thus, these in vitro studies indicated that the matant AR was a good target
protein of 17-AAG. To determine whether 17-AAG has the ability to degrade
the toxic disease-causing protein in vivo, we next examined the effects of 17-
AAG in SBMA transgenic mice.

17-AAG AMELIORATES THE PHENOTYPE IN A MOUSE
MODEL OF SBMA WITHOUT DETECTABLE TOXICITY

Referring to previous reports,'> 3640 we administered 17-AAG thrice a week

on alternate days at doses of 2.5 or 25 mg/kg to males of the transgenic mouse
model carrying full-length human AR with either 24Q or 97Q. The disease
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progression of AR-97Q mice treated with 25 mg/kg 17-AAG (Tg-25) was
significantly ameliorated, and that of mice treated with the 2.5 mg/kg 17-
AAG (Tg-2.5) was also mildly ameliorated (FiG. 3A). AR-24Q) mice treated
with 17-AAG displayed no altered phenotypes (data not shown). To evaluate
toxic effects of 17-AAG, we examined blood sarmples from 25-week-old mice
treated with 25 mg/kg 17-AAG for 20 weeks. Hematological examination
demonstrated that 17-AAG resulted in neither infertility nor liver or renal
dysfimction in the AR-97Q male mice at the dose of 25 mg/kg.!”

‘When mouse tissues were imnumohistochemically stained for mutant AR
using the 1C2 antibody, which specifically recognizes expanded polyQ), quan-
titative analysis revealed a marked reduction in 1C2-positve nuclear accunmm-
lation in the spinal motor neurons of the Tg-25 mice compared with those of
the Tg-0 mice (FIG. 3B).

Western blot analysis from lysates of the spinal cord of AR-97Q mice
revealed high-molecular-weight mutant AR protein complex retained in the
stacking gel as well as a band of monomeric mutant AR, whereas only the
band of wild-type monomeric AR was visible in tissue from the AR-24Q)
mice (FIG. 30). 17-AAG treatiments significantly dinunished both the high-
molecular-weight complex and the monomer of nutant AR in the spinal cord
of the AR-97Q mice, whereas they only slightly diminished the wild-type
monomeric AR in AR-24Q mice (FiG. 3C). The levels of wild-type and nu-
tant AR mRNA were similar in the respective mice treated with 17-AAG.!”
These observations indicate that 17-AAG markedly reduces not only the high-
molecular-weight mutant AR complex but also the monomeric mutant AR
protein by preferential degradation of mutant AR.

MOLECULAR-TARGETED THERAPY FOR DISEASE-CAUSING
PROTEIN BY AN HSP90 INHIBITOR—BEYOND HSP INDUCER

Hsp90 inhibitors are known to possess the unique pharmacological effect of
nducing a stress response, and, in addition to their use as anticancer agents,
have also been developed as pharmacological HSP inducers.*#* In neuro-
logical disorders, many studies have already shown that, taking advantage of
HSP-induction, Hsp90 inhibitors exerted potential neuroprotective effects in
a model of HD** tauopathies,***® PD/**-! stroke,’>>* and autoimnmme
encephalomyelitis.>* In considering the role for molecular chaperones in neu-
rological disorders, Hsp70 and Hsp40 have received most of the attention,
especially in neurodegenerative diseases.>>>® because these chaperones have
the desirable ability to refold abnormal proteins or to carry themto degradation
as a part of the system of protein quality control.>>>” However, in our cultured
cell models, mutant AR was markedly decreased following 17-AAG treatment
even when Hsp70 and Hsp40 induction was completely blocked in the presence
of a protein synthesis inhibitor.!” In SBMA mice, the Western blot analysis
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FIGURE 3. Effectsof 17-AAGon transgenic SBMA mice. (A) Tg-0, Tg-2.5, and Tg-25
represent AR-97Qmice treated with vehicle alone, 2.5, and 25 mg/kg 17-AAG, respectively
(each group: n= 27). The Tg-25 remained longer on the Rotarod than did the Tg-0 mice. A
Kaplan-Meier plot shows the prolonged survival of Tg-2.5 and Tg-25 mice compared with
the Tg-0 mice, which were all dead by 25 weeks of age (P = 0.004, P < 0.001, respectively).
The 17-AAG was less effective at the dose of 2.5 mg/kg than 25 mg/kg in all parameters
tested. (B) Immunohistochemical staining with 1C2 antibody showed marked differences in
diffisse nuclear staining and NIs between DMSO-treated mice (Tg-0) and 17-AAG-treated
(Tg-25) mice in the spinal anterior hom. There was a significant reduction in 1C2-positive
cell staining in the spinal cord (**P < 0.01) in the Tg-25 compared with the Tg-0. Values
are expressed as means + SE (n= 6). (C) Western blot analysis of tissue from AR-24Q and
AR-97Q) mice probed with an AR-specific antibody. In both spinal cords of mice treated
with 17-AAG, there was a significant decrease in the amount of nutant AR in the stacking
gel and monomeric mutant AR in AR-97Q mice, but only slightly less monomeric wild-
type AR in AR-24Q mice compared with that from their respective, untreated control mice.
Densitometric analysis demonstrated that the 17-AAG-induced reduction of monomeric
nutant AR was significantly greater than that of the wild-type monomeric AR. 17-AAG
resulted in a 64.4% decline in monomeric mutant AR in the spinal cord, whereas there was
only a 25.9% decline in the spinal cord of AR-24Q) mice. Values are expressed as means
=+ SE (n= 5). Statistical differences are indicated by asterisks; *, P < 0.05; **, P < 0.01.
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revealed that the inductions of Hsp70 and Hsp40 were statistically significant,
but were also not as pronounced as those arising from genetic manipulation
in our previous study.!”>7 17-AAG thus displayed the limited ability to in-
duce Hsp70 and Hsp40 in mouse tissue, while nutant AR was significantly
decreased in Western blot analysis and histopathological study (FiG. 3).

As for SBMA, Thomas et al. have published an interesting report that Hsp90
inhibitor inhibited the aggregation of polyQ-expanded nutant AR in HSF-1
(-/-) mouse enmbryonic fibroblasts where HSPs were not induced, suggesting
that the induction of stress proteins was not necessary for the reduction of
mutant AR aggregation by Hsp90 inhibitors.>® Furthermore, they first demon-
strated that Hsp90 inhibitors prevented the aggregation of the mutant AR by
the inhibition of Hsp90-dependent trafficking machinery. It seems that Hsp%0
would also play a major role in the acceleration of nutant AR aggregation.

Although it would be advantageous for the treatment of neurodegenera-
tion to induce HSPs by Hsp90 inhibitors, considering our research finding in
in vivo models, it would be unadvisable to rely only on the induction of non-
specific HSPs for human clinical trials. In SBMA, where it may have its most
effective potential, 17-AAG directly accelerates proteasomal degradation of
the disease-causing protein, polyQ-expanded AR. We think that to reap the
most therapeutic benefits, Hsp90 inhibitors should be applied against neu-
rodegenerative diseases in which the causative protein is, like AR, an Hsp90
client protein. We think the induction of HSPs by Hsp90 inhibitors seems to
play a supplementary role in neurodegenerative disorders.

CLINICAL APPLICATION OF 17-AAG TO
NEUROLOGICAL DISORDERS

In the cultured cells and mouse models of SBMA, we have shown both
the efficacy and safety of 17-AAG.!” Based on our data, 17-AAG would be
a candidate for therapeutic agents for SBMA via the ability to facilitate the
degradation of mutant protein.

We also confirmed that leuprorelin, a lutenizing hormone-releasing hor-
mone agonist that reduces testosterone release from the testis, significantly
rescued motor dysfunction in our SBMA mice.> Due to its minimal invasive-
ness, established in human, and its powerful action, this hormonal therapy has
already been in human clinical trials with encouraging results.®® However, it
is an extremely specialized therapy for SBMA and cannot be applied to other
polyQ diseases.>¢1:6? In contrast to this hormonal therapy, 17-AAG would
be a potential therapeutic agent for SBMA as well as other related diseases.!”
‘We think that this anticancer agent 17-AAG holds enormous potential for ap-
plication to a wide range of neurodegenerative diseases in addition to SBMA
as previously reported.*!5>63 For development of Hsp90 inhibitor treatment
in newrological disorders, we regard this general versatility as very impor-
tant. Among neurodegenerative disease-causing proteins, only AR in SBMA
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is established as an Hsp90 client protein at this time. However, evidence has
accurmulated that some Hsp90 client proteins would exert adverse influences
on several neurodegenerative disorders.5+%¢

It is well known that many kinases involved in signal transduction belong to
the family of Hsp90 client proteins targeted by 17-AAG. Phosphorylated tau
is arepresentative disease-causing protein associated with tauopathies includ-
ing fronto-termporal dementia, progressive supranuclear palsy, corticobasal de-
generation, and nultiple system atrophy. Interestingly, phosphorylated tau is
a targeted protein of Hsp90 inhibitors.*® 17-AAG reduces the total amount
of phosphorylated tau and its abnormal aggregation. Dou et al. showed that
GA and 17-AAG indirectly blocked abnormal tau phosphorylation by inhibi-
tion of the Raf-MEK-ERK pathway,®’ of which upstream kinase Raf is also
an Hsp90 client protein.'>% Extracellular signal-regulated kinase (ERK) is
known to mediate the activation and stabilization of phosphorelated taw. %70
Along these same lines, LaFevre-Bernt & Ellerby demonstrated that poly(Q-
expanded nutant AR mediated neuronal cell death by ERK activation, and that
selective inhibition of the ERK pathway reduced polyQ-induced cell death.”!
Based on this mechanism of inhibiting ERK activation, 17-AAG might also
ameliorate abnormal phenotypic expression in the mouse model of SBMA.
Furthermore, in other neurodegenerative disorders, evidence has accunmilated
that ERK activation is an important executor of neuronal damage.”>”> This
pharmacological effect of Hsp90 inhibitors, to reduce abnormal kinase activity,
could be applied to neurodegenerative diseases as well as oncological diseases,
and could have far-reaching influence on the clinical application of Hsp90 in-
hibitors. For further development of Hsp90 inhibitors beyond malignancies,
it is of considerable importance to assess whether or not other Hsp90 client
proteins would exert an adverse effect on neurological disorders.

INTEGRATION OF NEURONAL AND
NEOPLASTIC DISORDERS

Most antitumor agents that have been therapeutically applied to neurode-
generative diseases’®”’ have some cytotoxic effects on normal cells, which
must be overcorme in any clinical application against neurodegeneration. Be-
cause neurodegenerative diseases generally follow a chronic progression and
the medical treatment is long-standing compared with that for malignancy,
the toxic side effects should be extensively suppressed. In contrast to general
antitummor agents, the effects of 17-AAG have been known to have a high se-
lectivity to tumor cells that would yield desirable results for neurodegenerative
diseases 3233

Considering our research findings and those of the other above-mentioned
reports, in addition to its role in malignancies, Hsp90 client protein exerts
an adverse influence on the nervous system in some situations. In this case,
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it is reasonable to consider modulating Hsp90 function appropriately, where
17-AAG would exert the maxinmumm pharmacological effect.

Until now, when considering the role of molecular chaperones in neurologi-
cal disorders, Hsp70 and Hsp40 have received most of the attention, especially
in neurodegenerative diseases.>>>® However, evidence has accurmilated that
Hsp%0 would be an important therapeutic target in neurodegenerative disor-
ders.!”-8:67 We believe that 17-AAG, an Hsp90 inhibitor, has great potential to
become a new molecular-targeted therapy against a wide range of neurodegen-
erative diseases as well as malignancies. It is not too nruich to say that neuronal
and neoplastic disorders have something in common, so crossover researches
between them should be performed for their further development.
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Gene Expression Profiling toward
Understanding of ALS Pathogenesis
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ABSTRACT: Although more than 130 years have gone by since the first
description in 1869 by Jean-Martin Charcot, the mechanisim underlying
the characteristic selective motor neuron degeneration in amyotrophic
lateral sclerosis (ALS) has remained elusive. Modest advances in this
research field have been achieved by the identification of copper/zinc
superoxide dismutase 1 (SODI) as one of the causative genes for rare
familial ALS (FALS) and by the development and analysis of mutant
SODI1 transgenic mouse models. However, in sporadic ALS (SALS) with
many more patients, causative or critical genes situated upstream of the
disease pathway have not yet been elucidated and no available disease
models have been established. To approach genes causative or critical
for ALS, gene expression profiling in tissues primarily affected by the
disease has represented an attractive research strategy. We have been
working on screening these genes employing and combining several new
technologies such as cDNA microarray, molecular indexing, and laser
capture microdissection. Many of the resultant genes are of intense in-
terest and may provide a powerful tool for determining the molecular
mechanisms of ALS. However, we have barely arrived at the starting
point and are confronting an enormous number of genes whose roles re-
main undetermined. Challenging tasks lie ahead of us such as identifying
which genes are really causative for ALS and developing a disease model
of SALS with due consideration for the expression changes in those genes.

Keyworps: ALS; SODI; gene expression analysis; cDINA microarray;
molecular indexing; laser capture microdissection

INTRODUCTION

Anyotrophic lateral sclerosis (ALS) is a neurodegenerative and fatal human
disorder characterized by loss of motor neurons in the spinal cord, brain stem,
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and motor cortex, presenting as weakness of the limbs, speech abnormalities,
and difficulties in swallowing.! The terminal phases of the disease involve res-
piratory insufficiency and half of the patients die within 3 years after the onset
of symptoms. ALS can be inherited as an autosomal dominant trait in a subset
of individuals who make up 5%to 10%%0f the total population of those affected.
In addition, 20% to 30% of familial ALS (FALS) cases are associated with a
mitation in the copper/zinc superoxide dismutase 1 gene (SODI1).?> However,
more than 90% of ALS patients are sporadic, not showing any familial trait.
Since there have been no available disease models for sporadic ALS (SALS)
as of now; transgenic mouse models or cell culture models® of ALS associated
with SODI muttations have proven very useful in studying the initial mech-
anisis underlying this neurodegenerative disease of unknown etiology. The
use of an animal model makes it possible and easy to investigate the different
stages of disease progression including the early preclinical phase.

One of the experimental approaches toward a more comprehensive under-
standing of the molecular changes occurring in ALS is gene expression study*
employing array-based methods or a differential display and its related tech-
niques. Using transgenic mouse models expressing the SOD1 gene with a
G93A nurtation, we performed cDNA microarray analysis® to reveal the tran-
scriptional profiles of affected tissues, namely, spinal anterior horn tissues.
This analysis revealed an upregulation of genes related to an inflanmmatory
process together with a change in apoptosis-related gene expression at the
presymptomatic stage prior to motor neuron death.

Next, we extended our gene expression study from mouse to human post-
mortem spinal anterior horn tissues obtained from SALS patients. In this anal-
ysis, we enmployed a molecular indexing technique, a modified version of the
differential display developed by Kato in 1995.° These PCR-based screening
procedures have the advantage of being able to cover an unrestricted range of
expressed genes including even hitherto unknown ones. As a result, we have
successfully cloned a novel gene designated “dorfin,”” the expression of which
was upregulated in SALS spinal cords.

Using spinal anterior homn tissues of SODI nuitant mice or SALS patients
as starting materials, these gene expression studies™’ have shed considerable
light on the pathogenesis of FALS and SALS. However, in the spinal anterior
horn tissues of ALS spinal cords, there are reduced numbers of motor neurons
with glial cell proliferation. The alteration of the gene expression in the spinal
anterior horn tissues could reflect the nunber of motor neurons and glial cells
during disease progression. Such a disadvantage in using anterior homn tissues
as starting materials prompted us to try to extract a pure motor neuron-specific
gene expression profile. To this end, we ermployed the technology of laser
capture microdissection® combined with T7-based RNA amplification and
cDNA miicroarrays, which culminated in the successful detection of a total of
196 genes considered important for the SALS molecular mechanism.”
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GENE EXPRESSION ANALYSIS FOR MUTANT SOD1 MOUSE
MODEL OF ALS

We analyzed both temporal and differential gene expressions in the lumbar
spinal anterior horn tissues of the transgenic mouse models expressing the
SODI1 gene with a G93A nmutation and the controls.” In this analysis, we de-
tected a significant upregulation of 30 specific transcripts and downregulation
of 7 transcripts in the spinal cords of nutant SOD1 mice’ (TABLE 1). Before
11 weeks of age, natant SODI mice are fiee of a disease phenotype, but they
begin to decline rapidly in motor fumction after 14 weeks. The employment of
mice for gene expression analysis provides a great advantage in obtaining data
n the preclinical stage.

Interestingly, we-found an upregulation of genes related to an inflanmma-
tory process together with a change in apoptosis-related gene expression at
11 weeks of age in the preclinical stage prior to motor neuron death.> The
representative inflammatory-related genes elevated in their expression at this
stage were the tumor necrosis factor (TINF)-a gene, which is a proinflanima-
tory cytokine, and the Janus tyrosine-protein kinase 3 (JAK3), a necessary
component of cytokine receptor signaling (TABLE 1). At a subsequent dis-
ease stage of 14 or 17 weeks of age, many more genes associated with an
inflammatory process such as cathepsin D, serine protease inhibitor (SPI) 24,
and cystatin C precursor, CD68, CD147, and clusterin increased their expres-
sion (TABLE 1). A histopathological evaluation showed glial cell activation
and proliferation as early as 11 weeks of age and continuing to advance until
17 weeks. '® A temporal increase in the expression level observed in these genes
might reflect an inflanwmatory response with activated microglia and reactive
astrocytes.

On the other hand, caspase-1, an initiator of the neuronal apoptotic cascade,
was also upregulated at a presymptormatic 11 weeks of age (TABLE 1). An in-
terrelationship between the inflammatory reaction and apoptotic pathway has
been demonstrated. In addition to its role as an initiator of neuronal apop-
totis, extracellular caspase-1 converts interleukin-1p (IL-1B) into a mature
form. Thus, caspase-1 activation in motor neurons contributes to an inflam-
matory pathway with early astrocytosis and microglial activation in muxtant
SODI mice. In contrast, there is strong evidence for an inflammatory response
involving microglial activation that leads to neuronal apoptosis.!! Activated
microglia express neurotoxic cytokines and substances such as TNF-a, pro-
teases, oxyradicals, and small reactive molecules.!? A nearly simultaneous
upregulation of genes related to an inflammatory process and apoptotic initia-
tion at the preclinical stage might contribute to the relentless neurodegenerative
process making for a detrimental cycle. At 14 weeks of age, an early phase
of the symptomatic stage, a key executioner of apoptosis, caspase-3, resulting
from caspase-1 activation, began to be upregulated.'® This finding agrees with
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the result that at 14 weeks of age XIAP mRNA downregulation occurred in the
spinal cords of mutant SOD1 mice (TABLE 1) since XIAP is a direct inhibitor
of caspase-3, -7, and -9.*

DISCOVERY OF NOVEL GENES ASSOCIATED
WITH ALS PATHOGENESIS

To identify genes differentially expressed in the anterior homn tissues of the
human SALS spinal cord, we adopted molecular indexing, a modified version
of the differential display.® The entire mRNA population is identified and
displayed by 3" end cDNA fiagments generated by class IIS restriction enzyme
digestion and PCR.® Accordingly, molecular indexing provides a significant
advantage in expression analysis for unknown genes. Among 84 fragments
differentially expressed in SALS cloned in the first screening proceduure, we
noticed a fragiment with an unknown sequence overexpressed in SALS spinal
cords. We cloned it using RACE methods and named it dorfin (double ring-
finger protein)’ (TABLE 1).

Dorfin contains a RING-IBR (in between ring finger) domain at its N ter-
minus and mediated ubiquitin ligase (E3) activity.” Interestingly, dorfin is pre-
dominantly localized and overexpressed in the ubiquitinated neuronal hyaline
inclusion bodies found in the motor neuwrons of SALS patients as well as FALS
patients with a SODI mutation and of rutant SODI -transgenic mice.!> !¢ An
in vitro assay revealed that dorfin physically bound and ubiquitylated various
SOD1 muttants and enhanced their degradation, and that its overexpression
protected neural cells against the toxic effects of nmutant SOD1 and reduced
SOD1 inclusions.!>!7 These findings suggest that dorfin, an E3 ligase, may
play some protective role in the pathogenesis of FALS and SALS via the ubiqg-
uitylation and degradation of its substrates, nmutant SOD1, and others yet to be
identified.

Besides dorfin, we have detected 30-kDa TATA binding protein-associated
factor (TAFII30) and neugrin as upregulated genes in the SALS spinal cord'®
(TABLE 1). Onthe other hand, metallothionein-3, macrophage-inhibiting factor-
related protein-8 (MRP-8) and ubiquitin-like protein 5 were downregulated in
their expression'® (TABLE 1).

MOTOR NEURON-SPECIFIC GENE
EXPRESSION PROFILE IN SALS

As noted above, even using spinal anterior hormn tissues consisting of het-
erogeneous cell types including motor neurons and glial cells as starting ma-
terials, gene expression studies have successfully shed light on the genes re-
lated to the pathogenesis of FALS and SALS.>"18 However, the constitution
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