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Supplementary Materials

Supplementary Figure 1. Immunoblotting analysis of the CNS extracts of third instar
larvae. (A) A representative result of the analysis of protein extracts from the CNS of
the elav/+, elav>UAS-Caz-IR, elav>UAS-Caz-IR /ter94 X130,
elav>UAS-Caz-IR/UAS-GFP and elav>UAS-Caz-IR/UAS-ter94 larvae (n = 5, each).
The blots are probed with the polyclonal anti-Caz antibody used in the previous study
(19). A 45-kDa band (arrow) corresponds to the Caz protein. (B) Densitometric
quantification of the 45-kDa bands in each fly strain used in (A). The intensity of the
45-kDa band which indicates the expression level of Caz protein is much weaker in
larvae carrying elav>UAS-Caz-IR than in the larvae carrying elav/+. Besides, there is
no apparent difference in the intensity of the Caz protein band between the larvae
carrying elav>UAS-Caz-IR and elav>UAS-Caz-IR/ter94 %%, Similarly, there is no
apparent difference in the intensity of the band between the larvae carrying

elav>UAS-Caz-IR/UAS-GFP and elav>UAS-Caz-IR/UAS-ter94.

Supplementary Figure 2. The locomotive ability of each control flies, which carry
elav/+ (a driver control, n = 255), UAS-Caz-IR/+ (a responder control, n = 250),
ter94%3%2/+ (n = 235). There are no significant differences in climbing abilities among

those fly lines in each day after eclosion that was monitored until 14 days.

Supplementary Figure 3. Life-span analyses of flies of each genotype. Percentage
survival of adult male flies of the indicated genotype is shown. (A) There are no
significant differences in life spans among the control flies carrying elav/+ (n = 151),

neuron-specific Caz-knockdown flies carrying elav>UAS-Caz-IR (n = 123), and flies



carrying elav>UAS-Caz-IR/ter94*' %2 (n=120). (B) Similarly, there are no significant
differences in life spans between flies carrying elav>UAS-Caz-IR/UAS-GFP (n = 140)

and those carrying elav>UAS-Caz-IR/UAS-ter94 (n = 140).
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Abstract: The polyglutamine (polyQ) diseases including Huntington’s disease and spinocerebellar ataxias are a group of
inherited neurodegenerative diseases that are caused by an abnormal expansion of the polyQ stretch in disease-causative
proteins. The expanded polyQ stretches are intrinsically unstable and are prone to form insoluble aggregates and inclusion
bodies. Recent studies have revealed that the expanded polyQ proteins gain cytotoxicity during the aggregation process,
which may possibly cause detrimental effects on a wide range of essential cellular functions leading to eventual neuronal
degeneration. Based on the pathogenic mechanism of the polyQ diseases, several therapeutic approaches have been pro-
posed to date. Among them, here we focus on peptide-based approaches that target cither aggregate formation of the
polyQ proteins or abnormal cellular processes induced by the expanded polyQ proteins. Although both approaches are ef-
fective in suppressing cytotoxicity of the abnormal polyQ proteins and the disease phenotypes of animal models, the for-
mer approach is more attractive since it targets the most upstream change occurring in the polyQ diseases, and is therefore
expected to be effective against various downstream functional abnormalities in a broad range of polyQ diseases. One of
the major current problems that must be overcome for development of peptide-based therapies of the polyQ diseases is the
issue of brain delivery, which is also discussed in this article. We hope that in the near future effective therapies are de-

veloped, and bring hope to many patients suffering from the currently untreatable polyQ diseases.

Keywords: Neurodegeneration, peptide, polyglutamine diseases, protein aggregation, therapy.

THE POLYGLUTAMINE DISEASES

The polyglutamine (polyQ) diseases are a group of inher-
ited neurodegenerative disorders characterized by a common
genetic mutation in the coding sequence of each disease-
causative gene, in which a trinucleotide CAG repeat encod-
ing a polyQ stretch is abnormally expanded (>35-40 repeats)
[1-3]. So far, nine disorders have been recognized as such
diseases, including Huntington’s disease (HD), spinal and
bulbar muscular atrophy (SBMA), several types of spi-
nocerebeller ataxias (SCAs) [2]. These diseases are all char-
acterized by the progressive degeneration and loss of neu-
rons in various regions of the brain, resulting in progressive
neurological and psychiatric symptoms such as cognitive
impairment and motor disturbance. No effective treatment
for the polyQ diseases has been established to date.

The molecular basis of the polyQ diseases is the abnor-
mal expansion of a polyQ stretch in each host protein. In
most cases, the threshold polyQ length for disease manifesta-
tion is around 35-40 repeats, as polyQ expansions longer
than 40 repeats typically result in the polyQ diseases [3].
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For example, the polyQ length in huntingtin (Htt), the causa-
tive protein of HD, ranges in size from 5 to 35 repeats in
normal subjects, but is expanded to more than 40 repeats in
patients with HD [4]. The polyQ length in the disease-
causative protein can also affect the disease progression, as it
correlates tightly with the age at onset and severity of disease
[5, 6]. Animal studies have demonstrated that typical disease
phenotypes such as progressive degeneration and loss of
neurons in the brain can be caused by expression of the ex-
panded polyQ stretch alone, further supporting the patho-
logical importance of the abnormal expansion of the polyQ
stretch [7-11]. These facts strongly indicate that the polyQ
diseases are caused by a gain of toxic function mechanism of
the expanded polyQ stretch, and are considered to be unre-
lated with the specific functions of each host protein.

The expanded polyQ stretches are intrinsically unstable,
and are likely to form insoluble aggregates and inclusion
bodies, which are a common pathological characteristic ob-
served in the brain of polyQ disease patients as well as ani-
mal models [12, 13]. The mechanisms as to how expanded
polyQ proteins form aggregates and the relationship between
aggregate formation and cytotoxicity have been extensively
studied [14-18]. Recent accumulating evidence strongly in-
dicate that abnormal intermediate species such as oligomeric
intermediates and even misfolded monomers of the expanded
polyQ proteins which form prior to aggregates/inclusion
bodies could be more toxic to neurons compared with in-

© 2014 Bentham Science Publishers
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soluble aggregates/inclusion bodies [19-23]. Although it is
still unclear which intermediate species are responsible for
polyQ disease pathogenesis, these facts indicate that the ex-
panded polyQ protein gains cytotoxicity during the aggrega-
tion process.

THERAPEUTIC APPROACHES
GLUTAMINE DISEASES

Since proteins with an abnormally expanded polyQ
stretch gain cytotoxicity during their aggregation process,
suppression of misfolding and aggregate formation could be
a potential therapeutic approach for treatment of the polyQ
diseases [3]. Several studies have actually demonstrated in
polyQ disease models that increasing levels of molecular
chaperones [24-28] and expression of intracellular antibodies
(intrabodies) [29-31] successfully reduce the eventual toxic-
ity in neurons through suppression of polyQ protein accumu-
lation and inclusion body formation [32, 33]. Small mole-
cules [34-38] and peptides [39-41] that interfere with the
aggregation process of the expanded polyQ protein were also
shown to suppress polyQ-induced neurodegeneration in cell
culture and animal models of the polyQ diseases. In addition,
activation of protein degradation systems, which accelerate
the clearance of the polyQ proteins, has been shown to be
quite effective to suppress aggregate formation and eventual
cell death [42,43]. Since suppression of polyQ aggregation is
expected to broadly correct the functional abnormalities of
multiple downstream cellular processes (see below), misfold-
ing and aggregate formation of the expanded polyQ proteins
are one of the most ideal therapeutic targets of the polyQ
diseases [3] (Fig. 1).

On the other hand, it is well known that polyQ disease
patients as well as animal models exhibit dysfunctions in
various cellular processes in the cascade of polyQ patho-

FOR THE POLY-
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genesis. This includes abnormalities in essential cellular
functions including transcription [44], proteasomal degra-
dation [45], synaptic transmission [46], axonal transport
[47] and Ca®* signaling pathways [48], which probably
contribute to neuronal dysfunction and eventual loss of
neurons in various regions of the brain [12, 49, 50]. Al-
though the exact mechanisms as to how they eventually
cause degeneration of neurons in patients of the polyQ dis-
eases have not yet been clarified, these cellular processes
that are thought to be eventually impaired in the pathogenic
cascade are also potential therapeutic targets for treatment
of the polyQ diseases (Fig. 1).

In the following sections, selected examples of peptide-
based therapeutic approaches focusing on these targets are
introduced (Table 1), and the current problems that must be
overcome for the development of peptide-based therapies for
the polyQ diseases are discussed.

PEPTIDE-BASED INHIBITORS OF POLYGLU-
TAMINE AGGREGATION

Therapeutic approaches targeting the polyQ stretch are
particularly attractive because effective inhibitors would be
expected to work generally on a broad spectrum of the polyQ
diseases. Trottier et al. showed that the anti-polyQ mono-
clonal antibody 1C2 binds preferentially to longer polyQ
repeats compared with short repeats [51]. Similar preferen-
tial binding to expanded polyQ proteins has been reported
for the monoclonal antibodies MW1 [52] and 3B5H10 [53].
These studies led to the idea that expanded polyQ stretches
may possess structurally different conformations from the
shorter ones, and that potential molecules that specifically
recognize and bind to such abnormal conformations could
interfere with the aggregation processes of expanded polyQ
proteins.

polyQ protein
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« aggregation
goreg mutant polyQ
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Fig. (1). Proposed mechanism of expanded polyQ protein toxicity and potential therapeutic targets for polyQ disease therapies.
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Table 1.  Selected examples of peptides potentially effective for the polyQ diseases.
Peptide Sequence Therapeutic Target Effects In Vitro Effects In Vivo Ref
Aggregation | Inclusion bodies | 23 39,54
QBP1 SNWKWWPGIFD polyQ aggregation Inclusion bodies | Life span | [23,39,54-
o ) 60,62, 63]
Cytotoxicity | Body weight |
Stabilize Ca®* signal-
) N X , o Aggregation | ing |
HQP09 Npip-Nmba-P-Nmea-Nall-Nlys-Nser” polyQ aggregation Cytotoxicity | Apoplosis | [64]
Inclusion bodies
A cytosolic C-terminal tail of InsP;R1 Aberrant interaction Stébilize Ca* Motor function T
1C10 (122 amino acids) between Hitand signaling | Neuronal loss | [68]
InsP;R1 gnating
MKDTDSEEEIREAFRVFDKDGNGY - Abberant interacti Body weight T
CaMpeptide | ISAAELRHVMTNLGEKLTDEEV (A betw::;‘]“H‘n o C‘;‘\‘d Cytotoxicity | Motor function 1 [69-71]
fragment of CaM, residues 76-121) : ¢ Inclusion bodies |
BIP VPMLK/VPTLK Bax-induced apoptosis Apoptosis | - [75,76]
Motor functi
Exending | HGEGTFTSDLSKQMEEEAVRLFIEWL | Abnormal energy OL?;e :“:n‘?“ 1 (551
xendm- KNGGPSSGAPPPS metabolism . © spa |
Inclusion bodies |
Nuel ati Motor function T
Leuprorelin Pyr-HWSYLLRP-NHE!"* e ledr aceum Ao - Life span 1 (90-92]
of mutant AR . X
Inclusion bodies |

“N-substituted glycines, Npip, piperonyl; Nmba, methylbenzyl; Nmea, methoxyethyl; Nall, allyl; Nlys, aminobutyl; Nser, hydroxyethyl. “Pyr, pyroglutamyl. “d-amino acids in ltalics.

QBP1

We previously took a combinatorial screening approach
to search for short peptides that selectively and specifically
bind to an expanded polyQ stretch, but not to a normal
length polyQ stretch, using the phage display technique.
Multiple rounds of screening resulted in six peptides that
preferentially bind to the abnormally expanded polyQ stretch
[39]. One of these peptides, QBP1 (polyQ binding peptide
1), had a particularly high affinity for the abnormal polyQ
stretch with a dissociation constant (Ky) of 5.7 uM [54], and
also had a suppressive effect on polyQ aggregation in vitro
[39]. Studies focusing on its structure-activity relationship
revealed that the tryptophan-rich sequence is necessary for
the inhibitory activity of QBP1 [55-57]. Expression of QBP1
effectively suppressed inclusion body formation and cytotox-
icity of expanded polyQ proteins in cell culture [23,39,58,59]
and Drosophila models of the polyQ diseases [60]. Since
QBP1 is poorly membrane permeable, we employed protein
transduction domains (PTDs) [61] to improve the bioavail-
ability of QBP1 by its efficient intracellular delivery. We
found that the delivery efficiency of QBP1 was dramatically
improved by conjugation with a PTD, leading to successful
suppression of polyQ inclusions as well as polyQ-induced
premature death in Drosophila by its oral administration
[62]. The therapeutic potential of PTD-QBP1 was further
investigated using a mouse model of HD. However, the
therapeutic effect of PTD-QBP1 was limited to neither inhi-
bition of body weight loss with any improvement in the other
disease phenotypes nor inhibition of aggregate formation in
the brains, probably due to low efficiency of PTD-QBP1
delivery to the mouse brain by intraperitoneal injections [63].

HQP09

Chen et al. also performed combinatorial screening to
search for potential inhibitors of polyQ aggregation [64]. In
contrast to our approach using peptide-based phage display
libraries, they used a combinatorial library consisting of pep-
toids as scaffolds. Peptoids, which are oligomers of N-
substituted glycines, have an advantage in developing thera-
peutic molecules since they are considered to be superior in
stability to protease degradation, cell permeability, and struc-
tural diversity [65, 66]. They prepared a peptoid library con-
taining 60,000 unique compounds, and screened for mole-
cules that specifically bind to the Htt fragment with an ex-
panded polyQ stretch. The peptoid HQP09, which was iso-
lated from this screening process, was found to bind with
high specificity to the expanded polyQ forms of Htt and
ataxin-3, which is the causative protein of SCA3, and to ef-
fectively suppress polyQ aggregation in vitro. Interestingly,
although HQP09 and QBPI had comparable binding affinity
to mutant Htt proteins, HQP09 did not show any competition
with QBP1 in binding, possibly indicating that these two
inhibitors recognize the abnormally expanded polyQ
stretches in a different manner. The authors also tested the
therapeutic activity of this peptoid, and confirmed that
HQPO09 reduced cytotoxicity in primary cultured neurons and
decreased polyQ inclusion bodies in a mouse model of HD
upon its intracerebroventricular injection. Importantly, they
successfully identified the pharmacophore of HQP09 based
on a structure-activity relationship study, and developed the
minimal derivative peptoid HQP09-9 (4-mer, MW = 585)
without significant loss of activity. Although HQP09-9 failed
to exert therapeutic effects on a mouse model upon its subcu-
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taneous injection probably due to poor blood-brain barrier
permeability, this could be a promising lead compound for
the development of drugs against a broad spectrum of the
polyQ diseases.

PEPTIDE-BASED MODULATORS OF POLYGLU-
TAMINE TOXICITY

Another therapeutic approach is to target the various cel-
lular dysfunctions occurring in the cascade of polyQ patho-
genesis. Although the mechanisms as to how these abnor-
malities contribute to eventual neurodegeneration in various
regions of the brain are not known, normalizing such dys-
functions has been shown to effectively reduce the toxicity
of the expanded polyQ proteins and improve disease pheno-
types in polyQ disease animal models.

IC10 peptide

Since aberrant interactions between mutant Htt and vari-
ous proteins often cause abnormalities in downstream cellu-
lar functions [50], disruption of such interactions could be a
promising therapeutic approach. Bezprozvanny and cowork-
ers found that the polyQ expanded Htt protein specifically
binds to type 1 inositol 1,4,5-triphosphate receptor (InsP;R1)
and facilitates its activity, indicating that abnormal neuronal
Ca* signaling may play an important role in HD pathogene-
sis [48, 67]. Since mutant Htt specifically binds to the C-
terminal cytosolic region of InsP;R1 (IC10 fragment), they
hypothesized that introduction of the IC10 peptide into neu-
rons would normalize Ca®* signaling and eventual neurode-
generation by interfering with the abnormal interaction be-
tween mutant Htt and InsP3R1[48]. They indeed found that
viral vector-mediated expression of the IC10 peptide effec-
tively stabilized neuronal Ca®* signaling, improved motor
dysfunctions and reduced neuronal loss in a mouse model of
HD [68].

CaM-peptide

‘Mutant Htt also associates with calmodulin (CaM) with a
higher affinity than wild-type Htt, and this interaction facili-
tates a wide range of downstream cellular functions. Muma
and coworkers prepared several deletion mutants of CaM
and found that a fragment corresponding to 76-121 amino
acids of CaM (CaM-peptide) is responsible for binding with
mutant Htt [69]. They demonstrated that expression of CaM-
peptide reduced cytotoxicity by disrupting the abnormal in-
teraction between endogenous CaM and mutant Htt in cellu-
lar models [69, 70] and improved disease phenotypes includ-
ing body weight loss and motor dysfunctions in a mouse
model of HD [71]. The studies on both IC10 and CaM pep-
tides strongly indicate that abnormal interactions of the ex-
panded polyQ proteins is critical for polyQ disease patho-
genesis, and that molecules targeting these abnormal interac-
tions may be promising lead compounds for polyQ disease
treatment.

BIP

It has been reported that expanded polyQ proteins di-
rectly induce apoptosis. Mutant Htt with expanded polyQ
stretch was shown to activate p53 and increase the expres-
sion level of Bax, a proapoptotic member of the Bcl-2 family
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of proteins that play a key role in programmed cell death in
neurons [72]. Similarly, activation of Bax and subsequent
cell death has also been shown in cells expressing polyQ-
expanded ataxin-3 and ataxin-7, causative proteins of SCA3
and SCA7, respectively [73, 74]. Matsuyama, Yokota and
coworkers found that the proapoptotic activity of Bax is
normally suppressed by Ku70, a cytoprotective protein that
interacts with Bax and prevents its mitochondrial transloca-
tion, while in SCA3, mutant ataxin-3 abnormally stimulates
the acetylation of Ku70, which results in dissociation of Bax
from Ku70 and promotes the subsequent activation of apop-
tosis [75]. Importantly, expression of Ku70 effectively
blocked mutant ataxin-3-induced cell death, which strongly
indicates that approaches targeting the activation process of
Bax could be effective for suppression of the eventual apop-
tosis induced by expanded polyQ proteins [75]. To develop
peptide-based suppressors of Bax-induced apoptosis, they
identified the Bax-binding domain of Ku70 and designed a
penta-peptide, Bax-inhibiting peptide (BIP) derived from this
domain [76]. BIP is particularly promising since this is cell-
permeable and effectively suppresses the mitochondrial
translocation of Bax and subsequent apoptotic cell death
[75].

Exendin-4

Although the polyQ diseases are considered primarily as
neurological disorders, patients also exhibit peripheral symp-
toms. In HD, it is known that patients suffer from various
metabolic abnormalities including progressive weight loss,
appetite dysfunction and poor glycemic control [77-80].
Similarly, mouse models of HD also exhibit these symptoms,
together with impaired glucose metabolism in both brain and
periphery and elevated blood glucose levels [81, 82]. This is
probably due to the significant toxicity caused by high levels
of mutant Htt in peripheral tissues including the pancreatic
islet cells, leading to decrease in f-cell mass and impaired
insulin release capacity [81, 82]. Since molecules that im-
prove abnormal energy metabolism such as creatine have
been shown to work as a neuroprotective agent and to delay
the onset of motor dysfunction in a mouse model of HD [83],
therapeutic approaches targeting this diabetic-like condition
may be promising. Exendin-4 (Ex-4) is an agonist for gluca-
gon-like peptide-1 receptor, and is used as a peptide drug for
diabetes to improve glucose regulation [84]. Martin et al.
tested the effects of Ex-4 on a mouse model of HD, and
found that daily administration of Ex-4 by subcutaneous in-
jection improved motor dysfunction and extended the life
span of HD mice [85]. They also found that Ex-4 injection
significantly promoted pancreatic f-cell growth and reduced
Htt aggregates in the pancreas as well as in the brain cortex
[85]. This study strongly indicates that therapeutic ap-
proaches targeting not only the central pathophysiologies but
also the peripheral symptoms could be an effective strategy
for treatment of the polyQ diseases.

Leuprorelin

SBMA is an adult-onset motor neuron disease, which is
caused by the expansion of a polyQ stretch in the androgen
receptor (AR) [86]. Although the specific pathogenic
mechanisms of SBMA still remain unclear, the nuclear ac-
cumulation of abnormal AR proteins is thought to be respon-
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sible for neuronal toxicity. Since testosterone binds to AR as
a ligand and induces its nuclear translocation, reduction of
the testosterone level would lead to a decrease in the even-
tual nuclear accumulation of mutant AR and to lower cyto-
toxicity [87, 88]. This idea is actually supported by the ex-
perimental fact that surgical castration significantly im-
proved motor dysfunctions of a mouse model of SBMA [87,
89]. Katsuno et al. tested the effects of leuprorelin, a luteniz-
ing hormone-releasing hormone (LHRH) peptide agonist that
reduces testosterone release from the testis, and found that
subcutaneous injection of leuprorelin reduced the nuclear
accumulation of mutant AR in muscle and spinal cord, and
improved the motor dysfunctions and extended the life span
of a SBMA mouse model [90]. Furthermore, they conducted
a series of clinical trials of leuprorelin including a random-
ized, placebo-controlled trial in a large cohort of 204 SBMA
patients from 14 hospitals in Japan [91, 92]. Although clini-
cal outcomes of leuprorelin administration for 48 weeks
were limited to suppression of nuclear AR accumulation and
decreased serum levels of testosterone with no significant
improvement of motor functions, there is a possibility that
leuprorelin could be effective in long-term trials in early-
phase SBMA patients.

FUTURE DIRECTIONS

In this review, we introduced selected studies focusing on
the development of peptide-based therapies for treatment of
the polyQ diseases. Among them, the therapeutic approach
focusing on aggregate formation of the expanded polyQ
stretch, which targets the most upstream change occurring in
the polyQ diseases, is considered to be most attractive be-
cause potential inhibitors are expected to suppress a large
number of downstream functional abnormalities in a broad
range of the polyQ diseases. However, efficient delivery into
brains is always problematic in developing peptide-based
drugs [93], as aggregation inhibitors developed by us [63]
and by Chen et al. [64] both failed to demonstrate therapeu-
tic effects on mouse models via their subcutaneous or intrap-
eritoneal administration. Since both QBP1 and HQP09 have
been shown to possess high potential to specifically and se-
lectively suppress mutant polyQ-induced cytotoxicity, it is
highly likely that they would be promising leads for devel-
opment of polyQ disease drugs if given the ability to effi-
ciently translocate across the blood-brain barrier (BBB).
Therefore, it is quite clear that one of the future directions
that we should progress toward is to re-design these potential
peptide inhibitors into BBB-permeable molecules. Elucidat-
ing the structural basis as to how QBP1 and HQP09 inhibit
aggregate formation of the expanded polyQ stretch would be
helpful towards designing their small chemical analogues
with high BBB permeability without loss of its inhibitory
activity. Another direction is to develop effective delivery
systems using carrier molecules which would efficiently
deliver cargoes to the brain. Potential carriers include cell-
penetrating peptides (CPPs, protein transduction do-
mains/PTDs) [94-96], viral vectors [97, 98] and liposomes
[99, 100], which may enable these peptide inhibitors to trans-
locate through the BBB and to perform their therapeutic ac-
tivities in specific regions of the brain. We hope that in the
near future therapeutic approaches that are widely effective
against the polyQ diseases are developed, and bring hope to
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many patients suffering from the currently untreatable polyQ
diseases.
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AR = Androgen receptor

Bax = Bcl-2 associated X protein

BBB = Blood-brain barrier

Bel2 = B-cell lymphoma 2

BIP = Bax-inhibiting peptide

CaM = Calmodulin

Ex-4 = Exendin-4

HD = Huntington’s disease

Hitt = Huntingtin

InsP;R1 = Type [ inositol 1,4,5-triphosphate receptor
Ky = Dissociation constant

LHRH = Lutenizing hormone-releasing hormone
MW = Molecular weight

PolyQ = Polyglutamine

PTD = Protein transduction domain

QBPl = PolyQ binding peptide 1

SBMA = Spinal and bulbar muscular atrophy
SCA = Spinocerebeller ataxia
REFERENCES

m Gusella, J.F.; MacDonald, M.E. Molecular genetics: unmasking
polyglutamine triggers in neurodegenerative disease. Nat. Rev.
Neurosci., 2000, 1,109-115.

2] Orr, H.T.; Zoghbi, H.Y. Trinucleotide repeat disorders. Annu. Rev.
Neurosci., 2007, 30, 575-621.

31 Nagai, Y.; Popiel, H.A. Conformational changes and aggregation
of expanded polyglutamine proteins as therapeutic targets of the



6 Current Medicinal Chemistry, 2014, Vol. 21, No. 1

[4]

{5]

[6]

7

[8]

91

[10]

f1]

[12]

[13]

[14]

[15]

[16]

[17]

{18}

(191

[20]

[21]

[22]

[23]

polyglutamine diseases: exposed beta-sheet hypothesis. Curr.
Pharm. Des., 2008, 14,3267-3279.

The Huntington's Disease Collaborative Research Group. A novel
gene containing a trinucleotide repeat that is expanded and unstable
on Huntington's disease chromosomes. Ce//, 1993, 72, 971-983.
Doyu, M.; Sobue, G.; Mukai, E.; Kachi, T.; Yasuda, T.; Mitsuma,
T.; Takahashi, A. Severity of X-linked recessive bulbospinal
neuronopathy correlates with size of the tandem CAG repeat in
androgen receptor gene. Ann. Neurol., 1992, 32, 707-710.

Igarashi, S.; Tanno, Y.; Onodera, O.; Yamazaki, M.; Sato, S.;
Ishikawa, A.; Miyatani, N.; Nagashima, M.; Ishikawa, Y.; Sahashi,
K.; et al. Strong correlation between the number of CAG repeats in
androgen receptor genes and the clinical onset of features of spinal
and bulbar muscular atrophy. Neurology, 1992, 42, 2300-2302.
Mangiarini, L.; Sathasivam, K.; Seller, M.; Cozens, B.; Harper, A.;
Hetherington, C.; Lawton, M.; Trottier, Y.; Lehrach, H.; Davies, S.
W.; Bates, G. P. Exon 1 of the HD gene with an expanded CAG
repeat is sufficient to cause a progressive neurological phenotype in
transgenic mice. Cell, 1996, 87, 493-506.

Ikeda, H.; Yamaguchi, M.; Sugai, S.; Aze, Y.; Narumiya, S.;
Kakizuka, A. Expanded polyglutamine in the Machado-Joseph
disease protein induces cell death in vitro and in vivo. Nat. Genet.,
1996, 13, 196-202.

Burright, EN.; Clark, H.B.; Servadio, A.; Matilla, T.; Feddersen,
R.M.; Yunis, W.S.; Duvick, L.A.; Zoghbi, H.Y.; Orr, H.T. SCAl
transgenic mice: a model for neurodegeneration caused by an
expanded CAG trinucleotide repeat. Cell, 1995, 82, 937-948.
Warrick, J.M.; Paulson, H.L.; Gray-Board, G.L.; Bui, Q.T.;
Fischbeck, K.H.; Pittman, R.N.; Bonini, N.M. Expanded
polyglutamine protein forms nuclear inclusions and causes neural
degeneration in Drosophila. Cell, 1998, 93, 939-949.

Faber, P.W.; Alter, JR,; MacDonald, ME.; Hart, A.C.
Polyglutamine-mediated dysfunction and apoptotic death of a
Caenorhabditis elegans sensory neuron. Proc. Natl. Acad. Sci. USA,
1999, 96, 179-184.

Ross, C.A. Polyglutamine pathogenesis: emergence of unifying
mechanisms for Huntington's disease and related disorders.
Neuron, 2002, 35, 819-822.

Shao, J.; Diamond, M.I. Polyglutamine diseases: emerging
concepts in pathogenesis and therapy. Hum. Mol. Genet., 2007, 16
Spec No. 2,R115-R123.

Scherzinger, E.; Lurz, R.; Turmaine, M.; Mangiarini, L.;
Hollenbach, B.; Hasenbank, R.; Bates, G. P.; Davies, SSW;
Lehrach, H.; Wanker, E.E. Huntingtin-encoded polyglutamine
expansions form amyloid-like protein aggregates in vifro and in
vivo. Cell, 1997, 90, 549-558.

Scherzinger, E.; Sittler, A.; Schweiger, K.; Heiser, V.; Lurz, R,;
Hasenbank, R.; Bates, G.P.; Lehrach, H.; Wanker, EE. Self-
assembly of polyglutamine-containing huntingtin fragments into
amyloid-like fibrils: implications for Huntington's disease
pathology. Proc. Natl. Acad. Sci. USA, 1999, 96, 4604-4609.

Chen, S.; Berthelier, V.; Yang, W.; Wetzel, R. Polyglutamine
aggregation behavior in vifro supports a recruitment mechanism of
cytotoxicity. J. Mol. Biol., 2001, 311, 173-182.

Yang, W.; Dunlap, J.R.; Andrews, R.B.; Wetzel, R. Aggregated
polyglutamine peptides delivered to nuclei are toxic to mammalian
cells. Hum. Mol. Genet., 2002, 11,2905-2917.

Wetzel, R. Physical chemistry of polyglutamine: intriguing tales of
a monotonous sequence. J. Mol. Biol., 2012, 421, 466-490.
Kuemmerle, S.; Gutekunst, C.A.; Klein, A.M.; Li, X.J.; Li, S.H,;
Beal, M.F.; Hersch, S.M.; Ferrante, R.J. Huntington aggregates
may not predict neuronal death in Huntington's disease. Ann.
Neurol., 1999, 46, 842-849.

Klement, I.A.; Skinner, P.J.; Kaytor, M.D.; Yi, H.; Hersch, SM,;
Clark, H.B.; Zoghbi, H.Y.; Orr, H.T. Ataxin-1 nuclear localization
and aggregation: role in polyglutamine-induced disease in SCAI
transgenic mice. Cell, 1998, 95, 41-53.

Saudou, F.; Finkbeiner, S.; Devys, D.; Greenberg, M.E. Huntingtin
acts in the nucleus to induce apoptosis but death does not correlate
with the formation of intranuclear inclusions. Cell, 1998, 95, 55-66.
Arrasate, M.; Mitra, S.; Schweitzer, E.S.; Segal, M.R.; Finkbeiner,
S. Inclusion body formation reduces levels of mutant huntingtin
and the risk of neuronal death. Nature, 2004, 431, 805-810.

Nagai, Y.; Inui, T.; Popiel, H.A; Fujikake, N.; Hasegawa, K
Urade, Y., Goto, Y.; Naiki, H.; Toda, T. A toxic monomeric

— 89

[24]

[25]

[26]

[27]

(28]

[29]

(30]

611

(32]

(33]

[34]

Bs]

£36]

B7

[38]

[39]

Takeuchi et al.

conformer of the polyglutamine protein. Nat. Struct. Mol. Biol,
2007, 14, 332-340.

Cummings, C.J.; Mancini, M.A.; Antalffy, B.; DeFranco, D.B.;
Orr, H.T.; Zoghbi, H.Y. Chaperone suppression of aggregation and
altered subcellular proteasome localization imply protein
misfolding in SCAL. Nat. Gener., 1998, 19, 148-154.

Warrick, J.M.; Chan, H.Y.; Gray-Board, G.L.; Chai, Y.; Paulson,
HL.; Bonini, N.M. Suppression of polyglutamine-mediated
neurodegeneration in Drosophila by the molecular chaperone
HSP70. Nat. Genet., 1999, 23, 425-428.

Sittler, A.; Lurz, R.; Lueder, G.; Priller, J.; Lehrach, H.; Hayer-
Hartl, M.X.; Hartl, F.U.; Wanker, E.E. Geldanamycin activates a
heat shock response and inhibits huntingtin aggregation in a cell
culture model of Huntington's disease. Hum. Mol. Genet., 2001, 10,
1307-1315.

Katsuno, M.; Sang, C.; Adachi, H.; Minamiyama, M.; Waza, M.;
Tanaka, F.; Doyu, M.; Sobue, G. Pharmacological induction of
heat-shock proteins alleviates polyglutamine-mediated motor
neuron disease. Proc. Natl. Acad. Sci. USA, 2005, 102, 16801-
16806.

Fujikake, N.; Nagai, Y.; Popiel, H.A.; Okamoto, Y.; Yamaguchi,
M.; Toda, T. Heat shock transcription factor Il-activating
compounds suppress polyglutamine-induced neurodegeneration
through induction of multiple molecular chaperones. J. Biol.
Chem., 2008, 283,26188-26197.

Lecerf, J.M.; Shirley, T.L.; Zhu, Q.; Kazantsev, A.; Amersdorfer,
P.; Housman, D.E.; Messer, A.; Huston, J.S. Human single-chain
Fv intrabodies counteract in sitv huntingtin aggregation in cellular
models of Huntington's disease. Proc. Natl. Acad. Sci. US4, 2001,
98, 4764-4769.

Colby, D.W.; Chu, Y.; Cassady, J.P.; Duennwald, M.; Zazulak, H.;
Webster, J.M.; Messer, A.; Lindquist, S.; Ingram, V.M.; Wittrup,
K.D. Potent inhibition of huntingtin aggregation and cytotoxicity
by a disulfide bond-free single-domain intracellular antibody. Proc.
Natl. Acad. Sci. USA, 2004, 101, 17616-17621.

Wolfgang, W.J.; Miller, T.W.; Webster, JM.; Huston, J.S.;
Thompson, L.M.; Marsh, J.L.; Messer, A. Proc. Natl. Acad. Sci.
US4, 2005, 102, 11563-11568.

Nagai, Y.; Fujikake, N.; Popiel, H.A.; Wada, K. Induction of
molecular chaperones as a therapeutic strategy for the
polyglutamine diseases. Curr. Pharm. Biotechnol., 2010, 11, 188-
197.

Butler, D.C.; McLear, J.A.; Messer, A. Engineered antibody
therapies to counteract mutant huntingtin and related toxic
intracellular proteins. Prog. Neurobiol., 2012, 97, 190-204.

Heiser, V.; Scherzinger, E.; Boeddrich, A.; Nordhoff, E.; Lurz, R.;
Schugardt, N.; Lehrach, H.; Wanker, E.E. Inhibition of huntingtin
fibrillogenesis by specific antibodies and small molecules:
implications for Huntington's disease therapy. Proc. Natl. Acad.
Sci. US4, 2000, 97, 6739-6744.

Heiser, V.; Engemann, S.; Brocker, W.; Dunkel, 1.; Boeddrich, A.;
Waelter, S.; Nordhoff, E.; Lurz, R.; Schugardt, N.; Rautenberg, S.;
Herhaus, C.; Barnickel, G.; Bottcher, H.; Lehrach, H.; Wanker,
E.E. Identification of benzothiazoles as potential polyglutamine
aggregation inhibitors of Huntington's disease by using an
automated filter retardation assay. Proc. Natl. Acad. Sci. USA,
2002, 99 Suppl 4, 16400-16406.

Tanaka, M.; Machida, Y.; Niu, S.; Ikeda, T.; Jana, N.R.; Doi, H,;
Kurosawa, M.; Nekooki, M.; Nukina, N. Trehalose alleviates
polyglutamine-mediated pathology in a mouse model of
Huntington disease. Nat. Med., 2004, 10, 148-154.

‘Wang, I.; Gines, S.; MacDonald, M.E.; Gusella, I.F. Reversal of a
full-length mutant huntingtin neuronal cell phenotype by chemical
inhibitors of polyglutamine-mediated aggregation. BMC. Neurosci.,
2005, 6, 1.

Ehrnhoefer, D.E.; Duennwald, M.; Markovic, P.; Wacker, J.L.;
Engemann, S.; Roark, M.; Legleiter, J.; Marsh, J.L.; Thompson,
L.M.; Lindquist, S.; Muchowski, P.J.; Wanker, E.E. Green tea (-)-
epigallocatechin-gallate modulates early events in huntingtin
misfolding and reduces toxicity in Huntington's disease models.
Hum. Mol. Genet., 2006, 15,2743-2751.

Nagai, Y.; Tucker, T.; Ren, H.; Kenan, D.J.; Henderson, B.S,;
Keene, J.D.; Strittmatter, W.J.; Burke, J.R. Inhibition of
polyglutamine protein aggregation and cell death by novel peptides
identified by phage display screening. J. Biol. Chem., 2000, 275,
10437-10442.



Peptide Therapy for Polyglutamine Diseases

[40]

(41]

[42)

[43]

(44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

Kazantsev, A.; Walker, H.A ; Slepko, N.; Bear, J.E.; Preisinger, E.;
Steffan, J.S.; Zhu, Y.Z.; Gertler, F.B.; Housman, D.E.; Marsh, I.L.;
Thompson, L.M. A bivalent Huntingtin binding peptide suppresses
polyglutamine aggregation and pathogenesis in Drosophila. Nat.
Genet.,, 2002, 30, 367-376.

Popiel, H.A.; Nagai, Y.; Onodera, O,; Inui, T.; Fujikake, N.; Urade,
Y.; Strittmatter, W.J.; Burke, JR.; Ichikawa, A.; Toda, T.
Disruption of the toxic conformation of the expanded
polyglutamine stretch leads to suppression of aggregate formation
and cytotoxicity., Biochem. Biophys. Res. Commun., 2004, 317,
1200-1206.

Bauer, P.O.; Goswami, A.; Wong, H.K.; Okuno, M.; Kurosawa,
M.; Yamada, M.; Miyazaki, H.; Matsumoto, G.; Kino, Y.; Nagai,
Y.; Nukina, N. Harnessing chaperone-mediated autophagy for the
selective  degradation of mutant huntingtin - protein.  Nat.
Biotechnol.,, 2010, 28, 256-263.

Shoji-Kawata, S.; Sumpter, R.; Leveno, M.; Campbell, G.R.; Zou,
Z.; Kinch, L.; Wilkins, A.D.; Sun, Q.; Pallauf, K.; MacDuff, D.;
Huerta, C.; Virgin, HW.; Helms, I.B.; Eerland, R.; Tooze, S.A.;
Xavier, R.; Lenschow, D.J.; Yamamoto, A.; King, D.; Lichtarge,
O.; Grishin, N.V.; Spector, S.A.; Kaloyanova, D.V.; Levine, B.
Identification of a candidate therapeutic autophagy-inducing
peptide. Nature, 2013, 494, 201-206.

Steffan, J.S.; Kazantsev, A.; Spasic-Boskovic, O.; Greenwald, M.;
Zhu, Y.Z.; Gohler, H.; Wanker, E.E.; Bates, G.P.; Housman, D.E.;
Thompson, L.M. The Huntington's disease protein interacts with
p53 and CREB-binding protein and represses transcription. Proc.
Natl. Acad. Sci, US4, 2000, 97, 6763-6768.

Bence, N.F.; Sampat, R.M.; Kopito, R.R. Impairment of the
ubiquitin-proteasome system by protein aggregation. Science,
2001, 292, 1552-1555.

Romero, E.; Cha, G.H.; Verstreken, P.; Ly, C.V.; Hughes, RE;
Bellen, H.J.; Botas, J. Suppression of neurodegeneration and
increased neurotransmission caused by expanded full-length
huntingtin accumulating in the cytoplasm. Neuron, 2008, 57, 27-
40.

Gunawardena, S.; Her, L.S.; Brusch, R.G.; Laymon, R.Aj;
Niesman, L.R.; Gordesky-Gold, B.; Sintasath, L.; Bonini, N.M,;
Goldstein, L.S. Disruption of axonal transport by loss of huntingtin
or expression of pathogenic polyQ proteins in Drosophila. Neuron,
2003, 40, 25-40.

Tang, T.S.; Tu, H.,; Chan, E.Y. Maximov, A.; Wang, Z;
Wellington, C.L.; Hayden, M.R.; Bezprozvanny, I. Huntingtin and
huntingtin-associated protein 1 influence neuronal calcium
signaling mediated by inositol-(1,4,5) triphosphate receptor type 1.
Neuron, 2003, 39,227-239.

Tobin, A.J.; Signer, E.R. Huntington's disease: the challenge for
cell biologists. Trends Cell Biol., 2000, 10, 531-536.

Harjes, P.; Wanker, E.JE. The hunt for huntingtin function:
interaction partners tell many different stories. Trends Biochem.
Sci., 2003, 28, 425-433.

Trottier, Y.; Lutz, Y.; Stevanin, G.; Imbert, G.; Devys, D.; Cancel,
G.; Saudou, F.; Weber, C.; David, G.; Tora, L.; Agid, Y; Brice, A,;
Mandel, J. Polyglutamine expansion as a pathological epitope in
Huntington's disease and four dominant cerebellar ataxias. Nature,
1995, 378, 403-406.

Bennett, M.J.; Huey-Tubman, K.E.; Herr, A.B.; West, AP, Jr;
Ross, S.A.; Bjorkman, P.J. A lincar lattice model for polyglutamine
in CAG-expansion diseases. Proc. Natl. Acad. Sci. USA, 2002, 99,
11634-11639.

Miller, J.; Arrasate, M.; Brooks, E.; Libeu, CP.; Legleiter, J.;
Hatters, D.; Curtis, J.; Cheung, K.; Krishnan, P.; Mitra, S.; Widjaja,
K.; Shaby, B.A.; Lotz, G.P.; Newhouse, Y.; Mitchell, EJ;
Osmand, A.; Gray, M.; Thulasiramin, V.; Saudou, F.; Segal, M.;
Yang, X.W.; Masliah, E.; Thompson, L.M.; Muchowski, P.J.;
Weisgraber, K.H.; Finkbeiner, S. Identifying polyglitamine protein
species in situ that best predict neurodegeneration. Nat. Chem.
Biol,, 2011, 7,925-934.

Okamoto, Y.; Nagai, Y.; Fujikake, N.; Popiel, H.A.; Yoshioka, T.;
Toda, T.; Inui, T. Surface plasmon resonance characterization of
specific binding of polyglutamine aggregation inhibitors to the
expanded polyglutamine stretch. Biochem. Biophys. Res. Commun.,
2009, 378, 634-639.

Ren, H.; Nagai, Y.; Tucker, T.; Strittmatter, W.J.; Burke, J.R.
Amino acid sequence requirements of peptides that inhibit

— 90

[56]

[571

[58]

[591

(60}

[61]

[62]

[63]

fo4]

[65]

[66]

(67]

[68]

[69]

[70]

71

[72]

(73]

[74]

Current Medicinal Chemistry, 2014, Vol. 21, No. 1 7

polyglutamine-protein  aggregation and cell death. Biochem.
Biophys. Res. Commun., 2001, 288, 703-710.

Tomita, K.; Popiel, H.A.; Nagai, Y.; Toda, T.; Yoshimitsu, Y.;
Ohno, H.; Oishi, S.; Fujii, N. Structure-activity relationship study
on polyglutamine binding peptide QBP1. Bioorg. Med. Chem.,
2009, 17, 1259-1263.

Hamuro, L.; Zhang, G.; Tucker, T.J.; Self, C.; Strittmatter, W.J.;
Burke, J.R. Optimization of a polyglutamine aggregation inhibitor
peptide (QBP1) using a thioflavin T fluorescence assay. Assay
Drug Dev. Technol., 2007, 5, 629-6306.

Takahashi, Y.; Okamoto, Y.; Popicl, H.A.; Fujikake, N.; Toda, T.;
Kinjo, M.; Nagai, Y. Detection of polyglutamine protein oligomers
in cells by fluorescence correlation spectroscopy. J. Biol. Chem.,
2007, 282,24039-24048.

Takahashi, T.; Kikuchi, S.; Katada, S.; Nagai, Y.; Nishizawa, M;
Onodera, O. Soluble polyglutamine oligomers formed prior to
inclusion body formation are cytotoxic. Hum. Mol. Genet., 2008,
17,345-356.

Nagai, Y.; Fujikake, N.; Ohno, K.; Higashiyama, H.; Popiel, H.A.;
Rahadian, J.; Yamaguchi, M.; Strittmatter, W.J.; Burke, J.R.; Toda,
T. Prevention of polyglutamine  oligomerization  and
neurodegeneration by the peptide inhibitor QBP1 in Drosophila.
Hum. Mol. Genet., 2003, 12, 1253-1259.

Futaki, S.; Hirose, H.; Nakase, 1. Arginine-rich peptides: methods
of translocation through biological membranes. Curr. Pharm. Des.,
2012, 19, 2863-2868.

Popiel, H.A.; Nagai, Y.; Fujikake, N.; Toda, T. Protein transduction
domain-mediated delivery of QBPI suppresses polyglutamine-
induced neurodegeneration in vivo. Mol. Ther., 2007, 15, 303-309.
Popiel, H.A.; Nagai, Y.; Fujikake, N.; Toda, T. Delivery of the
aggregate inhibitor peptide QBPI into the mouse brain using PTDs
and its therapeutic effect on polyglutamine disease mice. Neurosci.
Lett., 2009, 449, 87-92.

Chen, X.; Wu, J.; Luo, Y.; Liang, X,; Supnet, C.; Kim, M.W; Lotz,
G.P.; Yang, G.; Muchowski, P.J.; Kodadek, T.; Bezprozvanny, L.
Expanded polyglutamine-binding peptoid as a novel therapeutic
agent for treatment of Huntington's disease. Chem. Biol., 2011, 18,
1113-1125.

Simon, R.J.; Kania, R.S.; Zuckermann, RN.; Huebner, V.D.;
Jewell, D.A.; Banville, S.; Ng, S.; Wang, L.; Rosenberg, S.;
Marlowe, C.K.; Spellmeyer, D.C.; Tan, R.; Frankel, A.D.; Santi,
D.V.; Cohen, F.E.; Bartlett, P.A. Peptoids: a modular approach to
drug discovery. Proc. Natl. Acad. Sci. USA, 1992, 89,9367-9371.
Zuckermann, R.N.; Kodadek, T. Peptoids as potential therapeutics.
Curr. Opin. Mol. Ther., 2009, 11,299-307.

Tang, T.S.; Tu, H.; Orban, P.C.; Chan, E.Y.; Hayden, M.R,;
Bezprozvanny, I. HAP1 facilitates effects of mutant huntingtin on
inositol 1,4,5-trisphosphate-induced Ca release in primary culture
of striatal medium spiny neurons. Eur. J. Neurosci., 2004, 20,
1779-1787.

Tang, T.S.; Guo, C; Wang, H.; Chen, X.; Bezprozvanny, I
Neuroprotective effects of inositol 1,4,5-trisphosphate receptor C-
terminal fragment in a Huntington's disease mouse model. J.
Neurosci., 2009, 29, 1257-1266.

Dudek, N.L; Dai, Y., Muma, N.A. Protective effects of
interrupting the binding of calmodulin to mutant huntingtin. J.
Neuropathol. Exp. Neurol., 2008, 67, 355-365.

Dudek, N.L.; Dai, Y.; Muma, N.A. Neuroprotective effects of
calmodulin peptide 76-121aa: disruption of calmodulin binding to
mutant huntingtin. Brain Pathol., 2010, 20, 176-189.

Dai, Y.; Dudek, N.L.; Li, Q.; Fowler, S.C.; Muma, N.A. Striatal
expression of a calmodulin fragment improved motor function,
weight loss, and neuropathology in the R6/2 mouse model of
Huntington's disease. J. Neurosci., 2009, 29, 11550-11559.

Bae, B.I.; Xu, H.; Igarashi, S.; Fujimuro, M.; Agrawal, N.; Taya,
Y.; Hayward, S.D.; Moran, T.H.; Montell, C.; Ross, C.A.; Snyder,
S.H.; Sawa, A. p53 mediates cellular dysfunction and behavioral
abnormalities in Huntington's disease. Neuron, 2005, 47,29-41.
Chou, AH.; Yeh, TH.; Kuo, Y.L,; Kao, Y.C.; Jou, M.J.; Hsu,
C.Y.; Tsai, SR.; Kakizuka, A.; Wang, H.L. Polyglutamine-
expanded ataxin-3 activates mitochondrial apoptotic pathway by
upregulating Bax and downregulating Bcl-xL. Newrobiol. Dis.,
2006, 21, 333-345.

Wang, H.L.; Yeh, T.H.; Chou, AH.; Kuo, Y.L.; Luo, L.J; He,
C.Y.; Huang, P.C.; Li, A.H. Polyglutamine-expanded ataxin-7
activates mitochondrial apoptotic pathway of cerebellar neurons by



8 Current Medicinal Chemistry, 2014, Vol. 21, No. 1

[75]

[76]

[77]

[78]

(791

[80]

[81]

{82]

(83]

[84]

[83]

(86]

[87]

upregulating Bax and downregulating Bel-x(L). Cell. Signal., 2006,
18, 541-552.

Li, Y.; Yokota, T.; Gama, V.; Yoshida, T.; Gomez, J.A.; Ishikawa,
K.; Sasaguri, H.; Cohen, H.Y:; Sinclair, D.A.; Mizusawa, H.;
Matsuyama, S. Bax-inhibiting peptide protects cells from
polyglutamine toxicity caused by Ku70 acetylation. Cell Death
Differ., 2007, 14,2058-2067.

Yoshida, T.; Tomioka, I.; Nagahara, T.; Holyst, T.; Sawada, M.;
Hayes, P.; Gama, V.; Okuno, M.; Chen, Y.; Abe, Y.; Kanouchi, T,;
Sasada, H.; Wang, D.; Yokota, T.; Sato, E.; Matsuyama, S. Bax-
inhibiting peptide derived from mouse and rat Ku70. Biochem.
Biophys. Res. Commun., 2004, 321, 961-966.

Aziz, N.A.; Swaab, D.F.; Pijjl, H.; Roos, R.A. Hypothalamic
dysfunction and neuroendocrine and metabolic alterations in
Huntington's disease: clinical consequences and therapeutic
implications. Rev. Neurosci., 2007, 18, 223-251.

Powers, W.J.; Videen, T.0.; Markham, J.; McGee-Minnich, L.
Antenor-Dorsey, J.V.; Hershey, T.; Perlmutter, I.S. Selective defect
of in vivo glycolysis in early Huntington's disease striatum. Proc.
Natl. Acad. Sci. US4, 2007, 104, 2945-2949.

Gaba, A.M.; Zhang, K.; Marder, K.; Moskowitz, C.B.; Werner, P.;
Boozer, C.N. Energy balance in early-stage Huntington disease.
Am. J. Clin. Nutr., 2005, 81, 1335-1341.

Lodi, R.; Schapira, A.H.; Manners, D.; Styles, P.; Wood, N.W.;
Taylor, D.J.; Wamer, T.T. Abnormal in vivo skeletal muscle
energy metabolism in Huntington's disease and
dentatorubropallidoluysian atrophy. Ann. Neurol., 2000, 48, 72-76.

Hurlbert, M.S.; Zhou, W.; Wasmeier, C.; Kaddis, F.G.; Hutton,
J.C.; Freed, C.R. Mice transgenic for an expanded CAG repeat in
the Huntington's disease gene develop diabetes. Diabetes, 1999, 48,
649-651.

Bjorkqvist, M.; Fex, M.; Renstrom, E.; Wierup, N.; Petersen, A;
Gil, J.; Bacos, K.; Popovic, N.; Li, J.Y.; Sundler, F.; Brundin, P.;
Mulder, H. The R6/2 transgenic mouse model of Huntington's
disease develops diabetes due to deficient beta-cell mass and
exocytosis. Hum. Mol. Genet., 2005, 14, 565-574.

Ferrante, R.J.; Andreassen, O.A.; Jenkins, B.G.; Dedeoglu, A.;
Kuemmerle, S.; Kubilus, J.X.; Kaddurah-Daouk, R.; Hersch, S.M.;
Beal, M.F. Neuroprotective effects of creatine in a transgenic
mouse model of Huntington's disease. J. Neurosci., 2000, 20, 4389-
4397.

Greig, N.H.; Holloway, HW; De Ore, K.A.; Jani, D.; Wang, Y;
Zhou, J.; Garant, M. J.; Egan, J.M. Once daily injection of exendin-
4 to diabetic mice achieves long-term beneficial effects on blood
glucose concentrations. Diabetologia, 1999, 42, 45-50.

Martin, B.; Golden, E.; Carlson, O.D.; Pistell, P.; Zhou, J.; Kim,
W.; Frank, B.P.; Thomas, S.; Chadwick, W.A.; Greig, N.H.; Bates,
G.P.; Sathasivam, K.; Bemier, M.; Maudsley, S.; Mattson, M.P;
Egan, J.M. Exendin-4 improves glycemic control, ameliorates brain
and pancreatic pathologies, and extends survival in a mouse model
of Huntington's disease. Diabetes, 2009, 58, 318-328. ’
Katsuno, M.; Tanaka, F.; Adachi, H.; Banno, H.; Suzuki, K,;
Watanabe, H.; Sobue, G. Pathogenesis and therapy of spinal and
bulbar muscular atrophy (SBMA). Prog. Neurobiol., 2012, 99, 246-
256.

Katsuno, M.; Adachi, H.; Kume, A.; Li, M.; Nakagomi, Y.; Niwa,
H.; Sang, C.; Kobayashi, Y.; Doyu, M.; Sobue, G. Testosterone

— 91

[88]

[89]

[90]

[o1]

[92]

[93]

[94]

[95]
[96]

[97]

[98]

[99]

[100]

Takeuchi et al.

reduction prevents phenotypic expression in a transgenic mouse
model of spinal and bulbar muscular atrophy. Neuron, 2002, 35,
843-854.

Takeyama, K.; Ito, S.; Yamamoto, A.; Tanimoto, H.; Furutani, T ;
Kanuka, H.; Miura, M.; Tabata, T.; Kato, S. Androgen-dependent
neurodegeneration by polygluitamine-expanded human androgen
receptor in Drosophila. Neuron, 2002, 35, 855-864.
Chevalier-Larsen, E.S.; O'Brien, C.J.; Wang, H.; Jenkins, S.C.;
Holder, L.; Lieberman, A.P; Merry, D.E. Castration restores
function and neurofilament alterations of aged symptomatic males
in a transgenic mouse model of spinal and bulbar muscular atrophy.
J. Neurosci., 2004, 24, 4778-4786.

Katsuno, M.; Adachi, H.; Doyu, M.; Minamiyama, M.; Sang, C.;
Kobayashi, Y.; Inukai, A.; Sobue, G. Leuprorelin rescues
polyglutamine-dependent phenotypes in a transgenic mouse model
of spinal and bulbar muscular atrophy. Nat. "Med., 2003, 9, 768-
773.

Banno, H.; Katsuno, M.; Suzuki, K.; Takeuchi, Y.; Kawashima,
M.; Suga, N.; Takamori, M.; Ito, M.; Nakamura, T.; Matsuo, K;
Yamada, S.; Oki, Y.; Adachi, H.; Minamiyama, M.; Waza, M.;
Atsuta, N.; Watanabe, H.; Fujimoto, Y.; Nakashima, T.; Tanaka,
F.; Doyu, M.; Sobue, G. Phase 2 trial of leuprorelin in patients with
spinal and bulbar muscular atrophy. 4nn. Neurol., 2009, 65, 140-
150.

Katsuno, M.; Banno, H.; Suzuki, K.; Takeuchi, Y.; Kawashima,
M.; Yabe, 1; Sasaki, H.; Aoki, M.; Morita, M.; Nakano, L.; Kanai,
K.; Tto, S.; Ishikawa, K.; Mizusawa, H.; Yamamoto, T.; Tsuji, S.;
Hasegawa, K.; Shimohata, T.; Nishizawa, M.; Miyajima, H.;
Kanda, F.; Watanabe, Y.; Nakashima, K.; Tsujino, A.; Yamashita,
T.; Uchino, M.; Fujimoto, Y.; Tanaka, F.; Sobue, G. Efficacy and
safety of leuprorelin in patients with spinal and bulbar muscular
atrophy (JASMITT study): a multicentre, randomised, double-
blind, placebo-controlled trial. Lancet Neurol., 2010, 9, 875-884.
Craik, D.J.; Fairlie, D.P.; Liras, S.; Price, D. The Future of Peptide-
based Drugs. Chem. Biol. Drug Des., 2013, 81, 136-147.

Asoh, S.; Ohta, S. PTD-mediated delivery of anti-cell death
proteins/peptides and therapeutic enzymes. Adv. Drug Deliv. Rev.,
2008, 60, 499-516.

Blumling Iii, J.P.; Silva, G.A. Targeting the brain: advances in drug
delivery. Curr. Pharm. Biotechnol., 2012, 13,2417-2426.
Malakoutikhah, M.; Teixidé, M.; Giralt, E. Shuttle-mediated drug
delivery to the brain. Angew. Chem. Int. Ed., 2011, 50, 7998-8014.
Salegio, E.A.; Samaranch, L.; Kells, A.P.; Forsayeth, J;
Bankiewicz, K. Guided delivery of adeno-associated viral vectors
into the primate brain. Adv. Drug Deliv. Rev., 2012, 64, 598-604.
Hester, M.E.; Foust, K.D.; Kaspar, R.W.; Kaspar, BK. AAV as a
gene transfer vector for the treatment of neurological disorders:
novel treatment thoughts for ALS. Curr. Gene Ther., 2009, 9, 428-
433.

Garbayo, E.; Ansorena, E.; Blanco-Prieto, M.J. Brain drug delivery
systems for neurodegenerative disorders. Curr. Pharm. Biotechnol.,
2012, 13,2388-2402.

Micheli, M.R.; Bova, R.; Magini, A.; Polidoro, M.; Emiliani, C.
Lipid-based nanocarriers for CNS-targeted drug delivery. Recent
Pat. CNS Drug Discov., 2012, 7, 71-86.



R EBEC LB HIEEAFEEE HIE (FTLD-tau)

FZDOMOFTLD — mszmomsys

FCoIC

BUSEHIEE e 25 M9 (FTLD © frontotemporal lobar degen-
eration) (& HTEAGE & MITAZE O WhEEAMEFTHE IS 2 - LS &
DR CH D, I L LTid, % { oM
B 57 7P E ARD#O 595 FTLD &,
B AMEAIFED 5 417 Vs FTLD-ni(no inclusions) i KA &
N, BHAGRLPROeNZ b, BEHTA2EAHCED
FTLD-tau, FTLD-TDP, FTLD-FUS, 8 XU FTLD-
UPS (ubiquitin proteasome system) @ 4 BHZ 3 X T
%Y, AT FTLD-tau U0 Atk2#ED 502
FTLD-U e oW THFEERAHOBHE» /N T 5, £,
VI4E FTLD O & U CHE 3 e Corf72 MIRTF2E 5
X2 REEAEOERIC DO TO R OMBE ZHBNT
5.

AZRE bhB

(0 [E SRR - BRREIEERERIE 2 v & — R IIZE
R /SR ITIE A5 P

BN BON NN

mA Klld W ER

ol BEGOR O EE MR AR OJF E B

FTLD-TDP

gyt F BB AkE > 7% FTLD-U
EWT, BAKRERRT 2 BEEAHIIRETH > 7275,
2006 £E1Z RNA f5& & F'E C¢H % TAR DNA-binding pro-
tein of 43 (TDP-43) WER L Tw 3 Z EBHS M E h
7223 FTLD-U @ % & TDP-43 Wil Ak et fLx
AT HDIFFTLD-TDP & o3&, FTLD O 45% % &5
BB, X5z, HEEmEEMZRMEE (ALS © amyotrophic
lateral sclerosis) I8\ TH TDP-43 BER L TWw3 Z &
WHSPIZEN/Z L6, FTLD & ALS MiEB DR
WIREO S FREEP D 2 LEZONE L) kol
TDP-43 I& FTLD-TDP BEMAIC B W ORBRENL Y
VELRWI LR ZITTE D, KT CRM A OB - il
DVEEEEN B9, TDP-43 O C K 3 BEEIcE L 7
UAVERE XA UFEEL (R1), Wikflhic X b BEsEtks
B3z s, 20 CERBAEERMIC R 55HE - B

TDP-43

-
NES Prion-like domain
1 526
N tc
——
Prion-like domain NES ’ NLS

B 1 TDP-43 &£ FUS OBERAEHEE
TDP-43 i 414 B, FUS X526 BEDT I /M54 D, ZD4TFHICIE RNA & 1cb 2 RNA Fikte
F—7 (RRM : RNA recognition motif), EHE-EHEMEEMICED 2 7'V > v U v F4H8 (Gly-rich) 2 &
7 A KR A A4 ¥ (Prion-like domain), #8173 27+ (NLS : nuclear localization signal), # & 04817
7"F W (NES : nuclear export signal) D3F#ET 5.

312 0289-0585/15/ %500/ &3¢/ JCOPY



ICBE T3 LTINS, BE L TDP-43 DEHE - BHEAR
A=A LB & CHIIERER IR TH - 7228, 2013 FFic
Nonaka & i3, BEMEEDTEM: TDP-43 #EEEAN
WWEAT B L, ARIFENEETH - HIEAD TDP-43 A3
WEEAR RT3 2 L 2R L, E% TDP-43 OBEMEMNIE
#HTDP-43 ICfRiBET 2 2 &, X 51229 TDP-43 Dk
HERABETOERTAZE2HODII L. IO
B 5, BEMONELE TDP-43 13 7'V 4 VO E2 %
L Twa LRSI TwRD, BEERE 7 i vitro
DEERTIZH 5703, TDP-43 D - EFEF 28I,
HIEEEEE T2 R L LROMEIZEERECL DO TH
h, 5%, BWETALEEREOMRTL S TDP-43 07
Y VIR M E G L REEOMEIT & OBLEM: o RIS
Eh3s,

FTLD-FUS

2008 FE 1K IEME ALS(ALSE) DJRE & LT FUS &2&E»
FE XN, ALS6 BEOFMEAENT 5 & FUS 23
JREAOHAGRDOEBRATTH 2 EBHS LI N,
f T, TDP-43 EMEE Ak % > 7z aF TLD-U(atypical
FTLD-U), NIFID (neuronal intermediate filament inclu-
sion disease), & BIBD (basophilic inclusion body disease)
KBV, MEEE L7 iAo MIEE I FUS B

—_— ;
Gly Arg Gly Arg Gly

Gly Pro Gly Pro Gly

Gly - Ala Gly - Ala Gly Ala

5—GGGGCC-GGGGCC-GGGGCC——7T

3—CCCCGG-CCCCGG-CCCCGG—5’
Pro Gly Pro Gly  Pro Gly

Ala Pro Ala Pro Ala

Ry |

FUoFEURE

Pro Arg Pro Arg Pro

<+

B 2 CY9orf72 BIEF GGGGCC EEHMREVE— MO IART

FRUE—MNEBAE

CO-FTLD/ALS BE 2B T Corf72 EETFIEBRERD 6 35
#(GGGGCO) BEME Y E— MiFlIZ L v AEHB LS T7 v F v
AEOMARICEEI NS, 61, ATGREKFEL ZWER
(RANT : repeat-associated non-ATG translation) 2 & © 5 fEH®D
P75 FY E— bk (DPR : dipeptide repeat) EHE M FEE I N3,
Gly: 7>y, Arg: 7VWX =V, Pro: 7YYV, Ala: 772V

OB AEBRDSNE I EPHLLICADS, —ng
&% L TFTLD-FUS ¢ o E N/, RNABEERE
TdH % FUS i3 TDP-43 L ARk, oFNICEEEICED
FIFVER AL V2 FE->TwWB 2 EH»5(X1), FTLD-
TDP TR oN T 3 EHEEAE OEHED FTLD-FUS
THHEU AHBENTRRINS, L L, FUSHEE B
T2 A=A NEKRBHTH Y, SBOWERBKRETH
5,

FTLD-UPS

FTLD-U @ % & TDP-43 [&¥EE X U FUS &tk T, k72
ZOXEEBRRYOTHABEHAEZHES DI FTLD-
UPS EmEHINTWE, 2D 5D0—FHITEB VT
CHMPZ2B (charged multivesicular body protein 2B) @ #
EFEEPHAL»ICE N, CHMP2BIE Y FY —24
AENEEHEERT 207 T, VYV —AILBIT52
EXF U LEBERAEOSRICEE T I EBAILNTED,
CHMP2B DA RIC XL b 2 X F {LEREMIRE
NICBEL, HABRZHERL T3 EEZLNS,

RIEDFERE — CI-FTLD/ALS

2006 412 ALS-FTD Z% DES#HENT 5 58 9 Bk
WRFDEEFERS 3 L BE SNz, Z0BEFERIER
5 ARHTH - 7208, 2011 iz ZOZEME ALS-FTD @
FEREBFRFERL L TREME P2 @R ICEELET 2

C9orf72 BET OIEFIRESIC 6 #5E (GGGGCC) Y E—

MRS O BEMESFERINELRY 2D Corf72 EIETF
BRIZI—0 v S8 L OIkOREY &IN5 FTLD/
ALSOROERELZRERKRTHY, A TLIFES
® FTLD/ALS %% FLICIRE I NT WS, Corf72
fBFERIZE 5 FTLD/ALS(CO9-FTLD/ALS) B35 ik
TDP-43 B3 % T H AR O ILFH TH 5 1, FTLD-
TDP eI N T 325, /MK, B8, B X CRITEHEIEET
BB Td TDP-43 0B AEBRD 5 13, C9-
FTLD/ALS & k&R FIFTRESICH 2 ) £~ M
S B REICEET % SCA8, DM, # XU FXTAS %
EO—BHOBER T, BEINLZERHREY E—T RNA
ML LTCHBaI N Yy ATGREELZVHER
(RANT : repeat-associated non-ATG translation) IZ & b,

Clinical Neuroscience vol. 33 no. 3 (2015-3) 313



BEMELERY 7 VB Y- PEAHSEESNS Z
EDHISNT WS, CO-FTLD/ALS B »wT b, BEEHE
GGGGCC J E— | RNA 25 RANT i X b iR &S e R
J(FUrr-PAF oY), KUY r-7ayy), &
V(v r-TIy), RY(TRYr-rIv), B&
CRI(Ia Y v-PAX2y)D5 DY 7F FY
v— b (DPR : dipeptide repeat) & FE (4 2) DIFFEDR &
, TH6 08 TDP-43 B ARICERIL Tw» b 2 &
SR 0 721519 FEnT, DPREFEDHI LRI (7
Sv-TI ), RPN v-TA¥=y), BXURY
(oY r=-PAF¥ =)k, B2 Ll
HARBEBITIENMRINTY, asicyayday
NILEFICEBWTH, RY(F)r-7L¥=v) R
V(7Y T ARV ) PR R T ER T EN
REND, DPR EHEO— I MR MaEE 2o &
DS I N, Mo 56, DPR EFHEOERD
CO9-FTLD/ALS #IEDKIH E LTHEZ BN LI ickD,
RS & L CHi 721 FTLD/ALS-DPR & LCH¥T 5 Z
EMEEINTVBEY L Lids, & DPR il
BRFEFNMCE o T—HLTE ST, SHOMFEILEET
b5, i, TRCOHAMH DPR BETIE% <, TDP-
3G RTEHAK S ASNZHBAEARHTHD, SBO
HRDBIETH 5,

ol B

AR DRZEN - AL ORI X b, FTLD i
BOTHAREZMRT 2 TEEREQAHIRL LAES N
7o. L2 L, REICFTLD-UPS KBWITEMT 2 BEE
HEEAHTH H, BREREIEHI I FTLD-TDP
R FTLD-FUS i BT bk - ERB L OGRED X H =
R LIRS AMRIBI T B8, & L ISRIBIHTH
%, 4%, FTLD-TDP iZ2WwTid, #IIEE F % v 725t
B 686 - B TDP-43 DE - ElE L OMEEIcHE
TRARE, BT TATHRET B Z LRI NG, &
72, flild FTLD i T FTLD-TDP O S HEE &
nh, BEEOEOBE W BEAS=A LM
I LB I TV,

N

b

=

=

=

~—

Z

=

=

=~

e

=

=

=

=

X Hk

1) Mackenzie IRA, Neumann M, Bigio EH, et al. Nomenclature and

nosology for neuropathologic subtypes of frontotemporal lobar
degeneration * an update. Acta Neuropathol. 2010 ; 119 : 1-4.

Arai T, Hasegawa M, Akiyama H, et al. TDP-43 is a component of
ubiquitin-positive tau-negative inclusions in frontotemporal lobar
degeneration and amyotrophic lateral sclerosis. Biochem Biophys
Res Commun. 2006 ; 351 : 602-11.

Neumann M, Sampathu DM, Kwong LK, et al. Ubiquitinated TDP-43
in frontotemporal lobar degeneration and amyotrophic lateral
sclerosis. Science. 2006 ; 314 1 130-3.

Ling S-C, Polymenidou M, Cleaveland DW. Converging mechanisms
in ALS and FTD : disrupted RNA and protein homeostasis. Neuron.
2013 1 79 : 416-38.

Hasegawa M, Arai T, Nonaka T, et al. Phosphorylated TDP-43 in
frontotemporal lobar degeneration and amyotrophic lateral sclerosis.
Ann Neurol. 2008 ; 64 : 60-70.

Igaz LM, Kwong LK, Xu Y, et al. Enrichment of C-terminal
fragments in TAR DNA-binding protein-43 cytoplasmic inclusions
in brain but not in spinal cord of frontotemporal lobar degeneration
and amyotrophic lateral sclerosis. Am J Pathol. 2008 ; 173 @ 182-94.
Nonaka T, Masuda~Suzukake M, Arai T, et al. Prion-like properties
of pathological TDP-43 aggregates from diseased brains. Cell Rep.
2013 5 4 1 124-34.

Neumann M, Rademakers R, Roeber S, et al. A new subtype of
frontotemporal lobar degeneration with FUS pathology. Brain.
2009 ; 132 : 2922-31.

Neumann M, Roeber S, Kretzschmar HA, et al. Abundant FUS-
immunoreactive pathology in neuronal intermediate filament inclu-
sion disease. Acta Neuropathol. 2009 ; 118 : 605-16.

Munoz DG, Neumann M, Kusaka H, et al. FUS pathology in
basophilic inclusion body disease. Acta Neuropathol. 2009 ; 118 : 617~
27.

11) Holm IE, Isaacs AM, Mackenzie IRA. Absence of FUS-immunoreac-

tive pathology in frontotemporal dementia linked to chromosome 3
(FTD-3) caused by mutation in the CHMP2B gene. Acta Neuropa-
thol. 2009 ; 118 : 719-20.

DeJesus-Hemandez M, Mackenzie IR, Boeve BF, et al. Expanded
GGGGCC hexanucleotide repeat in noncoding region of C9ORF72
causes chromosome 9p-linked FTD and ALS. Neuron. 2011 ; 72 :
245-56.

Renton AE, Majounie E, Waite A, et al. A hexanucleotide repeat
expansion in CYORF72 is the cause of chromosome 9p2l-linked
ALS-FTD. Neuron. 2011 ; 72 : 257-68.

Al-Sarraj S, King A, Troakes C, et al. p62 positive, TDP-43
negative, neuronal cytoplasmic and intranuclear inclusions in the
cerebellum and hippocampus define the pathology of C907f72-liked
FTLD and MND/ALS. Acta Neuropathol. 2011 5 122 : 691-702.
Mori K, Weng S-M, Arzberger T, et al. The C9orf72 GGGGCC
repeat is translated into aggregating dipeptide~repeat proteins in
FTLD/ALS. Science. 2013 ; 339 : 1335-8.

Gendron TF, Bieniek KF, Zhang Y~J, et al. Antisense transcripts of
the expanded C9ORF72 hexanucleotide repeat form nuclear RNA
foci and undergo repeat-associated non-ATG translation in c9FTD/
ALS. Acta Neuropathol. 2013 ; 126 : 829-44.

May S, Hornburg D Schludi MH, et al. C90rf72 FTLD/ALS-
associated Gly-Ala dipeptide repeat proteins cause neuronal toxicity
and Uncl19 sequenstration. Acta Neuropathol. 2014 ; 128 : 485-503.
Zhang Y-J], Jansen-West K, Xu Y-F, et al. Aggregation-prone
c9FTD/ALS poly (GA) RAN-translated proteins cause neurotox-
icity by inducing ER stress. Acta Neuropathol. 2014 ; 128 : 505-24.
Kwon I, Xiang S, Kato M, et al. Poly-dipeptides encoded by the
C90ORF72 repeats bind nucleoli, impede RNA biogenesis, and kill
cells. Science. 2014 ; 345 : 1139-45.

Mizielinska S, Gronke S, Niccoli T, et al. C90#f72 repeat expansions
cause neurodegeneration in Drosophila through arginine-rich
proteins. Science. 2014 ; 345 : 1192-4.

314 Clinical Neuroscience vol. 33 no. 3 (2015-3)



Frak - AR EPED A = X 2,

RUTIIZVRICBITHMEE

RUT LA RIS, CAG UE—MEFINEEBELVIBRNEEETFERICER T2 BEMER THE-5,
DFEDFEEBLUREARIMMRRBICEALTCERBLTE:. BEFHREYVIAOERLS, HEEIR
(E St CE DRI DT R T CER T3 &AL I -7 ZOHREEEEREER, BeD
HZMEEOEBEZD (cell-autonomous) BEE LT TEL, JUT7&EEEEGIEHIEEER (hon-cell-
autonomous) B x v —VEEICEBRERTIEEZONBLI o/ FOHRTE, VT TRAENTIEREE
DEZIRENPOSFEETICEFRESN, BERIPOTHOHBERERE TESARFENELDTREMLH

3.

Key words
RUGILIZVE

F— 7 7 14455
RS
JEMBRREEN

IF T AMREGE

kI P

NAGAI Yoshitaka/@II¥5% - HRERHE £ 5 —HEHRAERTRSEDN

FUSHIC

TNINA =g, =% Y VP
A5 280 4 SR AR ALAE (ALS), v F
¥ b, FRUNEIGRIE 2 &R
SN MRENERE, Fhenige
D IR D FFEINRE DS EAT M I -
Wige L7-fE5e, 83 & 2% - Wb
FEIRE B 5 B RAARHORER & Tk
EFRSNTW, L Ladrs, #Efs
P2 RS ARERRERIIBWTE, &
T BAZFERET 2 5 KEBORFER
FEEPFEESN, 7304 FNERE
BE, v, a-¥ X2 14>, SODI,
TDP-43, huntingtin, ataxins &%
COBEFERICEDBERFE (I A
TA=TFA T BETREILR
TWEREHENEASINL Z L
LR ENT, —J, IEEOMEE
HEEICBNTY, ThoDEREDN
BE L THBEMBASMIEH AMKE LT
ERTHI LR, SO TV

Doz bhn, BREEHEHOIAT
=T 4 T BRI LD, Rl
MEEMEAF BRI SND L wHEE
722 58 EST A A = X LB ER,
INSLDEBIII ST A -9 VI
BLAEIATH—=NT 1 VIR
MENTWDY, KFETE, 3V 74
A—=va VIEOEFVERE LTEY
FVFIVRICERL, FoMREN
AHZ A LD E BigL72WEH» 5
P oPIC o B OMAZ AT 5.

RYZNE 3y (PolyQ k& lx,
YF v b VIR H BN R E
(SCA)1, 2, 3.6 7 17EL # IR
B BV A R EEE, SR
MERER L IERORKTHY, =
NoHOEBIE, FRERIOEEEE
FHRIZHEINVTIVETI—FTS
CAGVU E— PEFIOBRFEMEL VS

BRAIN MEDICAL Vol.26 No3 2014-9 33 (225)




B - DRI 220 A7 = 7 2

%@mﬁﬁﬁiw BlE mﬁy.:
D CAG Y ¥— bRl J T NS H AT
9 L GE ~35 1) ¥ —
& A5, PolvQ i HH TR
JE— 25 100 ) ¥— b BLEC R
MELTEY, EoMis gl
BUhibnlLcnws, 7, CAGY
Vo L BB OSSR - TR
PR CHIET A 2 LA SR T
BHD, RS oK HEER
PolyQ SHPLA S 1A

A
0)&;;‘ DIHTIIET H I &b,

PolyQ 5 1 8% 5 i % PolyQ ${ B & 2%
5T 4 0 A B RRGE & 1 e AR LS
A Al 1 A 445 (gain of toxic func-
tion) ¥4 Z L DIEENET A L E A
LNTV A, TOIRFEA D ZALE L
THE, S L 72 PolyQ 1% #50
EMBNVEAP I AT = NT 1 v 7 -
T DT AR E LTl N
ERIL, Tofid, il -
L8 F & F R AT &
L, R e G &R O
FTEELILNTHDLY,

PolyQ i bk o X 5 (2R 5
HWIZX @I TEBY, TDHET,
JRE S 09 2 PR AEIR A 5 952 M 2 A% 37
ENTEN—F 2 RIS
WWERENTELTAINA T —HFE

*$%?@ﬁ@%ﬁﬁ&0,iﬂw

EBhEBEETH L E PolyQ
W@U&OT%&AV%VFVWd
v MEEEERORTY AFE Yo
TRY varhrao—= 7l D E
R R T HE D YEI ) L7 BT H
. TOBROBFINAER L7251l

’ﬁi (B
(R e oR
T 1 D O R T

BRAb.

34 (226)  BRAIN MEDICAL Vol.26 No.3 2014-9

EDEERNT & L
%?é Mw%@ﬁﬁ
DT BT,
737"1"73: <R
wxxnwwzl”w\£>£
Fi i ek iE
f;H/J 5?3'5 B 7 i HE R 2 D SR I
e —FL
PolyQ $ 4& A pb#85 i’L &<
LIl ;
FIALIZ B LT,

29 PolyQ D

i FZV!/!A..L

E L7
BTl

!

RN

ALY 3

T w5,

&0 RGN 7 22

&M*%#?%Mﬁmw%W%rww
W6
d =T 4 T R
HEWA DA LD
E

TR L THB Y,
PEEOEI AT
R X B ph
IR E CHEL TWw B,
INVF b I DR L
7o NE @fﬂm*”%é)??zyl
Zy e A EL RO R, 2
NFEFTHERTIER 2D Thidro
To B AR5 m_h‘
ik 7 93 Bl 2= ’JJ T
IO L) TE

i O

ED ik,

7)1’&@ i2dh,

ﬁﬁﬂEOD#Eﬂf i 3 T 5 K] A B
Lo AR m%@muﬂﬁ‘ B
TR e SARE [RASY )

NANERE B BT

AR B, R
B, B xdsd. FhTl
BT B AL &9 v RlE
THAHH 0?7 ML, TBEENF
S, REEIAR T 0 s AT
HHTREP—V AL, HRERIZLS

e () oAl
(=% PolyQ b

1R TH B 7 O — v AT
FEEE T & Sz ARSI
& 2 ARG BEIRIS
O— Y AL RRRDD,
TR b= AQOEEHEEH T
EFAS M E 7V %2 vz
Wger 6, B~ HBTAEL %M
Ntz wTid, N7 R =R
BTN T T D A A= DIz
ERHEESNTEZ, L LB,
w7 AL ED i vive T TNV R BAE K
D XA, BB o TRARHEST
VAU ARG BT,
77 A b — v ARIEEO b ManwT
LS P72, TOLAIT, W

HEskes)
BT AT,
L DAy
nET

FERMEIEA B Y B MRS IED A A
AL, EEPACEBH s TYw
LRy

— ), Tay g AR TR b
— VAT L, DLAF IOV A
BOPELRTLL00MbNTW5

il :iUJ 5 7 T AL TR v,
Clarke 234808 L 7= 2 BRI ZE 1%, Ml

o ymmﬁ—k77jv~Aﬁ
%M)UVV—Ame#%ﬁELT
BHO, BT TEVDW S 4 —
b7 7 ¥ — AT 3L (autophagic cell
death) ICHI M T B & EZ 5N B,
YF v b VI E PolyQ W BRE €

?wv#x:ﬁﬁé%%%%% = |4

BERIZIET R b= AT R E
IVFVMA,UYVM “%&ﬁ

DHEZEDRL, LA
PERIAE DB G- ATRE ST W B 7Y,
TAINA T —IHEERTL, S5O
UVV—A-ﬁ—% 7 IV — L RzE

Iz P ) SR el 2 AR s, o8

AV




—F UV URICB T HRREENICIE
TRN—=ZAIMATA— P77 —
WEENEDLENDL, Do b,
PolyQ # & & Uit A EE BT B v
Tk, #AN—BEEHRTH b2
ADBWEEL R, LAF -7 7
T —EHIIESEC & D BRI I O
B - MIEEABI &R ENb LE 2
S5 Tw5BHY

RUJIWI S RICBITS

RS MR A BT B AR IR,
IhE TR OE S - HED
WEE, TOREEIRELTHET AL
EzbhTwi LarLiedrs
PolyQ ¥ BB & e DZE S (R T %
ALSELEFRBETFUEET VY
7 AN B, FEERT A D O RERENY
TR IR REMRAT ST A & e o o RE SR, v
F U R VBETFLT Y ACB TR
SERAIHE T D RF A TIE, ks
HIEIERD SN L 2
ozt EHICEIREZLIIC, B
BFRBHFLES AT AL ENVF
FURETANAYT A T a vy A
FHWT, BEH»LTLREMNE
PolyQ BHE OB A MW 5 &4
RERFLET A ENFNRERN,
PolyQ 45 0 F 8 i R 4 3R Ml I 38 X
D b LA O R
HWEAHEEALNB LR o 72®
(1), ZoZEhd, FERIETER
W AZHEAIIAEASET - SER L THY
R & A LT W AR E B
L, COMEEEREREE 2 ENE L

i

FRIEHRIC X ) SRR A & T b ST
BHIEL, iK% 8T E 2 WEEME
AR, Zho QRO IR~
TRELRFENG S EN. T
I E TERETERE R
SRR 5 TR ZE M R O

W BIESDS, AT EAT
BEMEAURIEE Nz, 0T kb E T,
GRS R BRI L AW s A BT
FOWENL =L LB ThHL LS
&, '

ZH T, PolyQ iBI2 BT 5 HhieH
REEDQERMEKLIZEINVILDTHS
I THETIC PolyQ T BIT S
MR RERIE L LT, EENEIEE,
IEFF Y TUTFT V- LFRRG
NI Y- YV — ARG EEHE
SME S AT K OREE, I - B
FifLkEE I ha v MY TESE, N

A YL AR E, ST & LBEE

- RIS 1)
FmAEt

EFRPELMENTVEY. Ll
INHETTHIBA L L TORERE
BETHY, INLEIMEERLAVTO
FAEIRIZ ED X H 120N B D
RIFHFTH 5.
BETYUEHEMOFSEICL Y, RS
MR MICEFHEPIQERE %
BT 5B, HAHVITKEIAIF RIS
BAEB LNy Fr N RBEFVO
YFEA4 v aFwy ASEEE N
NG DT OE, MEERIEE SR
RS K 7 & & OMESIIE T

3

=2

i

DEEEEIZOAERTLIOTIEIRL,

WHED Iy b7 BEOES N EE
ThHHIEDNELPITENS Y. F
F2o 70 TH BRI B E PolyQ
BEHEA%HT 5 SCATEF LY
A% FIGT, MR 721 T Al
B-7VTHORy bT—sEELH
R E T B 2 LA LA R
SN B BT, EREBM R R

BRAIN MEDICAL Vol.26 No3 2014-9 35 (227)




