DRIy FEFICED T ) LD B 5B
WEIXh, EA LTI X I FMREFEAIZH
JEMFRE L 7> TV ABRRZBIR L7z, &5
BOKEAE 4nl OY PDRKESHEMCREEL
CTEYL L7=#% . pRS315 R #—|Z WT & L
SIIEERTA B subunit ZHAAALTE T T A
I FHEA L, SD(-Leu)Plate IZE V77,
2—3H#%, %2 TZE7 colony 6 52%
R, FOA (-Leu)Plate \IZHE ZMkVNE, 2 6°C
T—WpkEsE% . SD(-Ura), SD(-Leu)Plate {Z
Wiz # X, SD(-Ura)plate TH % F. SD(-
Leu)plate TH X H¥%ZA L, pRS316- 8
5WT Z¥#i7/=4 pRS315 X7 Z—{Z WT % L<
WBERB B 5 BPHARAENTEZTTAIFND
HE R OE LR LG LT,

3) B—=HFF 4 TR E—DERL: =
A B 5 (Psmbb) a1 % & BAC 7 u— &
D, LLTIRT W R % BEEL .,
pBluescript-SKII 2% 7/ n—=795%
TETE—ETF 4 IRy B —EER LT,
2.0kb @ SacI-Sacl Wk % 5 {AIFBEIEIEAL.
5. 5kb > BamHI-Baml Wf % 3 *MAIFERIFNL &
L7z, FDEIZ exon2, exon3 @ B 5cDNA Er
%1, pcDNA3-3XFLAG H13® 3 XFLAG BELFIF
FORY A 7 FAEeF], ZFLTHRY
S 4 TBEANDT-HIZ MCl T rE—F —DF
Fv A ¥ TiEBET Neo) &, lox EEFIIT
AR EY T Ju—=vF Lz, 37
il lox EZFI & 3 RIARRFRAL & DR IT I
exon2, exon3 @ B5cDNA EAHNIZFNFIEE
OEREZEA LTS D, pcDNA3-3XHA HE
D 3 XHA BEFIRB LR Y A fHny 78
Yl o =il ey 7 r7a—=r7 107k,
IHiZZh b OEiF %, ERP ELFI| THEA.
F @ 3 FEFENL & DREIC exon2, exon3 D
B 5cDNA B2, pcDNA3-Venus H¥ D Venus
BEFIB LR Y A s 7 VERS & D7
T ey 7 u—=v7 Lk, EHERE
WAREZIZHTDEIRITT 4 7TEB DD
1.0kb B> 77 ) 7 EFR BB T MCIDT-
A% SHEHMEOTHICY 7 7e—=7
L7,

4) BBFE =TT 4T E—=TT v
IRy B —% Sall I & W RRIRIE L72%., TT2
ES #BJEIZ GENE PULSERII % A>T 210V,
950uF 2T V7 hmrARL—T 3 Bl X
HEGFEARITo T, ES ML 2 b
nRL—3 g A8 KFEI#% H> 6 200ug/ml G418
kY, 6 —8HMEM L, RA~A T

UMY v — 1% PCR EIC &V BB
ExIT->7T2, Z0 PCR EIZX Y., 5.1kb K
FOBBOABRRONDLOEZHART Y
Ju. 5.1kb, 3.5kb [MFOWH OMEIEN R 6
NA3L0% /7 v 747U AELTHEER
HEZ ES Mila%FE L7, PCR I% LA-Taq
ZRWTIT-> 72,

5) XTFHX—VIEEORE : 100mM Tris-
HC1 pH8. 0 DI N 7 7 — T HE PR EE 1aM D
EExZMA. 2 0. lmg/ml ¥ 7L
HLIEE T Ve —NT75 7 arhb
10ul 2iRE& L. 37°CT4 045 Ri@m%.
Twinkle LB IZCTHIE L7z, X7 F ¥ —E{F
PEIL Inmol DEIEEE % 1 0 THMET DIE
A 1 EALE LT, Chymotrypsin FRIEME
(Sue-LLVY-AMC) . Trypsin #Ei#EME (Boc-
LRR-AMC) ., Caspase #%{&M (Cbz-LLE-AMC)
EIEMERIEICH U,

(W mE ~DEE)

AEEOHRZ, & L THEEARBS IV
v RAERAWEEBRMHERB IO 2 v
F v bVEAEE AW ELERIFETH D,
o T, TNOLDOERBROEEIZIL, mEE
~OEEIIRETH o7z, -

C. D.BMIEfER LB
(FaY=2 M1 : SCF™ V) H—F¥ D45+
Wi & (ERMEORRRA |
PWEHENKEEREREEORWRERE
T E/NMAE LD Y R Y — A THEREND,
THHFEIER &R L CUNMEKRE L ORSE
WEBEDOF ¥ X% > THERA~EDIA
=ha, MEERNES LIE/MEEEIZHE
HAENT-FHAEBBE I/ MEGERNDO G+
YR TN SEREHOMITZEY
T, T4 —NT 40772y 71—
DEREEER B ITOIE, £ZTELW
BIKIEE L EE L-EEE LT, B/
JRIZ LY IAPELUEDa/N—F A b
WZHE S B, '
MM REEOENEE L0 oW
SNV TBHEEMBIZE THEEILRDD
T, DWREOAY OTH 5/ EEICIE,
BB ERRICKBR L -EREZZERL,
BA - WET H-O0OFK 4 g I
26 TW3, ZDXLHIREEEAERE
DH SIS haEo e B )
EREIENTWD, AMEEIZIERILD F
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Folum L NIETE LB RBER R R E RS
HEEVHLTWRICHLEDLLT, LR
BB DO 30%LA_EiXm KB E I R L .
BN THMEEZ T CBY ., ZOofRE
i ERAD (MNIBERRBBEERE SR LS
ncTwnb,

ERAD o FEEAIREEIZ, /NIRRT ERAD
DOEEELRDEAEOBA, MEE LM
fag ~DWITHE, MREICB TS X
FuAe TuF T V=L L B0 3D
DATFT v 7E0iRDB, TORT, JWRE
BE D% 13 N-fEEREGHIEN 2 ST 75
EHETHLN, EENLEREERE O -
ERAD ~D X — 5 4 v J « 3RO—EDH
JELUTHELTWAZ L HKLER>T
X TW5, IEEbhbiix, BEHEEZENT
Lo Fr Y H—FE LT “SCF” %
FE L., ZOOBEEE ERAD ICELTWA D
ExRExIED (1),

Bis. bhvbhit N FEEEEREN
AT AMBAL 2 F U ERETHEMNT,
Emvy /) —AEEHE b T 2T 2 U
UH v RELEREME e~ NS5 74—
PAERLL C U UMM R & RAT L ToRE AR
Fbsl (BIJFR Fbx2/Fbgl) D4BECRTh LTz,
Fbsl |X F-box 77 I VU —EHED—D2>Th
V. SCF #A& 1k Skpl-Cullinl-F-box EHE
(B&E2 : F-box)—Rocl Bla v F 1 H—E
DOIBRIENY T 2=y FTHo7-, SCF &
2 ¥F Y H—+ix Skpl-Cullinl-F-
box-Rbx1/Rocl MO SNz 4 3 FESE
EThy ., EHBNY T2y FTHDH F-
box #EHTH I LIT Lo THEM TR
Lira=—2 hBEREBNBE R T2
ExFo U H—ETHD,

REBRENFEBRE AW~ G,
A SCR™! EAEMN N BUFEGHIKFRICIEER B
ErR) X F AT HEXFF UL
— B THB I EMNHB LT (1), Fbsl OF
BIXRAN, Fhlboa—n U BRHNTH
5, —JF. i, Fbs i3 b 55
FOTA V7 —LBRHEEL, ThbMRE
EF77IV—2FEHRLTWNDHZ L2 AL
Lz, #FLTHEAOHEMBIZEXZ RT3
3 TV 5 Fbs2/Fbg2 7%, SCF™! & [FI#EIZ,
SCF™? & K% EAk, ERAD IZ{EAT 5=
XF L UHT—ETHBIEERH LR (2),

Hizhbh bk, Fbsl BEiLhFED
Fbsl & ¥ FEF—R & DEEED X B

REERRAT I & B SLIRIEERENT ISR L | Fbsl
Ik D ESH AR T LUV TCREA L
7= (3), Fbsl DO¥EGHHESE N A A 2 (SBD) D
SAFEEIT 10 ROWFIT S EEN ZBIZE
Rolzph v A v FHEEZLTEY, TD
— I BT - THERIC LV EERE
TIEBEH OB L RBICMNET S F P4 —
Z (G1cNAcB1-4GlcNAc) @B LFES L TV
B, LIF U OMEEEE LTy KAy
FREEIT A REETH LB, TNET
WA EORE SNV F U OREHER
HIALIIp T — MEIK TH o 72 DITHRF L SBD
TIEN—FEIRCHEH /AT D8 LWk
K& L oTW=,

EH L2 EEREICRBWTEM SN
-HEEHORTE S IZ, BEBFOTF K
ERAS L FEVER L TUWA - HFbsl & OFES
TR CcHD EEX NS, LA LFbsl®D
MY & 722 B S HE IZERADIC B W CHEREE
WIS ENT-BREBEEORN-ERETH
BB, BAOF bEA—AH T LE
BIZBEHL TS EEX LN DT DIlFbsl
CHEEANTAIRELRD EHESINTL, &
D EIRRAUNEGEEERE CTHERSE
7=, FosléBmOWBAMEEZRT E W) E
BREELL—HLTEY (4), ThbDZ
E MO Fbs1 A4 F DS THREH & RN
HWATAIELIE, Ty 74—V RRREIZH
AEEAE L ALELRHEEERTO LR
., aEXFFUEMMTE0IcaEES
NrEEgEThHEEZLLND, ETZARE,
Fbs1-Skpl D B O XHRFE EEEREITIZ b
L, SCE™' &k 0 EREEDE T ML
LRI LTz, S BICEE THDRNase & FEA
L 72SCF™' &R DI EMITIZ bRII LTz (R
CRFEER ), ZOfRR, SCF™ D=
FL Y H—F e LTOIERBENSTF L
JVTCHIBA L7z,

ERADIZ ¢ T HlfE - sz CLHEAIIC
BONABHBTHDHIEMNE, Fbsli==
— R ICEBE LTS Z L OHEH
1T, TNE CHRIO AR T RELRMTH
o, ¥Wbhbhii=m=z—ar 0Lk
M TIE, EREOMEEEEE
BRI HEE T A 2 LB O A TFEERRE & L
THROTEETHY, ZhbOMiE T,
3B OFbs21Z /N 2 TFbsl Z ¥ BAIZ R X
¥, BRMARCBT A MEEREYBIET D
7= DOHELRCESLEZEEL TV, T

,..18_



DOIERERIET D7D, FbslFbs2% &
LpFDOMDOT 7 IV — o F RN EMITSCFE
BEEFEHRL TWHIDENERIELTE, £
DFER, Fos2z gleflO a2 B X ¥ 272505+
BITIZEALSETH, Cullint&EFHALT
SCF2 /e YD 4 3 FHEEREBR L TV
2. FbslDRERSYIZCullinl & FES LTV
Mmolz, L L., /IMNaEiEREa % OFbslix
Cullinl & #E& LSCF™' A A L L THEE
L.ERADIZBEE- L CTWA Z LRI I iz,
Z 7T, WEREDOFos 1 DR E| 2 7T L7 FER.
PR o UREE L 7-Client NBUBEER A E % 7 4
—VF 4 v L TEERIIBHEELR -
SFICHESER STy X AT D
ST ENHEBA L, ZOREHE, Foslid==
— ClE, Cullinl & #& LSCE™'0O#E A&
% L CERADICE 5T 5 0OMNEHHT
7, BAFORESIZ, BEREIZHR
M Fryu e LTHIRE TEWT
WA ZENHEA L, MRERNEIZBWT
ANV REFY R EEEAEICH TSV v
~u S FIIIEET 05, MEE T, Fbsl
BIDHTThHD, BRE==2—a 42BN T
DX REERRY yRXa vy FRERL
Tenid, RERRTHEN, £ OMPAX,
EH—a—o VRBEEDHREERBAD
FEMEMAICIRE e MR EZXD LR
bbb,

Fudzy b 11 BRREANCLDLZ 0T
TV — L OEME T ET NV O/ER ]

Chymotrypsin #EIEMEDIET Lo BER D
FREER : ~ U 22 bbb WEEREZITD
Bz, MALELS L LTWAEEMNFYIT
HHME I, BEFENMBITHES TH
AHEESE AV TRHNZTo 72, WEK
Fue—4—CRATHEELRR L5
WAy Z—BALTRRICR LT, B4R
B5 DBEFAERILEE, 20S a7 T Y—
LRERICFEERERB B, T a=y T
BxibAia B5(A20T), B5(M45K), B 5
(MABR) = DWW THESE L T2,

B L-BERPHWC, T TV —
A DIEM % Caspase, Trypsin, Chymotrypsin
BEEO=ZBIZOWTHIELLEZ A, B
ARRIZHETENLE 30% 40% 70%0
Chymotrypsin FRIEMHE DK T 2B O 7225,
Caspase, Trypsin REIEMEIIZ /L L T2 H
ST, THHDORILIEE OEFSRM (YPD 5

H, 26°C) TiX, BAKLASOAFTREZ
T LTz, 7S /BT u ¥/ Th B Canavanine
RWTH, EBICKREREEITR < MR
(&% Chymotrypsin #RIEMEMET LTWD
¥R) OBRNITLBEEEE LD LT,

WITERBIZEALZLDO LR LERER
WILEMAICE D S8 ¥ —2{ER L,
203T fpAIZ FF v ATz gLz, M
JanbEAE 2 Mm%, TLEEEHTIC»
F., Ve — LV RBEARICL T T
N TTT g AT T, Suc-LLVY-AMC
AW IEERIEORKEN S, MALIEMAE
WWBWTHBRERBEOERAF -EDL
& T Chymotrypsin ZROIEMEIMET 252 L
NHERTE, £/, v=RXRZTayh
EORKREIY, EHRAEORRENSL 208 7
o7y Y—Ah, 268 TaTFTV—LEG
ThHETFRENTEZT7T5 73 i, BE
RGBTy O RBER,
T T V= AOBEEFICERICEAZLE
NTWNWAHZ L PR TET,

B—FF TRy E—T VT bR
RlL— g &Ik Y BS MIlEIZEA LT,
Z OIS % . G418(GIBCO) ¥ L 7= ES #%
HCELGFPEAINTZHEERIR L,
X5 PCR EIT LD 5. 1kb W7 DHENE D &
BRI bOEEHAERT Y L,
5.1kb, 3.5kb W HF DM OEBES RN D
LR ) vy AT Y E LUTHEMEZ
ES #lifm & € L7,

B U= RE AR BS MR OEHE
RHIH L, FLAG 2 VWY = A& T
0yF 4T EToEZ A, AR ES M
Bz b Ay RABE S, EA
LB SRR LTWALI EPEHATE,
X5, o DY T I E AT
i, ZV e — L REREICE>TH
FonEESE YT AL T ay METH
M U7z, FLAG Btk TR 2 &, BAR O ES
B TIE Ay FABERZOOIR L, BEE
S 7-fEFMEE 2 BS MR T3 Ny ROSHH
Ehi-, BSHIEATRSD L, B4R ES Hilg
TR FR—KRTHD0IZx LT, A
FAA %R 2 ES HfR T, Ak B 5 L —HEIZ,
3 XFLAG D472 7 kL= Ny RRHER
T&77-, ZOHE, EREARY Ta2=y
KRIELL Za T 7 Y —AIIZlAAAENT
WBZERHBALE, BE, ZOEREA
R OES MR E -~ A 8 HIMAHIRRIC A 7 uA
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Wl vav L BAFRBROTFEIZBHEL,
ATETTADERMEED TS, ~NT T
AR Y —bTA VI ADTWNWDH I & &
N, RECLVEARYTo=y bR
TRBR ) v oA e R ERT 5 EE
TH b,

E. &

oz k1)

ERAD 12854 AHEHEA =X F U H—
Pl Toa—a RN SCF™ Loy
FH RTREBE L TWVBEER SCF™? 23R,
L7z ZLT, FhEA—RZ (BHAED Asp
HEITHEES T 5 GlcNAc-GlcNAc f%) <° RNase
DES L7z SCF™! o X iRtz L A7
BIEERITICERI L, JRF L-LTER
EAYE) OMBIMELZMERA L, Ibic=
a2 — 1 R Fbsl 23 SCE™! Y 1 —¥
ELTOREIUNCHEERED O DL F
Ty u bl LTHIELTWAZ L 2D
TRHELE, ZORIZE, EfH=z—n
DEMHELREAT OO R ERE
BrZ ERHED EHFTE S,

o= s b I1)
AMETIEREALEZ 0T TV — A
DOEHEETET VOERIZE Y BAT, 2
RAEE S TR U RIS AL a0 7
RBEBBEORLIBAOT I BICE
B arzZlicky, 7T T I—AD
Caspase ¥RIGEMER LT trypsin ARIEMEIZIZ
2L EEYT, RLEE Chymotrypsin 4
TEMED B % BRI 25-50%FREICIKR T &%
BRI S a T T V— bk HFER TERY
THI LB Lz, BE, ZOXERLYE
AL ) v 7 A v~ REERFPT
HD, TTICERE AT ES MDA
o), BE, ~Ta~vy AOERMIZEYHEA
T3, 2oFalzs NI, IueFT Y
— AR IEORRSTEFEEERF - TW
BZOMNEN) BRI MBEICEADZ &R
TEXDHZORELTTIaTT Y — DR
THRHREERBORBIEIZE S >D X 5 IZHE
23 B 0NN DV T OEE L)L T OREHT A
#HTHBEIZR D,
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Abstract

Spinal and bulbar muscular atrophy (SBMA) is a hereditary neurodegenerative disease characterized by slowly progressive muscle weakness
and atrophy of bulbar, facial, and limb muscles. The cause of SBMA is expansion of a trinucleotide CAG repeat, which encodes the polyglutamine
tract, in the first exon of the androgen receptor (AR) gene. SBMA chiefly occurs in adult males, whereas neurological symptoms are rarely
detected in females having mutant AR gene. The cardinal histopathological finding of SBMA is loss of lower motor neurons in the anterior horn of
spinal cord as well as in brainstem motor nuclei. Animal models carrying human mutant AR gene recapitulate polyglutamine-mediated motor
neuron degeneration, providing clues to the pathogenesis of SBMA. There is increasing evidence that testosterone, the ligand of AR, plays a
pivotal role in the pathogenesis of neurodegeneration in SBMA. The striking success of androgen deprivation therapy in SBMA mouse models has
been translated into clinical trials. In addition, elucidation of pathophysiology using animal models leads to emergence of candidate drugs to treat
this devastating disease: HSP inducer, Hsp90 inhibitor, and histone deacetylase inhibitor. Utilizing biomarkers such as scrotal skin biopsy would
improve efficacy of clinical trials to verify the results from animal studies. Advances in basic and clinical researches on SBMA are now paving the
way for clinical application of potential therapeutics.
© 2006 Elsevier Inc. All rights reserved.
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History and nomenclature

More than a hundred years have elapsed since the first
description of spinal and bulbar muscular atrophy (SBMA)
from Hiroshi Kawahara, who described the clinical and
hereditary characteristics of two Japanese brothers with
progressive bulbar palsy (Kawahara, 1897). This work was
followed by several reports on similar cases with or without X-
linked pattern of inheritance (Katsuno et al., 2004). SBMA is
also known as Kennedy disease (KD), named afier William R,
Kennedy, whose study on 11 patients from 2 families depicted
the clinical, genctical, and pathological features of this disorder
(Kennedy et al,, 1968). Other names for this disease are
bulbospinal neuronopathy and bulbospinal muscular atrophy.

In 1991, the cause of SBMA was identified as the expansion
of a trinucleotide CAG repeat in the androgen receptor (AR)
gene (La Spada et al.; 1991). This was the first discovery of
polyglutamine-mediated neurodegenerative diseases, and sub-
sequent studies using transgenic animal models opened the door
to development of pathogenesis-based therapies for this
devastating disease.

Clinical features

SBMA exclusively affects adult males. The prevalence of
this disease is estimated to be 1-2 per 100,000, whereas a
considerable number of patients may have been misdiagnosed
as other neuromuscular diseases including amyotrophic lateral
sclerosis (Fischibeck, 1997). Patients of various ethnic back-
grounds have been reported around the world.

Major symptoms of SBMA are weakness, atrophy, and
fasciculations of bulbar, facial and limb muscles (Sperfeld et al.,
2002; Katsuno et al,, 2004). In extremities, involvement is
usually predominant in proximal musculature. The onset of
weakness is usually between 30 and 60 years but is often
preceded by nonspecific symptoms such as postural tremor and
muscle cramps. Although fasciculations in the extremities are
rarely present at rest, they are easily induced when patients hold
their arms horizontally or bend their legs while lying on their
backs. These contraction fasciculations are especially noticeable
in the face, neck, and tongue and are usually present in the early
stage. Fatigability afier exercise might also be accompanied.
Bilateral facial and masseter muscle weakness, poor uvula and
sofi palatal movements, and atrophy of the tongue with
fasciculations are often encountered. Speech has a nasal quality
in most cases due to reduced velopharyngeal closure. Advanced
cases often develop dysphagia, eventually resulting in aspiration
or choking. Muscle tone is usually hypotonic, and no pyramidal
signs are detected. Deep tendon reflex is diminished or absent
with no pathological reflex. Sensory involvement is largely
restricted to vibration sense which is affected distally in the legs.
Cerebellar symptoms, dysautonomia, and cognitive impairment
are absent. Patients occasionally demonstrate signs of androgen
insensitivity such as gynecomastia, testicular atrophy, dyserec-
tion, and decreased fertility, some of which are detected before
the onset of motor symptoms. Abdominal obesity is common,
whereas male pattern baldness is rare in patients with SBMA.
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Electromyogram shows neurogenic abnormalities, and distal
motor latencies are ofien prolonged in nerve conduction study.
Both sensory nerve action potential and sensory evoked
potential are reduced or absent. Endocrinological examinations
frequently reveal partial androgen resistance with elevated
scrum testosterone level. Serum creatine kinase level is elevated
in the majority of patients. Hyperlipidemia, liver dysfunction,
and glucose intolerance are also detected in some patients.
Profound facial fasciculations, bulbar signs, gynecomastia, and
sensory disturbance are the main clinical features distinguishing
SBMA from other motor neuron diseases, although gene
analysis is indispensable for diagnosis. Female patients arc
usually asymptomatic, but some express subclinical phenotypes
including high amplitude motor unit potentials on electromy-
ography (Sobue et al., 1993).

The progression of SBMA is usually slow, but a considerable
number of patients need assistance to walk in their fifties or
sixties. Life-threatening respiratory tract infection often occurs
in the advanced stage of the disease, resulting in early death in
some patients. No specific therapy for SBMA has been
established. Testosterone has been used in some patients,
although it has no effects on the progression of SBMA,

Etiology

The cause of SBMA is expansion of a trinucleotide CAG
repeat, which encodes the polyglutamine tract, in the first exon
of the androgen receptor (AR) gene (La Spada et al.,, 1991). The
CAG repeat within AR ranges in size from 9 to 36 in normal
subjects but from 38 to 62 in SBMA patients. Expanded poly-
glutamine tracts have been found to cause several neurodegen-
erative diseases including SBMA, Huntington’s disease, several
forms of spinocerebellar ataxia, and dentatorubral-pallidoluy-
sian atrophy (Gatchel and Zoghbi, 2005). These disorders,
known as polyglutamine diseases, share salient clinical features
including anticipation and somatic mosaicism, as well as select-
ive neuronal and nonneuronal involvement despite widespread
expression of the mutant gene. There is an inverse correlation
between the CAG repeat size and the age at onset or the disease
severity adjusted by the age at examination in SBMA as
documented in other polyglutamine diseases (Doyu et al., 1992).
These observations explicitly suggest that common mechanisms
underlie the pathogenesis of polyglutamine diseases.

AR, the causative protein of SBMA, is an 110-kDa nuclear
receplor which belongs to the steroid/thyroid hormone receptor
family (Poletti, 2004). AR mediates the effects of androgens,
testosterone, and dihydrotestosterone, through binding to an
androgen response element in the target gene to regulate its
expression. AR is essential for major androgen effects including
normal male sexual differentiation and pubertal sexual devel-
opment, although AR-independent nongenomic function of
androgen has been reported. AR is expressed not only in primary
and secondary sexual organs but also in nonreproductive organs
including the kidney, skeletal muscle, adrenal gland, skin, and
nervous system, suggesting its far-reaching influence on a
variety of mammalian tissues. In the central nervous system, the
expression level of AR is relatively high in spinal and brainstem
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motor neurons, the same cells which are vulnerable in SBMA.
The AR gene is located on chromosome Xql1-12. This 90-kb
DNA contains eight exons coding for the functional domains
specific to the nuclear receptor family. The first exon codes for
the N-terminal transactivating domain. Exons 2 and 3 code for
the DNA-binding domain, whereas exons 4 through 8 code for
the ligand-binding domain. The N-terminal transactivating
domain, in which a CAG trinucleotide repeat locates, possesses
a major transactivation function maintained by interaction with
general transcriptional coactivators such as c-AMP response
element binding protein-binding protein (CBP), TAFI1130, and
steroid receptor coactivator-1 (SRC-1). The CAG repeat
beginning at codon 58 in the first exon of AR encodes
polyglutamine tract. The length of this repeat is highly variable
because of the slippage of DNA polymerase upon DNA
replication. Whereas its abnormal elongation causes SBMA,
the shorter CAG repeat is likely to increase the risk of prostate
cancer (Clark et al, 2003). Transcriptional coactivators also
possess glutamine-rich regions modulating protein-protein
interaction with the N-terminal transactivating domain of AR.
The expansion of a polyglutamine tract in AR has been
implicated in the pathogenesis of SBMA in two different, but
not mutually exclusive, ways: loss of normal AR function
induces neuronal degeneration; and the pathogenic AR acquires
toxic property damaging motor neurons. Since AR possesses
trophic effects on neuronal cells, one can assume that loss of AR
function may play a role in the pathogenesis of SBMA.
Expansion of the polyglutamine tract mildly suppresses the
transcriptional activities of AR, probably because it disrupts
interaction between the N-terminal transactivating domain of
AR and transcriptional coactivators (Poletti, 2004). Although
this loss of function of AR may contribute to the androgen
insensitivity in SBMA, the pivotal cause of neurodegeneration
in SBMA has been believed to be a gain of toxic function of the
pathogenic AR due to expansion of the polyglutamine tract.

W

This hypothesis is supported by the observation that motor
impairment has never been observed in severe testicular
feminization (Tfm) patients lacking AR function or in AR
knockout mice. Morcover, a transgenic mouse model carrying
an clongated CAG repeat driven by human AR promoter
demonstrated motor impairment, suggesting that the expanded
polyglutamine tract is sufficient to induce the pathogenic
process of SBMA (Adachi et al., 2001).

Aggregation of abnormal protein has been considered to be
central to the pathogenesis of neurodegencrative diseases such
as Alzheimer disease, Parkinson disease, amyotrophic lateral
sclerosis, and prion disease. An expanded polyglutamine stretch
alters conformation of causative proteins, resulting in aggrega-
tion of the proteins. It is now widely accepted that aggregation
of these abnormal proteins in neurons is the primary event in the
pathogenesis of polyglutamine diseases. The rate-limiting step
of aggregation has been proposed to be the formation of
oligomeric nucleus, which may occur form after a repeat length-
dependent conformational change of polyglutamine monomer
from a random coil to a parallel, helical p-sheet (Wyttenbach,
2004). Several experimental observations indicate that forma-
tion of toxic oligomers, or intermediates, of abnormal
polyglutamine-containing protein instigates a series of cellular
events which lead to neurodegeneration (Muchowski and
Wacker, 2005). This hypothesis is likely to be the case in
SBMA.

Pathology

Histopathological studies provide important information on
the pathogenesis of polyglutamine-mediated neurodegenera-
tion. The fundamental histopathological finding of SBMA is
loss of lower motor neurons in the anterior horn of spinal cord
as well as in brainstem motor nuclei except for the third, fourth
and sixth cranial nerves (Fig. 1A) (Sobue et al., 1989). The

Fig. 1. Histopathology of SBMA. (A) A transverse section of spinal cord demonstrates marked depletion of motor neurons in the anterior homn. (B and C) HE staining
of skeletal muscle shows both neurogenic (B, arrows) and myogenic changes (C, arrows). (D) A residual motor neuron in the lumbar anterior horn shows a diftuse
nuclear accumulation of pathogenic androgen receptor detected by anti-polyglutamine antibody. (E) Nuclear accumulation of pathogenic AR is also detected in

nonneuronal tissues such as scrotal skin (E).
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number of nerve fibers is reduced in the ventral spinal nerve
root, reflecting motor neuronopathy. Sensory neurons in the
dorsal root ganglia were less severely affected, and large
myelinated fibers demonstrate a distally accentuated sensory
axonopathy in the peripheral nervous system. Neurons in the
Onufrowicz nuclei, intermediolateral columns, and Clarke’s
columns of the spinal cord are generally well preserved. Muscle
histopathology includes both neurogenic and myogenic find-
ings: there are groups of atrophic fibers with a number of small
angular fibers, fiber type grouping and clamps of pyknotic
nuclei as well as variability in fiber size, hypertrophic fibers,
scattered basophilic regenerating fibers, and central nuclei
(Figs. 1B and C).

A pathologic hallmark of polyglutamine diseases is the
presence of nuclear inclusions (Nls). In SBMA, Nls containing
the pathogenic AR are found in the residual motor neurons in
the brainstem and spinal cord as well as in nonneuronal tissues
including prostate, testis, and skin (Li et al.,, 1998). These
inclusions are detectable using antibodies recognizing a small
portion of the N-terminus of the AR protein, but not by those
against the C-terminus of the protein. This observation implies
that the C-terminus of AR is truncated or masked upon
formation of NI. A full-length AR protein with expanded
polyglutamine tract is cleaved by caspase-3, liberating a
polyglutamine-containing toxic fragment, and the susceptibility
to cleavage is polyglutamine repeat length-dependent (Kobaya-
shi et al.,, 1998). Thus, proteolytic cleavage is likely to enhance
the toxicity of the pathogenic AR protein. Electron microscopic
immunohistochemistry shows dense aggregates of AR-positive
granular material without limiting membrane, both in the neural
and nonneural inclusions, in contrast to the other polyglutamine
diseases in which NIs take the form of filamentous structures.
Although NI is a disease-specific histopathological finding, its
role in pathogenesis has been heavily debated. Several studies
have suggested that NI may indicate cellular response coping
with the toxicity of abnormal polyglutamine protein (Arrasate et
al., 2004). Instead, the diffuse nuclear accumulation of the
mutant protein has been considered essential for inducing
neurodegeneration in polyglutamine diseases including SBMA.

An immunohistochemical study on autopsied SBMA
patients using an anti-polyglutamine antibody demonstrates
that diffuse nuclear accumulation of the pathogenic AR is more
frequently observed than NIs in the anterior hom of spinal cord
(Adachi et al., 2005). Intriguingly, the frequency of diffuse
nuclear accumulation of the pathogenic AR in spinal motor
neurons strongly correlates with the length of the CAG repeat in
the AR gene. No such correlation has been found between NI
occurrence and the CAG repeat length. Similar findings have
also been reported on other polyglutamine diseases. Taken
together, it appears that the pathogenic AR containing an
elongated polyglutamine tract principally accumulates within
the nuclei of motor neurons in a diffusible form, leading to
neuronal dysfunction and eventual cell death. In support of this
hypothesis, neuronal dysfunction is halted by genetic modula-
tion preventing nuclear import of the pathogenic polygluta-
mine-containing protein in cellular and animal models of
polyglutamine discases (Gatchel and Zoghbi, 2005).

Since human AR is widely expressed in various organs,
nuclear accumulation of the pathogenic AR protein is detccted
not only in the central nervous system but also in nonneuronal
tissues such as scrotal skin (Figs. 1D and E). The degree of
pathogenic AR accumulation in scrotal skin epithelial cells
tends to be correlated with that in the spinal motor neurons in
autopsy specimens, and it is well correlated with CAG repeat
length and inversely correlated with the motor functional scale
(Banno et al., in press). These findings indicate that scrotal skin
biopsy with anti-polyglutamine immunostaining is a potent
biomarker with which to monitor SBMA pathogenic processes.
Since SBMA is a slowly progressive disorder, appropriate
biomarkers would help improve the power and cost effective-
ness of longitudinal clinical treatment trials.

Molecular pathoegenesis and therapeutic strategies
Ligand-dependent pathogenesis in animal models of SBMA

SBMA is unique among polyglutamine diseases in that the
pathogenic protein, AR, has a specific ligand, testosterone,
which alters the subcellular localization of the protein by
favoring its nuclear uptake. AR is normally confined to a multi-
heteromeric inactive complex in the cell cytoplasm and
translocates into the nucleus in a ligand-dependent manner.
This ligand-dependent intracellular trafficking of AR appears to
play important roles in the pathogenesis of SBMA.

In order to investigate ligand effect in SBMA, we generated
transgenic mice expressing the full-length human AR contain-
ing 24 or 97 CAGs under the control of a cytomegalovirus
enhancer and a chicken (3-actin promoter (Katsuno et al., 2002).
This model recapitulated not only the neurologic disorder but
also the phenotypic difference with gender which is a specific
feature of SBMA. The mice with 97CAGs (AR-97Q) exhibited
progressive motor impairment, although those with 24 CAGs
did not show any manifested phenotypes. Affected AR-97Q
mice demonstrated small body size, short life span, progressive
muscle atrophy, and weakness as well as reduced cage activity,
all of which were markedly pronounced and accelerated in the
male AR-97Q mice, but either not observed or far less severe in
the female AR-97Q mice. The onset of motor impairment
detected by the rotarod task was at 8 to 9 weeks of age in the
male AR-97Q mice while 16 weeks or more in the females, The
50% mortality ranged from 66 to 132 days of age in the male
AR-97Q mice, whereas mortality of the female AR-97Q mice
remained only 10 to 30% at more than 210 days. Western blot
analysis revealed the transgenic AR protein smearing from the
top of the gel in the spinal cord, cerebrum, heart, muscle, and
pancreas. Although the male AR-97Q mice had more smearing
protein than their female counterparts, the female AR-97Q mice
had more monomeric AR protein. The nuclear fraction
contained the most of smearing pathogenic AR protein, Diffuse
nuclear staining and less frequent Nls detected by 1C2, an
antibody specifically recognizing the expanded polyglutamine
tract, were demonstrated in the neurons of spinal cord,
cerebrum, cerebellum, brainstem, and dorsal root ganglia as
well as in nonneuronal tissucs such as heart, muscle, and
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pancreas. Male AR-97Q mice showed markedly more abundant
diffuse nuclear staining and Nls than females, in agreement with
the symptomatic and Western blot profile differences with
gender. Despite the profound sexual difference of the
pathogenic AR protein expression, there was no significant
difference in the expression of the transgene mRNA between
the male and female AR-97Q mice. These observations indicate
that the testosterone level plays important roles in the sexual
difference of phenotypes, especially in the post-transcriptional
stage of the pathogenic AR.

The dramatic sexual difference of phenotypes led us to
hormonal interventions in our mouse model. First, we castrated
male AR-97Q mice in order to decrease their testosterone level.
Castrated male AR-97Q mice showed profound improvement
of symptoms, histopathologic findings, and nuclear localization
of the pathogenic AR compared with the sham-operated male
AR-97Q mice. Body weight, motor function, and lifespan of
male AR-97Q mice were significantly improved by castration.
Western blot analysis and histopathology revealed diminished
nuclear accumulation of the pathogenic AR in the castrated
male AR-97Q mice. Next, we administered testosterone to the
female AR-97Q mice. In contrast to castration of the male mice,
testosterone caused significant aggravation of symptoms,
histopathologic features, and nuclear localization of the
pathogenic AR in the female AR-97Q mice. Since the nuclear
translocation of AR is ligand-dependent, testosterone appears to
show toxic effects in the female AR-97Q mice by accelerating
nuclear translocation of the pathogenic AR. On the contrary,
castration prevented the nuclear localization of the pathogenic
AR by reducing the testosterone level. The nuclear accumula-
tion of the pathogenic AR protein with an expanded
polyglutamine tract is likely essential in inducing neuronal
cell dysfunction and degeneration in the majority of poly-
glutamine diseases. It thus appears logical that reduction in
testosterone level improves phenotypic expression by prevent-
ing nuclear localization of the pathogenic AR. In support of this
hypothesis, the ligand-dependent neurodegeneration has also
been revealed in a fruit fly model of SBMA (Takeyama et al.,
2002). Alternatively, castration may enhance protective effects
of molecular chaperones, which are normally associated with
AR and dissociate upon ligand binding.

Testosterone blockade therapy for SBMA

Successful treatment of AR-97Q mice with castration
inspired us testosterone blockade therapies using leuprorelin
and flutamide (Katsuno et al., 2003). Leuprorelin is a potent
luteinizing hormone-releasing hormone (LHRH) analog sup-
pressing the releases of gonadotrophins, luteinizing hormone
and follicle-stimulating hormone. This drug has been used for a
variety of sex hormone-dependent disecases including prostate
cancer, endometriosis, and prepuberty. The primary pharmaco-
logical target of leuprorelin is the anterior pituitary. Through its
agonizing effect on LHRH-releasing cells, it initially promotes
the releases of gonadotrophins, resulting in transient increase in
the serum level of testosterone or estrogens. Afler this surge, the
continued use of this drug induces desensitization of the
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pituitary by reducing LHRH receptor binding sites and/or
uncoupling of receptors from intracellular processes. Within
about 2 to 4 weeks of leuprorelin administration, human serum
testosterone level decreases to the extent achicved by surgical
castration. The effects are maintained during the treatment,
suggesting that continuous administration of leuprorelin is
required for its clinical use. This drug thus has been provided as
sustained release depot taking the form of polymer micro-
spheres. On the other hand, flutamide, the first discovered
androgen antagonist, has highly specific affinity for AR and
competes with testosterone for binding to the receptor. It has
been used for the treatment of prostate cancer, usually in
association with an LHRH analog, in order to block the action
of adrenal testosterone. Although flutamide suppresses the
androgen-dependent transactivation, it does not reduce the
plasma levels of testosterone.

Leuprorelin successfully inhibited nuclear accumulation of
the pathogenic AR, resulting in marked amelioration of
neuromuscular phenotypes seen in the male AR-97Q mice
(Fig. 2). Leuprorelin initially increased the serum testosterone
level by agonizing the LHRH receptor but subsequently
reduced it to undetectable levels. Androgen blockade effects
were also confirmed by reduced weights of the prostate and
seminal vesicle. The leuprorelin-treated AR-97Q mice showed
longer lifespan, larger body size, and better motor performance
compared with vehicle-treated mice. Although leuprorelin-
induced infertility was prevented by dose reduction, the

- therapeutic effects on neuromuscular phenotypes were insuffi-

cient at a lower dose of leuprorelin. In the Western blot analysis
and anti-polyglutamine immunohistochemistry, the leuprorelin-
treated male AR-97Q mice demonstrated a markedly dimin-
ished amount of the pathogenic AR in the nucleus, suggesting
that leuprorelin successfully reduced nuclear AR accumulation.
Testosterone, which was given from 13 weeks of age, markedly
aggravated neurological symptoms and pathologic findings of
leuprorelin-treated male AR-97Q mice. Leuprorelin appears to
improve neuronal dysfunction by preventing ligand-dependent
nuclear translocation of the pathogenic AR in the same way as
cagtration. Given its minimal invasiveness and established
safety, leuprorelin appears to be a promising therapeutic agent
for SBMA. In a preliminary open trial, 6-month treatment with
leuprorelin significantly diminished nuclear accumulation of
pathogenic AR in the scrotal skin of patients, suggesting that
androgen deprivation intervenes in the pathogenic process of
human SBMA, as demonstrated in animal studies (Banno et al.,
in press). Another trial on a larger scale is currently underway to
verify clinical benefits of leuprorelin for SBMA patients.
Leuprorelin-treated AR-97Q mice showed deterioration of
body weight and rotarod task at the age of 8-9 weeks, when
serum testosterone initially increased through the agonistic
effect of leuprorelin. This change was transient and followed by
sustained amelioration along with consequent suppression of
testosterone production. The foot print analysis also revealed
temporary exacerbation of motor impairment. Immunostaining
of tail specimen, sampled from the same individual mouse,
demonstrated an increase in the number of the muscle fibers with
nuclear 1C2 staining at 4 weeks of leuprorelin administration,
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Fig. 2. Effects of leuprorelin on mutant androgen receptor (AR) expression and neuropathology of male AR-97Q mice. (A) Serum testosterone level in AR-97Q mice.
Leuprorelin initially increased serum testosterone level but subsequently reduced it to undetectable levels. (B and C) Rotarod task (B) and survival rate (C) of the AR-
97Q mice. Leuprorelin markedly improved motor function of the mice at the dose. (D) Immunohistochemistry using 12 showed marked differences in diffuse nuclear
staining and nuclear inclusions between the leuprorelin-treated and vehicle-treated AR-97Q male mice in the spinal anterior horn. HE staining of the muscle in the
vehicle-treated male mouse revealed apparent grouped atrophy and small angulated fibers, which were not seen in the leuprorelin-treated mice.

although this 1C2 staining was diminished by another 4 weeks of
treatment. Our results indicate that preventing nuclear translo-
cation of the pathogenic AR is enough to reverse both
symptomatic and pathologic phenotypes in our AR-97Q mice.
In support with these observations, testosterone deprivation by
means of castration reverses motor dysfunction in another
transgenic mouse model of SBMA showing fairly slow
progression (Chevalier-Larsen et al., 2004). Since the patho-
physiology of AR-97Q mice is neuronal dysfunction without
neuronal cell loss, our results indicate that the pathogenesis of
polyglutamine diseases is reversible at least in its initial stage.
From therapeutic point of view, it is of importance to determine
the early dysfunctional period in the natural history of human
SBMA.

By contrast, flutamide, AR antagonist, did not ameliorate
symptoms, pathologic features, or nuclear localization of the
pathogenic AR in the male AR-97Q mice, although there was
no significant difference in the androgen blockade effects
between flutamide and leuprorelin. Flutamide does not inhibit,
but may even facilitate, the nuclear translocation of AR. In
consistency with mouse study, this AR antagonist also promotes
nuclear translocation of the pathogenic AR containing an
expanded polyglutamine in cellular and fly models of SBMA
(Takeyama et al., 2002; Walcott and Merry, 2002). This appears
to be the reason why flutamide demonstrated no therapeutic
effect in our transgenic mouse model of SBMA. Flutamide is
not likely to be a proper therapeutic agent for SBMA.

The castrated or leuprorelin-treated AR-97Q mice showed
phenotypes similar to those seen in the female AR-97Q mice,
implying that motor impairment of SBMA patients can be
reduced to the level in females. SBMA has been considered an

X-linked disease, whereas other polyglutamine diseases show
autosomal dominant inheritance. In fact, SBMA female patients
hardly manifest clinical phenotypes, although they possess
similar number of a CAG repeat in the disease allele of AR gene
as their siblings with SBMA (Sobue et al., 1993; Mariotti et al.,
2000). Reduction in the mutant AR expression due to X-
inactivation may prevent females from disease manifestation,
but hormonal intervention studies using mouse and fly models
clearly suggest that low level of testosterone prevents nuclear
accumulation of the pathogenic AR protein, resulting in a lack
of neurological phenotypes in the females. This view is strongly
supported by the observation that manifestation of symptoms is
minimal even in homozygous females of SBMA (Schmidt et al.,
2002). Therefore, it seems inappropriate to regard SBMA as an
X-recessive inherited disease, but rather its neurological
phenotype is likely to depend on testosterone concentration.

Role of heat shock proteins in pathogenesis of SBMA

Many components of ubiquitine-proteasome and molecular
chaperones are known to colocalize with polyglutamine-
containing Nls, implying that failure of cellular defense
mechanism underlies neurodegeneration in polyglutamine
diseases. Heat shock protein (HSP), a stress-inducible molecular
chaperone, is another key to clucidation of the pathogenesis of
SBMA. HSPs are classified into different families according to
molecular size: Hspl00, Hsp90, Hsp70, Hsp60, Hsp40, and
small HSPs (Macario and Conway de Macario, 2005). These
HSPs are cither constitutively expressed or inducibly synthe-
sized after cellular stress. HSPs play a crucial role in maintaining
correct folding, assembly, and intracellular transport of proteins.
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For example, Hsp70 and Hsp90, essential components of AR-
chaperone complex in the cell cytoplasm, regulate function,
nuclear translocation, and degradation of AR (Heinlein and
Chang, 2001). Under toxic conditions, HSP synthesis is rapidly
upregulated, and nonnative proteins are refolded as a conse-
quence. Therefore, HSPs have attracted a great deal attention as
cytoprotective agents against detrimental conditions including
ischemia and malignancy.

Several studies suggest that polyglutamine elongation
interferes with the protective cellular responses against
cytotoxic stress (Wyttenbach, 2004). Truncated AR with an
expanded polyglutamine tract delays the induction of Hsp70
after heat shock (Cowan et al., 2003). The threshold of HSP
induction is known to be relatively high in spinal motor neurons
(Batulan et al., 2003). Expression levels of HSPs are decreased
in the brain lesion of an animal model of HD and in that of the
SBMA mouse (Hay et al., 2004; Katsuno et al., 2005). Taken
together, impairment of HSP induction capability is implicated
in the pathogenesis of motor neuron degeneration in SBMA.
Not only are HSPs implicated in the pathogenesis of
neurodegeneration, but they are also potent suppressors of
polyglutamine toxicity. There is increasing evidence that HSPs
abrogate polyglutamine-mediated cytotoxicity by refolding and
solubilizing the pathogenic proteins (Wyttenbach, 2004;
Muchowski and Wacker, 2005). Hsp70 cooperates with
Hsp40 in functioning as a molecular chaperone. These HSPs
arc proposed to prevent the initial conformation conversion of
abnormal polyglutamine-containing protein from a random coil
to a [3-sheet, leading to attenuation of toxic oligomer formation
{Wyttenbach, 2004). Overexpression of Hsp70, together with
Hsp40, inhibits toxic accumulation of abnormal polyglutamine-
confaining protein and suppresses cell death in a variety of
cellular models of polyglutamine diseases including SBMA
(Kobayashi et al., 2000). Hsp70 has also been shown to
facilitate proteasomal degradation of abnormal AR protein in a
cell culture model of SBMA (Bailey et al., 2002). The favorable
effects of Hsp70 have been verified in studies using mouse
models of polyglutamine diseases. Overexpression of the
inducible form of human Hsp70 markedly ameliorated
symptomatic and histopathological phenotypes of our trans-
genic mouse model of SBMA (Adachi et al.,, 2003). These
beneficial effects are dependent on Hsp70 gene dosage and
correlate with the reduction in the amount of nuclear-localized
AR protein. It should be noted that the soluble form of the
pathogenic AR was also significantly decreased in amount by
Hsp70 overexpression, suggesting the degradation of the
pathogenic AR may have been accelerated by overexpression
of this molecular chaperone.

Favorable effects obtained by genetic modulation of HSP
suggest that pharmacological induction of molecular chaper-
ones might be a promising approach to SBMA and other
polyglutamine diseases. Geranylgeranylacetone (GGA), an
acyclic isoprenoid compound with a retinoid skeleton, has
been shown to strongly induce HSP expression in various
tissues (Hirakawa et al., 1996). Oral administration of GGA
upregulates the levels of Hsp70, Hsp90, and Hspl05 via
activation of heat shock factor-1 in the central nervous system

and inhibits nuclear accumulation of the pathogenic AR protein,
resulting in amelioration of polyglutamine-dependent neuro-
muscular phenotypes of SBMA transgenic mice (Katsuno et al.,
2005). Given its extremely low toxicity, this compound has
been used as an oral anti-ulcer drug. Although a high dose
appears to be needed for clinical effects, GGA appears to be a
safe and promising therapeutic candidate for polyglutamine-
mediated neurodegenerative diseases including SBMA.

Inhibition of Hsp90 is also demonstrated to arrest the
neurodegeneration in SBMA mouse (Waza et al., 2005). Hsp90
functions in a multi-chaperone complex, assisting proper
folding, stabilization, and assembly of so-called client proteins
including various oncoproteins and AR (Pratt and Toft, 2003).
The Hsp90-client protein complex is stabilized when it is
associated with p23, a cochaperone interacting with Hsp90.
Treatment with 17-allylamino geldanamycin (17-AAG), a
potent Hsp90 inhibitor, dissociated p23 from the Hsp90-AR
complex, and thus facilitated proteasomal degradation of the
pathogenic AR in cellular and mouse models of SBMA. 17-
AAG thereby inhibits nuclear accumulation of this protein,
leading to marked amelioration of motor phenotypes of the
SBMA mouse model without detectable toxicity (Fig. 3). Of
interest is the finding that the pathogenic AR is preferentially
targeted to proteasomal degradation in the presence of 17-AAG
compared with wild-type AR. Given a high association between
p23 and the AR containing expanded polyglutamine, it appears
logical that the pathogenic AR is more dependent on Hsp90 to
maintain folding and function than wild-type AR and thus is
particularly susceptive to Hsp90 inhibition. 17-AAG is also
capable of inducing Hsp70 in cellular and mouse models of
SBMA. Collectively, 17-AAG, which is now under clinical
trials for a wide range of malignancies, would be 2 good
candidate for treatment of SBMA.

Transcriptional dysregulation in SBMA

Distuption of transcriptional machinery has also been hypoth-
csized to underlie the pathogenesis of polyglutamine diseases
(Sugars and Rubinsztein, 2003). Gene expression analysis indicates
that transcriptional disruption is an early change in the pathogenesis
of mouse models of polyglutamine diseases. Transcriptional
coactivators such as CBP are sequestrated into the polygluta-
mine-containing Nls through protein—protein interaction in mouse
models and patients with polyQ diseases (Nucifora et al., 2001).
Alternatively, the interaction between transcriptional coactivators
and soluble pathogenic protein has also been demonstrated in
animal models of polyglutamine diseases as well as in postmortem
tissues of patients (Steffan et al,, 2001). The expression of genes
regulated through CBP-mediated transcription is decreased in
mouse models of polyglutamine diseases (Sugars and Rubinsztein,
2003). CBP functions as histone acetyltransferase, regulating gene
transcription and chromatin structure. It has been indicated that the
histone acetyltransferase activity of CBP is suppressed in cellular
models of polyglutamine diseases. Taken together, transcriptional
dysregulation due to decrease in histone acetylation is likely to
underlie the pathogenesis of neurodegeneration in polyglutamine
diseases. This hypothesis is exemplified by our experimental
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Fig. 3. Effects of 17-AAG on mutant androgen receptor (AR) turnover. (A) Pulse-chase analysis of two forms of AR. The pathogenic AR containing prolonged
polyglutamine is degraded more rapidly than the wild-type AR in the presence of 17-AAG. (B) Muscle wasting is obvious in a vehicle-treated SBMA mouse (Tg-0),
whereas it is hardly detected in an age-matched SBMA mouse treated with 25 mp/kg of 17-AAG (Tg-25). (C) Western blot analysis of total homogenates from the
spinal cord of transgenic mice probed with an anti-AR antibody. 17-AAG decreases the amount of AR in mice bearing the pathogenic AR (AR-97Q), but this effect is

only slightly observed in those expressing wild-type AR (AR-24Q).

observation that acetylation of nuclear histone H3 is significantly
diminished in SBMA mice (Minamiyama et al., 2004). Addition-
ally, dysfunction of CBP results in a decreased expression of
vascular endothelial growth factor in another mouse model of
SBMA, indicating the transcriptional alteration is a trigger of
neurodegeneration in this disease (Sopher et al., 2004).
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histone acetyltransferase and histone deacetylase (HDAC).
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Fig. 4. Pathogenesis-targeting therapeutic approaches to SBMA. In the absence of ligand, the pathogenic AR is confined to a multi-heteromeric inactive complex with
heat shock proteins (HSPs) in the cell cytoplasm. Ligand binding facilitates its dissociation from this complex and translocation into the nucleus. In the nucleus, the
pathogenic AR forms aggregate and impairs histone acetylation, resulting in transcriptional dysregulation. Several candidates of therapies have been identified on the

basis of insights into the molecular mechanisms of the neurodegeneration in SBMA.
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