inhibitor
transferase, on the amounts and molecular

of glucosaminyl-1-phosphate

weights of CaR in the absence or presence
of MG132. Treatment with tunicamycin
induced the appearance of unglycosylated
CaR, with molecular weight of 115 kD
(Figure 7A). differentially
glycosylated forms of CaR were also

Two

observed, i.e., bands at molecular weights
of 130 kD and 150 kD (Figure 7A),
respectively. Previous studies have
shown that the 130 kD form of CaR is the
ER-localized high mannose-modified
receptor, and the 150 kD CaR is the mature
receptor at the plasma membrane (6,7).
Addition of MG132 dramatically increased
the amount of the 115 kD form of CaR
(185.3 £ 29.6 % normalized to the amount
in the absence of MG132), while the two
glycosylated forms of CaR were increased
to a lesser extent (130 kD form, 159.2 +
12.6%; 150 kD form, 131 + 10.3%) (Figure
7B). All forms of CaR are therefore
sensitive to ubiquitination and
degradation, although the immature forms
of CaR (115 kD) which localize to the ER
represent the strongest ubiquitination

targets.

To determine whether dorfin-mediated
ubiquitination = is  responsible  for
proteasomal degradation of the variously
processed forms of CaR observed in the
presence of tunicamycin, we cotransfected
HEK293 cells with Flag-CaR with or
without the dorfin dominant negative
fragment, DCT, treated cells overnight
with tunicamycin, and quantified the
abundance of CaR forms on western blots
(Figure 7C). As illustrated in the blot and
associated  graph of 3
independent experiments), the presence of
DCT had an effect on CaR abundance

comparable addition of MGI132

(average

to

-39.

(compare Figure 7B and 7C), suggesting
that ubiquitination leading to proteasomal
degradation of all forms of CaR is
mediated by dorfin.

To determine whether endogenous CaR is

subjected to  proteasome-dependent
degradation in the ER, we tested whether
MG132 could alter CaR protein levels in
MDCK cells, which express endogenous
CaR (24, 25) and endogenous dorfin (data
shown). MG132
increased  the  tunicamycin-induced
immature 115-kD form of CaR in MDCK
(Figure 7D), suggesting that
endogenous CaR is regulated by ERAD,

not significantly

cells
presumably via a dorfin-mediated
pathway.

DISCUSSION

The molecular mechanisms underlying
the trafficking, targeting and turnover of
CaR remain largely unknown. In this
study we demonstrate that the E3
ubiquitin ligase dorfin, identified as a
to the intracellular
of CaR by Y2H
screening of a human kidney library,
interacts with CaR in HEK293 cells and
regulates CaR abundance.

binding partner

carboxyl terminus

Dorfin contains two RING-finger domains
and an In-between RING-finger domain at
its amino terminus, through which it
with the
ubiquitin-conjugating enzymes Ubc7 and
Ubc8 (11). In common with other RING
domain E3 ubiquitin ligases, the dorfin

interacts

specifically

carboxyl terminus confers specificity for

substrate proteins including mutant
(12)
synphilin-1 (13). The region identified in

the initial Y2H screen for CaR carboxyl

superoxide  dismutase-1 and



terminal binding partners corresponds to
the distal carboxyl terminus of dorfin,
from residues 561 to 838, further narrowed
by directed Y2H screens to residues 660 to
838, distal
terminus of dorfin in binding to a range of

implicating the carboxyl

its target proteins. Dorfin also interacts
with VCP through its carboxyl terminus
(14).
specific interaction motifs can be identified

It remains to be determined whether

within the dorfin carboxyl terminus,
which may aid in identifying additional
dorfin targets.

Dorfin has been suggested to have role in
the pathology of a
neurodegenerative  diseases.

variety  of
Dorfin
localizes to Lewy bodies in Parkinson’s
disease and dementia (12,14,26), and in
Lewy body-like inclusions in amyotrophic
lateral sclerosis (13,14). CaR is expressed
in tissues that contribute to maintenance of
systemic Ca?* homeostasis, including the
parathyroids, kidney, intestine and bones
(1), as well as other cell types where its
role(s) are less well-defined (27). Our
results therefore suggest that dorfin may
have more general roles as an E3 ligase in a
Our data
support a model in which dorfin mediates

variety of cells and tissues.

ubiquitination and proteasomal
degradation of CaR via the ERAD pathway,
which suggests that dorfin plays a crucial
role in regulating the post-translational
level of CaR. It will be of interest to
determine whether alterations in CaR
protein levels in CaR-related diseases are
mediated by dorfin, given that
endogenous CaR in MDCK cells is subject
to ERAD.

The interactions between CaR and dorfin
led us to investigate CaR ubiquitination.
Ubiquitinated CaR is not observed in the
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absence of MGI132, suggesting that
ubiquitinated CaR is rapidly
deubiquitinated or degraded. MG132

increased the overall amount of CaR
protein, an effect mimicked by a dominant
negative fragment of dorfin, suggesting
that dorfin-mediated ubiquitination and
proteasomal degradation play a significant
role in regulating CaR protein.
Ubiquitinated CaR immunoreactivity is
observed over a wide range of molecular
weights, 150 kD to more than 250 kD,
typical of polyubiquitination, a potent
signal for degradation (28,29). In
addition, single of
intracellular lysine residues to arginine
did not significantly reduce CaR
ubiquitination, suggesting that CaR is
ubiquitinated at multiple lysine residues.

point mutations

Overall, our results demonstrate that CaR
is multi/polyubiquitinated, and a target for
proteasomal degradation.

Ubiquitination plays multiple roles in
GPCR signaling. GPCR ubiquitination
can occur in an agonist-induced manner or
during receptor biosynthesis.
Agonist-induced ubiquitination has been
observed for yeast o-factor receptors
(30,31), PB2-adrenergic (32), chemokine
CXCR4 (33), and vasopressin V2 receptors
(34). Agonist-induced ubiquitination of
GPCRs may regulate endosomal targeting,
trafficking to lysosomes after endocytosis,
or targeting to  proteasomes for
degradation (30-34). In addition to GPCRs,
proteins which directly associate with
GPCRs

ubiquitination, including B-arrestins (32,35)

also undergo agonist-induced

and GRK2 (G protein-coupled receptor
kinase 2) (36).

Agonist-independent ubiquitination has
been observed for ®-opioid receptors



(37,38), rhodopsin (39,40), TRH receptors
(41), and as described in the current report,
CaR. Agonist-independent ubiquitination

results from ERAD, ie. misfolded,
unfolded or abnormal proteins from the
ER are retrotranslocated into the

cytoplasm, deglycosylated and degraded
by the proteasome (42). VCP is an AAA-
ATPase that plays crucial roles in multiple
of the ERAD pathway
conjunction with its cofactors, Ufdl and
Ndl4 (16-19,42). Studies indicate that
retrotranslocation of ERAD substrates
ER and delivery to the
proteasome is catalyzed by the
VCP-Ufd1-Ndl4 complex, which binds
first to polypeptide backbone and then the

aspects in

from the

polyubiquitin chains on ERAD substrates.
ATP hydrolysis catalyzed by VCP is
required to complete retrotranslocation;
VCP also chaperones polyubiquitinated
proteins to the proteasome for degradation
(42). Dorfin interacts with VCP, and has
been colocalized with VCP in perinuclear
membrane-free,

aggresomes, ie.,

cytoplasmic inclusions containing
misfolded, ubiquitinated proteins (14),
strongly suggesting the involvement of
the ERAD  pathway.
Immunoprecipitation of VCP with both
CaR and dorfin from HEK293 cells
supports the notion that CaR and dorfin
at the ER. ERAD-mediated
degradation of CaR is further supported
by the that  the
tunicamycin-stabilized, = unglycosylated
form of CaR is most sensitive to MG132
The ability of the dominant

negative fragment DCT to increase the

dorfin in

interact

observation

treatment.
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abundance of all CaR forms demonstrates
that proteasomal degradation of CaR is
by

initiated dorfin-mediated

ubiquitination.

CaR is a disulfide linked dimer (1,5,8-10).
CaR monomers have a large extracellular
domain (ECD) of more than 600 amino
acids (1). The ECD harbors 11 potential
N-linked glycosylation sites, 8 of which
are utilized (1,7). The CaR ECD also
contains 19 cysteine residues; mutations at
any of 14 cysteine residues abolish or
dramatically = reduce cell surface
expression and/or functon  (1,9).
N-linked glycosylation and disulfide bond
at the ER during
protein biosynthesis (43).
Given the complexity of the structure of
CaR, it is likely that some fraction of newly

formation occurs
membrane

synthesized receptors are retained
intracellularly for quality control purposes,
as has been observed for both wt and
mutant forms of CaR by western blotting
(5-10); only properly glycosylated,
dimerized and folded CaR are transported
to Golgi the plasma
membrane (5-10). Dorfin may represent a
the quality control
mechanism, ensuring that only properly

folded CaR exits the ER.

complex and

critical step in

In
ubiquitination and degradation of CaR via
a VCP-mediated ERAD pathway. The
molecular mechanisms underlying
differential sorting of CaR to either the
Golgi complex or the ERAD pathway

summary, dorfin regulates

remain to be explored.
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ABBREVIATIONS
The abbreviations used are: CaR, calcium sensing receptor; CT, carboxyl terminus; DCT,
dorfin carboxyl terminal dominant negative fragment; ER, endoplasmic reticulum; ERAD,
endoplasmic reticulum-associated degradation; GPCR, G protein-coupled receptor; VCP,
valosin-containing protein; HEK293, human embryonic kidney 293; MDCK, Madin-Darby
canine kidney; EGFF, enhanced green fluorescence protein; PBS, phosphate-buffered saline;
RING, really interesting new gene; Y2H assay, yeast two-hybrid assay
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FIGURE LEGENDS

Figure 1. Analysis of interaction sites on calcium-sensing receptor (CaR) and the E3
ubiquitin ligase dorfin by directed Y2H assay. (A). Schematic representation of CaR and
localization of the interaction site for dorfin carboxyl terminal fragment (residues 561-838).
The cytoplasmic carboxyl terminus of CaR (residues 866 to 1078) was truncated from both the
amino and carboxyl termini as indicated, and screened by cotransformation of the AH109
yeast strain with the CaR fragment plus the carboxyl terminal of dorfin (residues 561-838).
TM, transmembrane heptahelical domain; ECD, extracellular domain. (B). Schematic
representation of dorfin and localization of the interaction site for CaR carboxyl terminal
fragment (residues 866-1078). Truncations were generated from both the amino and carboxyl
terminal ends of the dorfin fragment (residues 561-838) and screened by cotransformation of
the AH109 yeast strain with the dorfin fragment plus the carboxyl terminus of CaR (residues
866-1078). R1, R2, RING finger domains; IBR, in between RING-finger domain. For (A)
and (B), positive interactions, resulting in activation of three reporter genes (HIS3, ADE2 and
MEL1) are indicated as +.

Figure 2. Interaction of full length CaR and dorfin in HEK293 cells. (A). HEK293 cells
were transfected with (lane 1) or without (lane 2) Flag-CaR cDNA. Cells were harvested 72
hours after transfection. Anti-Flag antibody was used to immunoprecipitate samples, and
blots were probed with anti-dorfin antibody D-30 (top panel). Lysates were probed with
anti-dorfin D-30 antibody (middle panel) or anti-CaR LRG antibody (bottom panel) to assess
protein expression. (B). Flag-CaR cDNA transfected HEK293 cells were cotransfected with
EGFP-dorfin (lane 1), DNT-EGFP (lane 2) or DCT-EGFP (lane 3), respectively. Anti-Flag
antibody was used to immunoprecipitate samples, and blots were probed with anti-GFP
antibody (top panel). Lysates were probed with anti-GFP antibody (middle panel) or
anti-CaR LRG antibody (lower panel) to assess protein expression.

Figure 3. Ubiquitination of CaR in HEK293 cells. (A). Flag-CaR or Flag-CaR(0K) cDNA
was transfected into HEK293 cells with HA-Ub ¢cDNA. Cells were incubated without (lanes
1, 3) or with (lanes 2, 4) 10 uM proteasomal inhibitor MG132 for 12 hrs prior to lysis. Cell
lysates were immunoprecipitated with anti-Flag antibody and the precipitated pellets were
treated with 1% SDS/PBS to disrupt non-covalent interactions. Supernatants were diluted
with lysis buffer, followed by a second immunoprecipitation using anti-Flag antibody. The
blot was probed with anti-HA antibody (upper panel). The same blot was then stripped and
probed with anti-CaR antibody LRG (lower panel). (B). Flag-CaR ¢DNA or Flag-CaR(0K)
¢DNA was transfected into HEK293 cells. Cells were preincubated with 0.5 mM Ca2*
overnight prior to exposure to either 0.5 or 5 mM Ca? for 10 min (37°C), followed by
immunoblotting of lysates with anti-phospho-ERK1/2 antibody. (C). Flag-CaR ¢DNA or
Flag-CaR(0K) ¢cDNA was transfected into HEK293 cells. Anti-Flag antibody was used to
immunoprecipitate samples, and blots were probed with anti-dorfin D-30 antibody (top blot).
Lysates were probed with anti-dorfin D-30 antibody (middle blot) or anti-CaR LRG antibody
(bottom blot).
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Figure 4. Regulation of CaR ubiquitination by dorfin. (A). Dorfin mediates ubiquitination
of CaR. Flag-CaR (3 pg) and HA-Ub (2 pg) cDNAs were cotransfected into HEK293 cells,
without (-) or with (+) EGFP-dorfin cDNA (6 pg). Cells were incubated with 10 pM MG132
for 12 hrs prior to lysis. Cell lysates were immunoprecipitated with anti-Flag antibody and
blots probed with anti-HA antibody. CaR ubiquitination was quantified and normalized to
basal ubiquitination in the absence of exogenous dorfin; significance at * p < 0.05. (B).
Dominant negative dorfin fragment DCT inhibits ubiquitination of CaR. Flag-CaR cDNA (3
ug) and HA-ubiquitin cDNA (2 ug) were cotransfected into HEK293 cells, without (-) or with
(+) DCT-EGFP cDNA (6 pg). Methods as described in (A).

Figure 5. Regulation of steady-state protein level of CaR by dorfin. (A). Wild-type dorfin
enhances degradation of CaR. Flag-CaR ¢cDNA (1 pg) was transfected into HEK293 cells with
increasing amounts of EGFP-dorfin cDNA (0, 2, 4, or 6 ug). Cell lysates were probed for
Flag-CaR, endogenous actin and EGFP-dorfin by immunoblotting with anti-CaR (LRG),
anti-actin, or anti-GFP antibodies. Graph (average of 3 independent experiments) indicates
normalized CaR protein or EGFP-dorfin as a function of transfected EGFP-dorfin cDNA.
CaR protein was normalized to amount in the absence of exogenous EGFP-dorfin;
EGFP-dorfin normalized to that observed at 6 pg EGFP-dorfin ¢cDNA. Filled circles,
Flag-CaR; open circles, EGFP-dorfin. (B). Dominant negative construct of dorfin
(DCT-EGEFP) stabilizes CaR. Flag-CaR cDNA (1 pg) was transfected into HEK293 cells with
increasing amounts of DCT-EGFP ¢cDNA (0, 2, 4, or 6 ug). The remaining procedures were
described in (A). Graph (average of 3 independent experiments) indicates normalized CaR
protein or DCT-EGFP, normalized as described in (A).  Filled circles, Flag-CaR; open circles,
DCT-EGFP. For both (A), (B), significance at * p < 0.05. (C). Flag-CaR cDNA (1 pg) was
transfected into HEK293 cells without (lane 1) or with EGFP-dorfin (6 pg) (lanes 2 and 3).
Cells were treated without (lanes 1 and 2) or with (lane 3) MG132 for 12 hours before lysis.
Cell lysates were probed for Flag-CaR by immunoblotting with anti-CaR LRG antibody.

Figure 6. VCP/CaR/Dorfin coimmunoprecipitation in HEK293 cells. HEK293 cells were
transfected without (-) or with (+) Flag-CaR ¢cDNA. Cell lysates were immunoprecipitated
with anti-VCP antibody and western blots probed with anti-CaR antibody LRG (first blot).
The same blot was stripped and reprobed with anti-dorfin antibody D-30 (second blot). The
expression of endogenous VCP, transfected CaR, and endogenous dorfin were confirmed by
immunoblotting cell lysates with anti-VCP antibody (third blot), anti-CaR LRG antibody
(fourth blot), or anti-dorfin D-30 antibody (fifth blot).

Figure 7. Sensitivity of immature forms of CaR to proteasomal degradation. (A).
Tunicamycin stabilizes an immature form of CaR. HEK293 cells transfected with Flag-CaR
cDNA were treated without or with tunicamycin (5 pg/ml) for twelve hours prior to lysis.
Lysates were immunoprecipitated with anti-Flag antibody and probed with anti-CaR LRG
antibody. (B). MG132 increases the amounts of immature forms of CaR. HEK293 cells were
transfected with Flag-CaR and HA-Ub cDNAs, and incubated with tunicamycin (5 pg/ml)
without or with MG132 (10 uM), for 12 hrs prior to lysis. Lysates were immunoprecipitated
with anti-Flag antibody and probed with anti-CaR LRG antibody. Three forms of CaR are
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evident in tunicamycin, 1, fully glycosylated CaR (150 kD); 2, ER-resident high-mannose CaR
(130 kD); 3, unglycosylated CaR (115 kD). The amount of CaR protein in each form was
quantified in the absence or presence of MG132, and average results for 3 independent
experiments are illustrated (each band normalized to the amount observed in the absence of
MG132), significance at * p < 0.05. (C). DCT increases the amounts of immature forms of
CaR. HEK293 cells were transfected with Flag-CaR without or with DCT-EGFP. Cells were
incubated with tunicamycin (5 mg/ml) for 12 hrs prior to lysis. Experiments as in (A).
Graph indicates amounts of 3 forms of CaR protein in the absence or presence of DCT-EGFF,
normalized to the amount in the absence of DCT-EGFP. Significance at * p < 0.05. (D).
MG132 increases the amounts of immature CaR in MDCK cells. MDCK cells were treated
with tunicamycin (5 ug/ml) without or with MG132 (10 pM) for 12 hrs prior to lysis. Lysates
were immunoblotted with anti-CaR LRG antibody. .

16

- 46 -



A.

I 566 1078
CaR ECD ™ | CT
e /
interactien P !
w/ dorfin-CT e - .=i
+ 866 1078
+ 866 1624
& 866 268
+ 111
- 866 —————— 886
. 9f) ——————— 1178
+ 880 ——————— 958
17

-47 -

B.

] 561 838
dorfin } R1IBR R2

s ]
Interaction e /
w/CaR-CT -~ !

v 561 838
- 561 780

b By frmmmrmmmmem———F 2 (3

- 51 e 661}

< s6l 600

- 180 e B38
; T s 38
* G566 e 38
+ 660 838

Figure 1



A. TFlag-CaR

P Flag
1B: D-30

Cell lysate 100 kD~

iB: 3-36

Cell lysate 180 b

iB: LRG

1P: ag
iB: GFP

Cell lysaie
1B: G¥P

Ceil lysate
iB: LRG

EBD KDY

4— EGFP-dorfin

< DCT-EGEP
«—EGFP-dorfin

«—DNT-EGFP
<~ DCT-EGFP

thaR

18

-48 -

Figure 2



A.

Flag-CaR Flag-CaR({K)

Ha-Ub + -+ + +

MGI32 -+

B.

iB: ERKi/2-P

+

iP: Flag
i HA

1P $lag
18: LRG

Flag-CaR  Flag-CaR{(GK)

mM Ca®*

<~ ERK1/2-P

P Flag
1B D-30

Cell lysate
IB: P-30

Cell bysate
H: LRG

19

- 49 -

Figure 3



150 kD

+

=
=
p
&

BeT

=
&

B.

4 kb

b

i

F
E =
i &
=8

dorfin

A.

+
DCT-LGEP

e B o B - T - B
MA... ..0... (- IR~ T o |
(101000 Jo %)

e jo uepeuiunbign

FP-dorfin

<
x

£G

e e = o o
S Loz W
{{013TOD 3O 24)

) jo uopruninbign

&
L)
o«

Figure 4

20
-50 -



A.

EGFP-dorfin cDNA fngy 0

Bi

DCT-EGFP cBNA (ngg) 8 2 4 6

|3
£y
o

IB: LRG

e CaR

18: avlin

O

. actin
i8: GEP
128 350 * *
2108 ¢ £3 300 * /""””M
z & 80 5=
2 E I =~ 2200
E o o0 * * E o
TE // =50 - /
Mu."
b y

6 ¢ 2 4 6
DCF-EGEP cDNA {ug)

C.

EGFP-dovfin cDNA - + +
MG132

iB: LRG

Figure 5

21

-51-



Filag-CaR + -
wver
1B: LRG

i vVep
B D36

Cell lysate
B Ve

Celf fysnte
I8 LRG

Cell tysate
18: x-38

Figure 6

22

-5 .



A, Tunicamyein - +

150 kD

EP: Flag
3 LRG

B. Tunicamycin + +
MG132

1P: Flag
IB: LRG

o d
I
[—2

Eaed
-
-~

CaR protein
{% of control)

2 3
Differentially processed CaR forms

C. Tunicamyein +  +
bBCY - +
€ 1 (150 kD)

IP: Fi
.E:;: f{i‘"{, “— 2 (130 k1)
' - 3 (115 kD)
206 %

CaR protein
(% of control)
T 3

LR
=

0

i 2 3
Differentially processed CaR forms

D, Tunicamycin +
MG132

el lysate
IB: LRG

23

-53.

Figure 7



Available online at www.sciencedirect.com

e sclencﬁ@mnecrs Experimental
g g Neurology

2

ELSEVIER Experimental Neurology xx (2006) xxx —xxx

www.elsevier.com/locate/yexnr
Review

Pathogenesis, animal models and therapeutics in
Spinal and bulbar muscular atrophy (SBMA)

Masahisa Katsuno, Hiroaki Adachi, Masahiro Waza, Haruhiko Banno, Keisuke Suzuki
Fumiaki Tanaka, Manabu Doyu, Gen Sobue *

9

Department of Neurology, Nagoya University Graduate School of Medicine, 65 Tsurumai-cho, Showa-ku, Nagoya 466-8550, Japan
Received 12 December 2005; revised 18 January 2006; accepted 20 January 2006

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 clinjcal 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 ct al., 2004). SBMA is
also known as Kennedy disease (KD), named after William R.
Kennedy, whose study on 11 patients from 2 families depicted
the clinical, genetical, 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 (Fischbeck, 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 (Sperfeid et al.,
2002; Katsuno ct 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 after exercise might also be accompanied.
Bilateral facial and masseter muscle weakness, poor uvula and
soft 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.

Electromyogram shows neurogenic abnormalities, and distal
motor latencies are often 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
serum 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 are
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 (L2 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 (Ioyu 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
receptor 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 kiduey, 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 Xq11-12. 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 ¢-AMP response
element binding protein-binding protein (CBP), TAFII130, 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.

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. Moreover, a transgenic mouse model carrying
an elongated 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 neurodegenerative 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 B-sheet (Wytienbach,
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.

Pathelogy

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 horn. (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 hom shows a diffuse
nuclear accurnulation 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 (INIs). 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 Nls 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 diseases (Gatchel and Zoghbi, 2005).

Since human AR is widely expressed in various organs,
nuclear accumulation of the pathogenic AR protein is detected
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
(Bammo 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 pathogenesis and therapeutic strategies
Ligand-dependent pathogenesis in animal models of SBMA

SBMA is unique among polyglutamine discases 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 intraceliular 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 B-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 sinearing 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 NIs 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 tissues such as heart, muscle, and
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pancreas. Male AR-97Q mice showed markedly more abundant
diffuse nuclear staining and NIs 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-
ghitamine 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 fiuit 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.

Iestosterone 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 diseases 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. After 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 achieved 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 tfransactivation, 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
castration. 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,



