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modification technologies have led to a resur-
gence in interest.

Antisense oligonucleotide therapy is emerg-
ing as a promising approach to treat neurode-
generative diseases involving production of a
toxic gene product. In a 2006 study of antisense
oligonucleotide therapy for familial ALS1, which
is caused by mutations in the gene encoding
SOD1, Smith et al."! showed widespread distri-
bution of oligonucleotides to all regions of the
brain and spinal cord in rats and nonhuman pri-
mates, successful knockdown of SOD1 mRNA
and protein and marked neuroprotection in a
rat model of ALS1.

Building on this result, this group of research-
ers—a partnership between academic and
industry investigators—recently completed the
necessary toxicology work and is in the final
phases of applying to the US Food and Drug
Administration to start a phase 1 clinical trial
This clinical trial will involve 16-20 subjects with
SOD1-mediated ALS1 at six sites throughout the
US. Antisense oligonucleotides will be infused
into the cerebral spinal fluid (intrathecally) by
a small pump inserted into the abdomen and
connected to the spinal cord via a small plastic
tube. The first administration of antisense oli-

gonucleotides will be given as a single 12 hour
infusion, and, if tolerated, will be followed by
a continuous one month infusion. This phase
1 trial is thus anticipated to last for four to six
months. In the case of SOD1, diminished enzy-
matic activity or even elimination of the gene in
Sod1-knockout mice does not produce disease
or decrease lifespan'?, suggesting that concerns
about concomitant loss of function of the nor-
mal allele are probably unwarranted. For these
reasons, the outcome of the ALS1 antisense oli-
gonucleotide therapy trial is highly anticipated.
The strategy of silencing genes through the
use of antisense oligonucleotides or RNAi holds
great promise for treating a host of neurologi-
cal diseases, as gene dosage alterations and key
regulatory genes have been implicated in the
pathogenesis of Alzheimer’s disease, Parkinson’s
disease, frontotemporal dementia and other
neurodegenerative disorders', In the case of
many proteins implicated in neurodegeneration,
such as amyloid precursor protein, beta-site
amyloid precursor protein—cleaving enzyme and
tau, reduction of gene expression should be well
tolerated, given the results of studies in mice.
Moreover, the recent RNAi knockdown stud-
ies in Huntington'’s disease show that even genes

expected to perform key functions can be sub-
jected to a substantial degree of gene silencing in
adults without untoward effects’, This finding
should encourage investigators to move forward
with non-allele—specific gene silencing studies in
animal models as 2 prelude to potential applica-
tion in humans. Such work could herald a new
era for the development of therapies to treat

neurodegeneration.
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The case for cholesterol

Masahisa Katsuno, Hiroaki Adachi & Gen Sobue

Since the first description in 1872 (ref. 1) of
Huntington's disease—a hereditary neurode-
generative disease characterized by progres-
sive movement disorder, cognitive decline and
psychiatric disturbances—tremendous efforts
have been made to cure it. However, no effec-
tive therapy exists, except for a few symptomatic
treatments, such as tetrabenezine, which attenu-
ates involuntary movement.

A recent clinical study of people with
Huntington’s disease hints that low concen-
trations of brain cholesterol may contribute
to disease and bolsters the emerging idea that
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tial to be beneficial’. The findings dovetail with
studies in animals and people suggesting that
low amounts of brain cholesterol might play a
part in a range of neurodegenerative disorders.

Huntington’s disease is one of the devastat-
ing neurodegenerative disorders resulting from
expansion of a genomic trinucleotide CAG
repeat, which encodes a polyglutamine tract in
causative proteins. Although the genes encod-
ing these proteins are distinct from one another
except for the expanded CAG repeats, polyglu-
tamine-mediated neurodegenerative disorders
share salient features, such as a selective loss of
neurons within the central nervous system and a
slow progression of neurological deficits.

Therefore, the pathophysiology of
Huntington's disease is likely to be closely related
to that of other polyglutamine diseases. In sup-
port of this view, various cell culture and animal
studies show that the pathogenic polyglutamine
proteins have a propensity to accumulate in
neurons and, thereby, trigger several molecular
events that lead to neuronal dysfunction and
eventual cell death.

For example, it has been suggested that
nuclear accumulation of huntingtin, the caus-
ative protein of Huntington's disease, impairs
transcription by interfering with the activ-
ity of transcription factors’. It is, therefore,
not surprising that the abnormal accumula-
tion of pathogenic polyglutamine proteins is
a major target of therapeutic interventions®,
Mitochondrial dysfunction, axonal transport
disruption and oxidative stress have also been
implicated in the molecular mechanisms of
polyglutamine diseases. Thus, the quantitative
assessment of these cellular events is important
for the development of therapy as well as for the
evaluation of disease progression.

In a recent clinical study, Leoni et al.? showed
that concentrations of 24S-hydroxycholesterol,
a cholesterol metabolite produced in the brain,
are substantially decreased in the plasma of peo-
ple with Huntington’s disease compared with
healthy subjects. They found that this decrease
in 245-hydroxycholesterol parallels the decrease
in volume of the caudate, a brain region affected
in the disease, observed from before onset to
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early stages of Huntington's disease®.

245-hydroxycholesterol helps maintain con-
stant levels of brain cholesterol, which is required
for proper neuronal activity. Brain cholesterol
is metabolically separated from other pools by
the blood-brain barrier. By virtue of this tight
segregation, cholesterol metabolism within the
brain is isolated from any changes in the circu-
lating amounts of lipids that result from diet or
medication. Brain cholesterol does not come
from the blood but is synthesized locally, sug-
gesting the need for elaborate cellular machin-
ery to remove cholesterol from the brain to the
circulation to maintain the steady-state level of
brain cholesterol. This intrabrain metabolism
of cholesterol is ensured by cholesterol 24-
hydroxylase, a cytochrome P450 enzyme
(encoded by CYP46A1) that catalyzes the con-
version of cholesterol to 24S-hydroxycholes-
terol. Whereas unmodified cholesterol does not
diffuse into the bloodstream, 24S-hydroxycho-
lesterol crosses the blood-brain barrier,

The study by Leoni et al.? strongly indicates
that the level of plasma 24S-hydroxycholesterol
is a promising biomarker that reflects the early
progression of neurodegeneration in the disease.
Although there is a possibility that the decrease
in 245-hydroxycholesterol simply reflects the
reduction in the number of metabolically
healthy neurons within affected brain areas, a
reasonable hypothesis is that the proper metab-
olism of cholesterol is impaired in the brains of
people with Huntington's disease.

Other studies support this view. For instance,
pathogenic huntingtin proteins have been
shown to diminish brain cholesterol by inducing
transcriptional downregulation of a series of ste-
rol regulatory element-regulated gene products
that are essential for cholesterol biosynthesis®.
A decreased amount of 24S-hydroxycholesterol
has also been reported in a transgenic mouse
model of Huntington's disease®, These human
and animal studies strongly underscore the need
to exploit pharmacological correction of brain
cholesterol metabolism as a promising thera-
peutic strategy against Huntington's disease.

Dysregulation of cholesterol could affect the
nervous system in multiple ways, Cholesterol is
an essential component of mammalian cellular
membranes, being required for proper perme-
ability and fluidity. Although the human brain
represents only two percent of total body mass,
itis the most cholesterol-rich organ in the body,
accounting for approximately one-fourth of
total body cholesterol. Brain cholesterol is not
only a major component of myelin and cell
membranes but also necessary for a number
of normal brain functions, such as membrane
trafficking, signal transduction, neurotransmit-
ter release and synaptogenesis.

The tendrils of cholesterol metabolism are
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Figure 1 Disrupted cholesterol metabolism may contribute to neurodegeneration in Huntington's
disease. Cholesterol is synthesized from acetyl-CoA in adult brain, Brain-generated cholesterol does not
cross the blood-brain barrier, but 24S-hydroxycholesterol, an oxygenated metabolite of cholesterol, is
capable of diffusing into the bloodstream. The metabolism of brain cholesterol also generates nonsterol
isoprenoids, which are required to activate the small GTP-binding proteins that regulate normal
neuronal functions. Pathogenic huntingtin proteins inhibit the transcription of sterol regulatory element
(SRE)-regulated gene products that are essential for cholesterol biosynthesis, resulting in a decreased
concentration of Dlasma 24S-hydroxycholesterol—which has the potential to serve as a biomarker for

disease progression?.

also far reaching. The process of synthesizing
245-hydroxycholesterol generates nonsterol
isoprenoids, geranylgeranyl pyrophosphate
and farnesyl pyrophosphate, which activate
small GTP-binding proteins such as Rho (Fig.
1). Given that Rho family GTPases control
neuronal activities and survival through the
regulation of neurite outgrowth, cellular polar-
ity, axonal navigation and synapse formation,
cholesterol 24-hydroxylase would seem to play
an important part in the maintenance of brain
functions. This hypothesis hasbeen tested in the
Cypdéal-knockout mouse, which shows a learn-
ing defect owing to the decreased metabolism of
brain cholesterol”. Moreover, geranylgeraniol, a
precursor of geranylgeranyl pyrophosphate,
improves hippocampal long-term potentiation
in this mouse model’,

Cholesterol dysregulation has also been
reported in a variety of other neurodegenerative
diseases including Alzheimer’s disease, in which
the plasma concentrations of 245-hydroxy-
cholesterol decrease as the disease progresses®,
Amyloid-B oligomers, the causative proteins of
Alzheimer’s disease, have been shown to inhibit
brain cholesterol synthesis®. Furthermore, an
epidemiological study suggests an association
between certain CYP46A1 polymorphisms and
a higher risk of Alzheimer’s disease!. It has also
been documented that hypercholesterolemia
protects against amyotrophic lateral sclerosis,
an adult-onset motor neuron disease' ! Notably,
mice lacking the liver X receptor-, the receptor
for 245-hydroxycholesterol, show a progressive
motor neuron degeneration'?,

These observations raise the intriguing pos-
sibility that disrupted cholesterol metabolism is
closely related to the molecular underpinnings
of various neurodegenerative diseases, However,
it has yet to be clarified whether cholesterol
itself, its metabolites or both have a major
role in the maintenance of neuronal function,
Moreover, it is also unclear whether augmenting
brain cholesterol is capable of protecting debili-
tated neurons, given the detrimental effects of
cholesterol, such as atherosclerosis,

Further basic research is necessary to under-
stand how cholesterol dysregulation impairs
neuronal functions and to identify therapies

targeting cholesterol-dependent neuron dam-
age. It is particularly important to develop
methods to selectively manipulate cholesterol
metabolism in the brain and to evaluate the
effect and safety of such interventions.
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Polyglutamine-Expanded Androgen Receptor Truncation
Fragments Activate a Bax-Dependent Apoptotic Cascade

Mediated by DP5/Hrk

Jessica E. Young,'* Gwenn A. Garden,”** Refugio A. Martinez,' Fumiaki Tanaka,® C. Miguel Sandoval,*
Annette C. Smith,' Bryce L. Sopher,' Amy Lin,” Kenneth H. Fischbeck,’ Lisa M. Ellerby,” Richard S. Morrison,**

J. Paul Taylor, and Albert R. La Spada’ 24
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Spinal and bulbar muscular atrophy (SBMA) is an inherited neuromuscular disorder caused by a polyglutamine (polyQ) repeat expan-
sion in the androgen receptor (AR). PolyQ-AR neurotoxicity may involve generation of an N-terminal truncation fragment, as such
peptides occur in SBMA patients and mouse models. To elucidate the basis of SBMA, we expressed N-terminal truncated AR in motor
neuron-derived cells and primary cortical neurons. Accumulation of poly(Q-AR truncation fragments in the cytosol resulted in neurode-
generation and apoptotic, caspase-dependent cell death. Using primary neurons from mice transgenic or deficient for apoptosis-related
genes, we determined that polyQ-AR apoptotic activation is fully dependent on Bax. Jun N-terminal kinase (JNK) was required for
apoptotic pathway activation through phosphorylation of ¢-Jun. Expression of polyQ-AR in DP5/Hrk null neurons yielded significant
protection against apoptotic activation, but absence of Bim did not provide protection, apparently due to compensatory upregulation of
DP5/Hrk or other BH3-only proteins. Misfolded AR protein in the cytosol thus initiates a cascade of events beginning with JNK and
culminating in Bax-dependent, intrinsic pathway activation, mediated in part by DP5/Hrk. As apoptotic mediators are candidates for
toxic fragment generation and other cellular processes linked to neuron dysfunction, delineation of the apoptotic activation pathway

induced by polyQ-expanded AR may shed light on the pathogenic cascade in SBMA and other motor neuron diseases.

Key words: polyglutamine; spinal and bulbar muscular atrophy; truncation; apoptosis; Bax; DP5

Introduction

Spinal and bulbar muscular atrophy (SBMA), also known as
Kennedy's disease, is an X-linked disorder characterized by pro-
gressive degeneration of motor neurons in the spinal cord and
brainstem (Kennedy et al., 1968). The cause of SBMA is a trinu-
cleotide (CAG) repeat expansion in the androgen receptor (AR)
gene (La Spada et al,, 1991). At least eight other disorders, includ-
ing Huntington's disease (HD), dentatorubral-pallidoluysian at-
rophy, and six forms of spinocerebellar ataxia (SCA), result from
this type of mutation (Zoghbi and Orr, 2000; Nakamura et al.,
2001). SBMA is unique among the polyQ diseases because ex-
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pression of the disease gene alone is not sufficient to produce the
phenotype. Transgenic models of SBMA strongly suggest that
females are protected by low levels of androgen (Katsuno et al.,
2002; Chevalier-Larsen et al., 2004; Sopher et al., 2004), making
SBMA a sex-limited disorder. Together with results from Dro-
sophila and in vitro studies, it appears that polyQ AR neurotoxic-
ity requires ligand binding (Darrington et al., 2002; Takeyama et
al., 2002; Walcott and Merry, 2002; Pandey et al., 2007). When
androgen binds to its receptor, AR is released from protein chap-
erones, dimerizes, and translocates to the nucleus where it binds
DNA and activates gene expression. An androgen antagonist that
blocks AR-mediated gene expression, but fails to prevent nuclear
translocation, cannot prevent disease in fly and mouse models of
SBMA (Katsuno et al., 2002; Takeyama et al,, 2002). Thus, nu-
clear localization of polyQ-AR is likely a critical step in the patho-
genic process (La Spada and Taylor, 2003; Sopher et al,, 2004).
Several polyQ-expanded proteins undergo site-specific prote-
olysis that promotes the toxicity of the mutant protein (Miyashita
et al,, 1997; Kobayashi et al., 1998; Wellington et al., 1998). The
resulting proteolytic fragments are observed in affected patients
and mouse models of polyQ disease (Paulson et al., 1997; Liet al.,
1998a; Schilling et al., 1999a,b; Garden et al., 2002). Such proteo-
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Iytic fragments produce significant cellular toxicity in model sys-
tems, under conditions where full-length polyQ protein has little
impact (Ikeda et al,, 1996; Cooper et al., 1998; Ellerby et al.,
1999a). PolyQ-expanded AR undergoes proteolytic modification
in vitro, and polyQ-expanded N-terminal AR fragments are toxic
to tissue culture cells, including neuronal cells (Kobayashi et al.,
1998; Merry et al., 1998; Ellerby et al., 1999b). Furthermore, nu-
merous studies of polyQ disease proteins have implicated caspase
cleavage in the pathogenic cascade (Goldberg et al., 1996; Koba-
yashi et al., 1998; Wellington et al., 1998; Ellerby et al., 1999a,b).
In HD, polyQ-huntingtin with a putative caspase-6 cleavage site
mutation is incapable of causing neurotoxicity in transgenic mice
(Graham et al., 2006). Thus, while a role for apoptotic mediators
in polyQ) disease pathogenesis seems likely, the cascade of molec-
ular events leading to apoptotic activation in the various polyQ
diseases remains unknown.

Here we define the pathway by which polyQ-AR elicits apo-
ptotic activation in motor neuron-like cells and primary neurons.
We show that neuronal expression of N-terminal truncated
polyQ-AR elicits intrinsic pathway-mediated neuronal apopto-
sis, initiated by Jun N-terminal kinase (JNK) and culminating in
Bax activation. The c-Jun-N-terminal kinases (JNKs) are a pro-
apoptotic subgroup of mitogen-activated protein kinases that
mediate neuronal apoptosis in response to a variety of stimuli,
including activation of the unfolded protein response and pro-
teasome impairment, both of which have been implicated as con-
sequences of polyQ toxicity (Nishitoh et al., 2002; Morfini et al.,
2006). A principal target of INK is the transcription factor ¢-Jun,
which is activated by phosphorylation within its transactivation
domain, leading to increased expression of target genes that ini-
tiate the apoptotic cascade. Two BH3-only proteins, Bim and
DP5/Hrk, are activated downstream of JNK and c-Jun in the
initiation of neuronal apoptosis (Inohara et al., 1997; Imaizumi et
al., 1999; Harris and Johnson, 2001; Putcha et al., 2001; Whitfield
et al,, 2001; Imaizumi et al., 2004), and one of these BH3-only
proteins, DP5/Hrk, has been implicated in motor neuron degen-
eration (Shinoe et al,, 2001; Imaizumi et al., 2004). In this study,
we demonstrate, for the first time, a role for DP5/Hrk-mediated,
Bax-dependent intrinsic pathway apoptotic activation, initiated
by INK, in the polyQ motor neuron disease SBMA.

Materials and Methods

Cell culture, primary neuron culture, and transfection. The AR-Q,, expres-
sion constructs and huntingtin exon-1/2-Q,, expression constructs
(where N is the number of CAG repeats) have been described previously
(Saudou et al., 1998; Taylor et al., 2003}, MN-1 cells were cultured in 75
cm? vented tissue culture flasks at 37°C in a humidified atmosphere
containing 5% CO, in DMEM (Invitrogen BRL) supplemented with
10% fetal bovine serum (v/v), 100 U/ml penicillin/ 100 jug/ml streptomy-
cin and 2 mu L-glutamine, For Western blot and caspase activation as-
says, cells were seeded in six-well plates at a density of 300,000 cells per
well at 24 h before transfection. We transfected MN-1 cells with 1 pugof
plasmid DNA using Lipofectamine Plus following the manufacturer’s
protocol (Invitrogen). Cortical neurons were cultured from postnatal
day 0 pups. Briefly, pups were decapitated into Hanks Media w/o Ca®*
and Mg*", and cortices were dissected in Neurobasal-A (NBA) media
supplemented with B27 and t-glutamine, After dissection, cortices were
trypsinized for 25 min at 37°C and dissociated. Cells were plated at a
density of 2.5 % 107 per well in 4-well chamber CC2 slides (Nalge-Nunc).
After 3 d, neurons were cultured in NBA media supplemented with B27
and t-glutamine, and were transfected using Lipofectamine 2000 follow-
ing the manufacturer’s protocol (Invitrogen). Use of B27 supplement,
instead of serum, assures primary cultures consisting of at least 90%
neurons, Primary neurons were subjected to taxol treatment by replacing
media with taxol-containing media at a concentration of 250 nm. All
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experiments and animal care were performed in accordance with Uni-
versity of Washington IACUC guidelines.

Western blot analysis. Protein lysates were obtained by homogenizing
cortices in sample buffer [160 mm Tris-HCl (pH 6.9), 4% SDS, 200 mm
dithiothreitol, 20% glycerol, 0.004% Bromophenol blue] at a ratio of
1:10-1:20 (w/v). MN-1 cells were harvested by scraping in ice-cold lysis
buffer (68 mm sucrose, 200 mym mannitol, 50 mm KCI, 1 mm EGTA, 1 mm
EDTA, 1 mm DTT and 1% Complete Protease Inhibitor (Bochringer
Mannheim). Cell membranes were disrupted with 80 strokes of a
Wheaton dounce homogenizer (B-type pestle) and centrifuged at 4°C at
800 X g. The nuclear pellets were lysed in a buffer consisting of 150 mwm
NaCl, 6 mm Na,HPO,, 4 mm NaH.PO,, 1.2 mm EDTA, 19% NaDOC,
0.5% Triton-X, 0.1% SDS, and Complete Protease Inhibitor. Primary
cortical neurons were harvested in radioin precipitation assay lysis
buffer (10 mm Tris, 0.1% SDS, 1% SDOC, 0.01% TX-100, 150 mm NaCl)
and homogenized by passing 5X through a 26.5 gauge syringe. Protein
lysates (50 pg) were run on a 10% Bis-Tris gel (Invitrogen) and trans-
ferred to PVDF membranes (Millipore) using a semidry transfer system
(Invitrogen). The membranes were blocked with 0.05% Tween 20, Tris-
buffered saline (T-TBS) containing 5% nonfat dried milk at 4°C over-
night, and then probed with phospho-c-Jun antibody (Sers3) 11 (1:1000,
Cell Signaling), anti-AR N20 (1:1000, Santa Cruz), or anti-PUMA anti-
body (1:1000, Cell Signaling) in T-TBS containing 5% nonfat dried milk
at room temperature (RT) for | h. After washing, membranes were in-
cubated with HRP-conjugated anti-rabbit 1gG (1:2000, Santa Cruz) in
T-TBS for 1 h at RT. Blots were stripped and reprobed with mouse
anti-actin antibody (1:5000, (Millipore Bioscience Research Reagents/
Millipore), washed, and incubated in anti-mouse-HRP antibody (GE
Healthcare). After treatment with ECL chemi-luminescence (NEN), the
membranes were visualized by autoradiography. Band intensities were
calculated using NIH Image] freeware, Allimmunoblots were performed
in duplicate or triplicate.

FACS-assisted cell viability assay. At indicated time points, cells were
harvested with trypsin, gently pelleted by centrifugation and resus-
pended in PBS with 1% serum on ice at a concentration 10%/ml. The cells
were stained with propidium iodide 1 pg/ml (P1, Sigma), gently vor-
texed, and incubated for 15 min at RT in the dark. 20,000 nongated
events were acquired for each sample (Beckman Coulter FACS Calibur
instrument; CellQuest software package for analysis), Results were ex-
pressed as a percentage of green fluorescent protein (GFP)/PI double-
positive (nonviable, transfected) cells relative to total GFP positive (all
transfected) cells.

Caspase assay. At the indicated time points, cells were harvested and
lysed in 300 pl of buffer consisting of 10 mm Tris pH 7.3, 10 mm
NaH,PO,, 150 mm NaCl, and 1% Triton X-100 and stored at —80°C.
Caspase-3 activity was determined by incubating 100 ug of lysate with 50
pm fluorogenic substrate Ac-DEVD-AFC (Biosource International) in a
total volume of 200 pul of assay buffer (20 mm HEPES, pH 7.4, 100 mum
NaCl, | mm EDTA, 0.2% CHAPS, 20% glycerol, 10 mm DTT) in the dark
for 2 hat 37°C. Substrate cleavage was detected using Cytofluor 11 Fluo-
rescence multi-well plate reader (Perspective Biosystems) with excitation
and emission wavelengths of 420 and 520 nm, respectively.

DNA laddering assay. To detect apoptosis-induced fragmentation of
DNA, 10° cells were harvested and genomic DNA was extracted using the
DNeasy Kit (Qiagen). Genomic DNA (500 ng) was ligated to 12-mer
adapter oligonucleotides (ApoAlert LM-PCR Ladder Assay Kit, Clon-
tech) as described in the manufacturer’s protocol. Following ligation,
samples were subjected to 15 - 20 cycles of PCR amplification (72°C for
8 min, followed by thermal cycling between 94°C for | min and 72°C for
3 min) using Advantage cDNA Polymerase Mix (Clontech). Reaction
products were electrophoresed on a 1.5% agarose/ethidium bromide gel.

Immunocytochemistry and primary neuron toxicity assays. Neurons
were fixed with 4% paraformaldehyde (PFA) for 10 min at RT, washed
with PBS, counterstained with Hoescht dye, and coverslipped. For the
toxicity studies, cells were fixed in 4% PFA, permeabilized with 0.25%
Triton X-100, blocked with Pro-Block, then incubated overnight in rab-
bit anti-active caspase-3 (1:100, Cell Signaling) and mouse-anti MAP2
(1:200, Millipore Bioscience Research Reagents). Cells were then incu-
bated in anti-rabbit 594 (1:1000, Invitrogen) and anti-mouse 647 (1:
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hairpin sequence targeting either the murine

= - DPS or Bim mRNA. Briefly, the WPRE pro-
—-_— B0 Cyt Nucl moter and GFP sequence were replaced with a
o (] uc e : P

KD ':é E - DHT —L—_— CMV promoter and ¢CFP sequence from the
Ja o, - SR W plasmid pECFP-C1 (Clontech) by cloning into
O8- 4 «—AR100 AR (full unique Xem] and Sall sites. The mouse U6 pro-
— — AR — = que Ad € . OLS pro
length) 98 moter and shRNA sequence were then PCR

62 e e — > subcloned 5' to the CMV/eCFP sequence.
= =50 Real-time RT-PCR. Cells were harvested and

total RNA purified (Qiagen). Quantification of
DPS5, Bim, or Puma RNA expression in primary
cortical neurons or Neuro2a cells was done, us-
ing murine-specific TagMan  Assay-on-
Demand primers and probe (ABI), and nor-
malizing to eukaryotic 18§ ribosomal RNA,
according to the manufacturers’ instructions
(ABI). All experiments were done in triplicate,

Statistical analysis. All errors bars shown in the
Figures are SEM. All data were prepared for anal-
ysis with standard spreadsheet software (Mi-
crosoft Excel). Statistical analysis was done using
Microsoft Excel or the VassarStats website (http://
faculty.vassar.edwlowry/VassarStats html).  For
ANOVA analysis involving multiple sample com-
parisons, we performed post hoc testing to dis-
criminate significance relationships.

Results

N-terminal truncation products occur
in the cytosol in SBMA cells and
motor neurons

Figure 1.  SBMA transgenic mice express an N inal AR truncation product in the cytosol. A, Westem blot analysis of cortex.
Protein lysates from 12-month-old AR YAC CAG100 transgenic mice (AR100), nontransgenic littermates (NTg), and AR YAC CAG20
transgenic controls (AR20) were immunoblotted with AR antibody N20. Full-length AR100 and AR20 protein is detected (amows)
An ~-65 kDa truncation product (asterisk) is detected in the AR100 mice, but no truncation fragment is present in the AR20 mice.
Arrowhead indicates a cross-reactive band that serves as a loading control. The 65 kDa N-terminal truncation fragment in AR YAC
CAG100 mice is also present in spinal cord lysates (data not shown). B, Fractionation of AR truncation fragments. We transfected
HEK293T cells with an AR112 expression construct and cultured the transfected cells in either the presence or absence of the AR
ligand, dihydrotestosterone (DHT). Ligand binding eficited AR truncation that was more prominent In the cytosol (Cyto) than in
the nutleus (Nudl), and arrowhead indicates an AR N-terminal truncation product of comparable size to the fragment detected in
vivo. We confirmed integrity of the fractions by reprobing immunoblots with compartment-specific antibodies (data not shown).
€, D, IHCanalysis suggests accumulation of AR in perinuclear cytosol. Lumbar cord sections from 4-month-old nontransgenic mice
(€) and AR YAC CAG100 transgenic mice (D) were stained with NeuN to label neurons (green; left), N-terminally directed anti-AR
antibody N-20 (red; middle), and DAP (blue). Perinuclear staining (amows) is apparent in the merged images (right) of motor
neurons in AR YAC CAG100 spinal cord sections (D), but not in nontransgenic controls (€). There was no perinudiear AR staining in

We previously generated AR YAC
CAGI100 transgenic mice that strikingly
recapitulate the late-onset, gender-
dependent, neurogenic muscular atrophy
phenotype of SBMA patients (Sopher et
al, 2004). To determine whether an
N-terminal AR truncation fragment is
produced in this highly representative
SBMA mouse model, we performed West-
ern blot analysis on brain protein lysates
obtained from presymptomatic AR YAC
CAGI00 transgenic mice and age-
matched AR YAC CAG20 and nontrans-
genic controls. Immunoblotting with an

AR YAC CAG20 transgenic mice (data not shown)

1000, Invitrogen) and counterstained with DAPIL. Note that although
GFP and AlexaFluor 647 (Cy5) labeling both appear green on fluorescent
images, different filters allow us to differentiate them with four-channel
imaging. For quantification of ¢-Jun-P positive neurons, we fixed neu-
rons at 18 h after transfection and incubated overnight with anti-
PhosphoSer73-¢-Jun (1:1000, Cell Signaling), INK Inhibitor 11 (Cal Bio-
chem) was reconstituted in DMSO and added to primary neuron culture
media to yield a final concentration of 10 pum (Donovan et al., 2002),
while INK Inhibitor ITI (Cal Biochem) was reconstituted in DMSO and
added to primary neuron culture media to yield a final concentration of
5 or 20 pm (Holzberg et al., 2003). JNK Inhibitor-containing media or
DMSO-only containing media was used to replace primary neuron cul-
ture media, and active caspase-3 and MAP2 immunoreactivity were mea-
sured 24 h after media replacement. Fluorescence was analyzed on a Zeiss
inverted fluorescence microscope and image analysis was done with
SLIDEBOOK software. All experiments were done in triplicate or qua-
druplicate, and =50 neurons were quantified per condition in each run.

RNA interference constructs. The lentiviral vector, pRRLsin-cppt-pgk-
wpre-GFP (Add-gene plasmid £12252) was modified to express a short

anti-AR antibody, directed against the N
terminus, revealed an ~65 kDa truncation
fragment in AR YAC CAG100 mice, but no
truncation fragment was detected in AR
YAC CAG20 mice (Fig. 1A). Fractionation of HEK293T cells
expressing AR112 protein revealed that proteolytic cleavage of
AR isligand-dependent, and that an N-terminal fragment of ~65
kDa is present in the cytosol as well as the nucleus (Fig. 1B). To
establish whether the N-terminal truncated AR protein was ex-
pressed in motor neurons, we performed immunohistochemistry
(THC) upon lumbar spinal cord sections from SBMA AR100
mice, and detected AR protein in motor neuron perinuclear cy-
tosol (Fig. 1C,D), and nuclei (Sopher et al., 2004), with an anti-
body that recognizes the N-terminal region of AR. Immunostain-
ing with a C-terminally directed anti-AR antibody, however, did
not reveal immunoreactivity in the perinuclear cytosol (data not
shown). This observation is consistent with a recent study of a
different SBMA mouse model in which insoluble, polyQ-
expanded AR protein derived from brain extract consisted of a
similarly sized N-terminal truncated AR protein (Li et al., 2007).
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In that study, the production of A
N-terminal AR truncation fragments cor-
related with neurological disease progres-
sion (Li et al., 2007).

Truncated polyQ-expanded AR induces n
apoptosis in MN-1 cells and in “
primary neurons 5
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In light of the evidence for the production
and pathogenic nature of N-terminal
truncated AR protein, we engineered AR
expression constructs, terminating within
a region of putative proteolytic cleavage
(Ellerby et al., 1999b), to approximate the
size of the N-terminal AR fragments ob-
served in SBMA patient tissue and SBMA
mice, and tagged them with GFP (supple-
mental Fig. 1, available at www.jneurosci.org
as supplemental material). Transfection of
N-terminal truncated AR expression con-
structs into the motor neuron-derived cell D
line, MN-1, yielded polyQ length-dependent g
toxicity (Fig. 2A). The toxicity induced by
polyQ-expanded AR was readily observed by
fluorescence microscopy, as cells transfected
with polyQ-expanded AR became progres-
sively rounded and ultimately lifted off the i
bottom of the flask. Examination of living
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cells, transfected with Nt-AR112-GFP and
stained with Hoechst 33342, revealed nu- F
merous inclusion-containing cells with con-
densed, fragmented nuclei (data not shown).
To verify that polyQ-expanded AR toxicity
in culture was leading to apoptotic cell death,
we examined transfected MN- 1 cells for evi-
dence of endonuclease-mediated laddering
of chromosomal DNA and activation of
caspase-3, two biochemical hallmarks of ap-
optotic cell death. MN-1 cells expressing Nt-
AR112-GFP displayed DNA laddering that
was first detectable 48 h after transfection,
and peaked 96 h after transfection (Fig. 2 B).
Induction of DNA laddering did not occur
after transfection of Nt-AR19-GFP, indicat-
ing that apoptotic activation was polyQ
length-dependent (Fig. 2 B). Apoptotic cell
death is consummated in large part by acti-
vation of the caspase cascade. Caspase-3 isan
executioner caspase whose ultimate activa-
tion may be elicited by a wide variety of toxic
insults (Stennicke and Salvesen, 1998).
Transfection of MN-1 cells with Nt-AR112-GFP yielded polyQ
length-dependent activation of caspase-3, with a peak ~72 h, corre-
lating well with the time course of DNA laddering and loss of cell
viability (Fig. 2C),

To explore the pathway upstream of caspase-3 activation, we
measured the activity of two initiator caspases, caspase-8 and
caspase-9, using specific fluorogenic substrates. Nt-AR112-GFP
led to activation of caspase-9, but not caspase-8 (Fig. 2 D; supple-
mental Fig. 2, available at www.jneurosci.org as supplemental
material). Consistent with these observations, we found that the
caspase-9 inhibitor ZLEHD-fmk attenuated caspase-3 activation
following transfection of MN-1 cells with Nt-AR112-GFP, but
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Figure2.  Expression of N-terminal polyQAR fragment in MN-1 cells induces caspase-mediated apoptosisvia Intrinsic pathway.
A, FAGS-assisted cell viability assay demonstrates polyQ length-dependent cytotoxicity of N-terminal AR fragment (*p < 0.01;
Student’s ttest). 8, AR112 truncation fragment induces apoptotic nuclear fragmentation, reaching a peak at 96 h after transfec-
tion. Bax induces nuclear fragmentation with more rapid kinetics, peaking at 48 h. Untransfected (UT) cells and AR19-transfected
cells do not show nudear fragmentation. €, ART12 truncation fragment induces caspase-3 activation reaching a peak at 72 h after
transfection (*p < 0.01; Student’s ¢ test), Bax induces caspase-3 activation with more rapid kinetics, peaking at 24 h. D, Fluoro-
genic substrate assay demonstrates activation of caspase-9 in AR112-transfected MN-1 cells peaking 72 h after transfection (*p <
0.01; Student’s  test). Caspase-9 is activated in Bax-transfected cells peaking 24 h after transfection. £, Western blot analysis
reveals prominent cleavage of pro-caspase-9in AR112-transfected cells 72 hafter transfection to yield considerable generation of
active caspase-9. F, Dominant-negative caspase-9 expression rescues polyQ-length-dependent toxicity of N-terminal truncated
ART12. MN-1 cell death, as measured by propidium lodide uptake, is significantly improved when dominant negative caspase-9
is cotransfected with the AR112 truncation fragment (%p < 0.01; Student's f test),

the caspase-8 inhibitor zIETD-fmk did not (data not shown).
Activation of caspase-9 in the setting of truncated AR112 toxicity
was further confirmed by Western blot analysis, which revealed
that a 48 kDa pro-caspase-9 precursor was processed into the
active caspase-9 fragment (Fig. 2E). When we coexpressed a
dominant negative version of caspase-9 (Richter et al., 2001), we
observed a marked reduction in toxicity in MN-1 cells expressing
Nt-AR112-GFP (Fig. 2 F), further confirming that caspase-9 was
mediating AR polyQ length-dependent apoptotic cell death.

To examine the toxicity of N-terminal truncated polyQ-
expanded AR fragment in postmitotic neurons, we derived pri-
mary mouse cortical neurons from neonatal C57BL/6] pups and,
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Figure 3.  Expression of AR truncation fragment in the cytosol results in neurite degeneration and apoptotic cell death in a
primary cortical neuron model of AR-polyQ neurctoxicity. A, B, Here, we see representative images of AR-transfected neurons
wsing four-channel imaging: DAP1 (blue), GFP (green, left], Cy3-labeled MAPZ (red), and CyS-labeled active caspase-3 (green,
right). A, Transfection of AR19 does not cause toxicity. Left, Here we see GFP-tagged AR19 expression in a transfected neuron
(arrowhead), demonstrating the presence of AR in the cytosol and neuritic processes. Right, Labefing of MAP2 (red) reveals
normal, heaithy neurites in the AR19-expressing neuron, and a nudeus that lacks caspase-3 activity (green). 8, Transfection of
AR112 produces neurotoxicity. Left, Neuron expressing GFP-tagged AR112 (amowhead) displays nuclear condensation and frag-
mentation. Right, AR112-expressing cortical neuron displays no MAP2 staining (red), but does label positive for active caspase-3
{green). C, Comparison of AR19-expressing cortical neurons to AR112-expressing cortical neurons reveals marked caspase-3
activation and frequent apoptotic nuclear morphology In neurons expressing polyQ-expanded AR (p < 0.01, **p < 0.001;
ANOVA). D, Primary neurons were transfected with Nt-AR112-GFP (AR112) or with the GFP-tagged full-length ART12 (AR112-fi).
Primary neurons were cultured in 10 s DHT to permit ligand activation of AR112-fl, Quantification of caspase-3 activation and
MAP immunoreactivity indicates that AR112-fl does not produce significant neurotoxicity (*p < 0.05; ANOVA). All results were
obtained at 24 h after transfection for A-£. E, Targeting polyQ-expanded, N-terminal truncated AR to the nucleus does not
produce caspase activation, cell death, or neurite degeneration at 48 h after transfection (*p << 0.01; ANOVA). There was alsa no
toxicity at 24 h after transfection (data not shown).
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that nuclear morphological changes indic-
ative of cell death correlated with
caspase-3 activation for ~98% of assayed
neurans (data not shown). When we ex-
pressed full-length AR112 in primary cor-
tical neurons, we did not observe apprecia-
ble neurite degeneration or apoptotic cell
death at 24 h after transfection in the pres-
ence of dihydrotestosterone, an AR ligand
that favors translocation into the nucleus
(Fig. 3D). Hence, nuclear localization was
observed, and although neurite degenera-
tion and apoptotic cell death did ulti-
mately occur at 60 h after transfection, this
was only after polyQ-expanded AR had re-
localized to the cytosol (data not shown).
To confirm that localization to the cytosol
is required for neurite degeneration and
apoptotic cell death, we fused a nuclear lo-
calization signal (NLS) to the N terminus
of the truncated AR coding sequence. Cor-
tical neurons transfected with NLS-AR110
showed nuclear accumulation of AR pro-
tein, but did not display neurite degenera-
tion or apoptotic cell death, unlike cortical
neurons transfected with unmodified
truncated AR112 expression constructs
(Fig. 3E).

The Bcl-2 family of apoptosis regulators
mediates AR112-induced

neuronal apoptosis

Activation of caspase-9 is mediated by the
intrinsic pathway in which increased mito-
chondrial membrane permeability is in-
duced by changes in the bioenergetics state
of the cell, shifts in Ca®* concentration, or
alterations in the ratio of pro-apoptotic to
anti-apoptotic members of the Bcl-2 fam-
ily of proteins (Li et al., 1997; Yuan and
Yankner, 2000). The release of pro-
apoptotic factors, including cytochrome ¢
and Smac/Diablo, from the mitochondrial
intermembrane space promotes the for-
mation of the Apaf-1 apoptosome that
cleaves pro-caspase-9, Selective activation
of caspase-9 by polyQ-expanded AR sug-
gested that apoptosis was mediated by the
intrinsic pathway. This hypothesis was
supported by the observation that over-
expression of Bcl-2 markedly ameliorated

using standard lipofection, we transfected primary cortical neu-
rons with Nt-AR19-GFP and Nt-AR112-GFP CMV expression
constructs. GFP tagging allowed us to track the fate of individual
cortical neurons expressing truncated AR protein products. Us-
ing this approach, we found that truncated AR112 accumulated
in the perinuclear cytosol, while truncated AR19 was diffusely
distributed throughout the cytosol and neurite processes (Fig.
3A,B). Cortical neurons expressing Nt-AR112-GFP demon-
strated nuclear condensation, loss of microtubule-associated
protein 2 (MAP2) staining, and caspase-3 activation, all by 24 h
after transfection (Fig. 3 B, C). These findings suggested a polyQ
length-dependent induction of apoptotic cell death, as we found

the toxicity of Nt-AR112-GFP in MN-1 cells (Fig. 4A4). To deter-
mine whether Nt-AR112-GFP toxicity in primary neurons also
involved the intrinsic pathway, we obtained transgenic mice
overexpressing Bel-2 under the control of the neuron specific
enolase promoter (Martinou et al., 1994). We transfected pri-
mary cortical neurons from Bcl-2 overexpressing mice or from
wild-type littermate controls with Nt-AR112-GFP. Bcl-2 overex-
pression provided nearly complete protection from AR112 neu-
rotoxicity (Fig. 4 B), suggesting that neurodegeneration in this
model is mediated by activation of pro-apototic Bel-2 family
members. The pro-apoptotic Bcl-2 family member Bax mediates
neuronal apoptosis in response to a wide variety of stimuli, and
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