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Polyglutamine diseases include at least nine neurodegenerative dis-
orders, each caused by a CAG repeat expansion in a different gene.
Accumulation of mutant polyglutamine-containing proteins occurs in
patients, and evidence from cell culture and animal experiments
suggests the nucleus as a site of pathogenesis. To understand the
consequences of nuclear accumulation, we created a cell culture
system with nuclear-targeted polyglutamine. In our system, cell death
can be mitigated by overexpression of full-length cAMP response
element binding protein (CREB)-binding protein (CBP) or its amino-
terminal portion alone. CBP is one of several histone acetyltrans-
ferases sequestered by polyglutamine inclusions. We found histone
acetylation to be reduced in cells expressing mutant polyglutamine.
Reversal of this hypoacetylation, which can be achieved either by
overexpression of CBP or its amino terminus or by treatment with
deacetylase inhibitors, reduced cell loss. These findings suggest that
nuclear accumulation of polyglutamine can lead to altered protein
acetylation in neurons and indicate a novel therapeutic strategy for
polyglutamine disease.

olyglutamine expansion diseases are caused by mutations in

different genes that result in degeneration of different
populations of neurons (1-9), but they likely share the same
mechanism, in which the expanded polyglutamine tract confers
a novel, toxic property on the disease protein. Characterization
of that novel property remains a central goal of polyglutamine
disease research.

One hypothesis is that expanded polyglutamine causes altered
gene transcription. Nuclear accumulation of mutant protein may
disrupt the transcriptional machinery by recruiting other poly-
glutamine-containing proteins, many of which are transcription
factors (10-12). Key components of the transcription apparatus
are sequestered in polyglutamine-containing inclusions (13-18).
Two polyglutamine diseases are caused by expansions in known
transcription factors, the androgen receptor (AR) and TATA-
binding protein (8, 9). Other nuclear factors with altered distri-
bution in the presence of mutant polyglutamine include the
steroid receptor coactivator-1 (SRC-1), cAMP response element
binding protein (CREB)-binding protein (CBP), nuclear core-
pressor, p53, and TAF;1130 (13-18). Overexpression of CBP and
TAF;;130 has been shown to reduce polyglutamine-induced cell
loss in cell culture (13, 18, 19). Many of these nuclear factors
directly regulate histone acetylation or are in complexes that
have acetylase activity. Also, a genetic screen in Drosophila
melanogaster identified factors regulating acetylation as modifi-
ers of polyglutamine-induced degeneration (20).

Of the transcription factors implicated in polyglutamine
pathogenesis, we have focused on CBP, because it is a coactivator
in important signal transduction pathways, for which it is func-
tionally limiting (21). CBP is found in polyglutamine-positive
inclusions in patient tissue and in mouse and cell culture models
of polyglutamine disease (13, 15, 19, 22). Also, CBP-mediated
transcription is impaired in the presence of mutant polyglu-
tamine (13, 19).

In this study, we examined the consequences of CBP disrup-
tion by expanded polyglutamine. We found that nuclear-targeted
polyglutamine causes cell death that is mitigated by full-length
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CBP or its amino-terminal domain alone. The cell death is
associated with decreased histone acetylation and reduced by
histone deacetylase inhibitors. These data implicate transcrip-
tional dysfunction in polyglutamine toxicity and suggest the use
of deacetylase inhibitors as therapeutic agents.

Methods

Cells and Plasmids. A mouse motor neuron-neuroblastoma fusion
cell line (MN-1) (23) was maintained in DMEM (Life Technolo-
gies, Bethesda, MD) supplemented with penicillin, streptomycin,
glutamine, and 10% FBS (Atlanta Biologicals, Norcross, GA). AR
constructs encoding normal and expanded polyglutamine tracts
(AR16 and AR110, respectively) were derived from pCMV-
AR-HA (24), by EcoRI and BamHI digestion. The nuclear local-
ization signal (NLS) and myc tag were derived from the pShooter
myc nuc plasmid (Invitrogen). The hemagglutinin (HA) tag from
the pCMV-AR-HA constructs was removed by Ascl digestion,
placing the NLS and myc tags in-frame. Subsequently, the con-
structs were subcloned into the C2-green fluorescent protein (GFP)
plasmid (CLONTECH). The reading frame was confirmed by
sequence analysis and detection of the protein by anti-GFP and
anti-myc antibodies (CLONTECH and Invitrogen, respectively),
which recognize amino- and carboxyl-terminal epitopes on the
constructs. All of the CBP constructs, which are fused to the DNA
binding domain of Gal4, were a gift from John Chrivia, St. Louis
University (25). These constructs include full-length CBP (CBP-
FL), its amino and carboxyl termini (respectively, CBP-NT, resi-
dues 1-460, and CBP-CT, residues 1678—2441) and the mid-region
(CBP-Mid, residues 721-1670). Functionally, these domains include
the nuclear hormone receptor binding domain (CBP-NT), histone
acetyltransferase activity (CBP-Mid), and a polyglutamine repeat
of 15 residues (CBP-CT). Chris Baumann, National Cancer Insti-
tute, Bethesda, MD, generously provided the GFP-GRIP1 con-
struct. The Bax-GFP construct was provided by Richard Youle,
National Institute of Neurological Disorders and Stroke. Transfec-
tions were performed with Lipofectamine plus reagent (Life Tech-
nologies) by using 8 ug DNA per 5 ml of medium.

Cell Death. Cells were harvested 96 h after transfection by trypsin
digestion. Care was taken to retain all cells, including those floating
in the medium. Fluorescence-activated cell sorting was performed
by FAST Systems (Rockville, MD). The samples were spun at 400
g and 4°C, then the supernatant was aspirated to 300 ul, and 300 ul
of 10 ug/ml propidium iodide (PI) was added to each sample. After
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a 10-min incubation at room temperature in the dark, the samples
were vortexed and analyzed on an EPICS XL MCL flow cytometer
(Beckman Coulter). The cells were identified by forward and
orthogonal light scatter signals. Dead cells were identified by PI
uptake as measured by fluorescent emission at 620 nm. At least
50,000 cells were counted for each condition. The proportion of
dead (PI positive) transfected (GFP positive) cells was determined.
For experiments in which deacetylase inhibitors were used, the
agents were added to the culture medium every 24 h starting the day
after transfection.

Glutathione S-Transferase (GST) Pull-Down. GST-AR constructs
were obtained from Diane Merry (Thomas Jefferson University,
Philadelphia) and transformed into DHS5« bacteria. GST-AR16
colonies were grown at 37°C until the OD at 600 nm was 0.5. GST
was induced by addition of 100 mM isopropyl-B-D-thiogalactopyr-
anoside for 3 h. GST-AR112 colonies were treated identically,
except the growth and induction were done at 30°C to limit
aggregation. The GST was purified by attachment to glutathione
Sepharose 4B beads (Amersham Pharmacia). GST-AR16 and
GST-AR112 were quantified by Coomassie stain. Equal amounts
were mixed with cell lysates expressing CBP-FL, CBP-NT, CBP-
Mid, or CBP-CT at 4°C for 30 min. After washing, lysates were
loaded and separated on a 7.5% SDS-polyacrylamide gel. After
transfer, the blots were probed with a mouse monoclonal anti-Gal4
antibody (Santa Cruz Biotechnology), which recognizes the Gal4
epitope fused to CBP.

Immunofluorescence and Deconvolution. MN-1 cells were plated on
Permanox chambered slides (Nunc) and transfected as described
above. CBP was stained by using either A-22, a rabbit polyclonal
antibody that recognizes the amino terminus, or C-1, a mouse
monoclonal recognizing the carboxyl terminus (Santa Cruz
Biotechnology). Both antibodies were visualized with a Texas
red-conjugated secondary antibody (Jackson ImmunoRe-
search). Images were deconvolved by using DELTAVISION soft-
ware (Applied Precision, Issaquah, WA).

Deacetylase Inhibitors and Acid Extraction of Histones. Trichostatin
A (TSA, Upstate Biotechnology, Lake Placid, NY) and suberoy-
lanilide hydroxamic acid (SAHA, Calbiochem) were dissolved in
DMSO. Sodium butyrate (Sigma) and phenylbutyric acid (PBA)
were dissolved in water. The PBA was a generous gift from
Kyung-Tai Min, National Institute of Neurological Disorders and
Stroke. To detect acetylation, we added 5 ng/ml TSA to inhibit
deacetylation. Addition of TSA causes hyperacetylation of histone
protein H3 that peaks around 8 h. For experiments measuring H3
acetylation, we added the TSA 30 min before harvesting. Cells were
lysed in acid extraction buffer containing 10 mM Hepes (pH 8.0),
10 mM KCl, 1.5 mM MgCl,, 1.5 mM PMSF, 0.5 mM DTT, and 0.2
M hydrochloric acid for 30 min on ice. The lysates were pelleted and
the supernatant was dialyzed with two 1-h incubations in cold 0.1
M acetic acid and three incubations in water. Extracted protein was
quantified and 10 ug of protein was separated on a 7.5% SDS
denaturing gel. The proteins were transferred to an Immobilon-P
membrane (Millipore), which was probed with anti-H1, anti-
acetylated H3 (Upstate Biotechnology).

Results
Spinal and bulbar muscular atrophy is a polyglutamine disease
with motor neuron degeneration caused by a CAG repeat
expansion in the AR gene. Previous work has shown toxicity of
the truncated mutant AR in cell culture and in vivo (24, 26).
Caspase-dependent formation of a truncated fragment con-
taining the polyglutamine repeat is thought to be an important
step in polyglutamine disease pathogenesis (27-29). For this
project we restored an NLS to the truncated protein to recreate
more accurately the normal localization of mutant AR. In
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Fig. 1. Cell death induced by nuclear accumulation of polyglutamine.

Expression of constructs 48 h after transfection. (a) Western blot with anti-
bodies against amino-terminal (GFP) and carboxyl-terminal (myc) tags.
AR15NLS is at 50 kDa (lower arrow) and the AR110NLS monomer is at 66 kDa
(upper arrow), with an insoluble protein complex in the stacking gel. (b)
Construct localization by GFP fluorescence. Expression of both normal and
mutant AR is restricted to the nucleus, and only AR110-NLS forms inclusions.
(c) Repeat length and dose-dependent cell death in MN-1 cells. Transfected
cell death correlates with the quantity of transfected DNA. Cell death was
assayed by counting PI- and GFP-positive cells by FACS analysis.

addition, an amino terminal-enhanced GFP tag and a carboxyl-
terminal myc tag were added for detection. Expression of these
constructs in MN-1 cells caused repeat length-dependent cell
death (Fig. 1). Expression peaked around 48 h after transfection,
although it was still detectable at 96 h by Western blot and
visually by GFP. Both anti-myc and anti-GFP antibodies de-
tected similar bands on Western blot, including an insoluble
protein complex that remained in the stacking gel (Fig. 1a). This
result is similar to observations in previous cell culture studies of
mutant polyglutamine. The inclusions seen in cells expressing
expanded polyglutamine with an NLS (AR110NLS) differed in
location and number from cells expressing mutant protein
without an NLS. In cells expressing the non-NLS constructs,
cytoplasmic inclusions predominated and were detectable in
roughly 90% of AR-positive cells (data not shown). Those cells
that formed nuclear inclusions typically had only one large
inclusion, although occasionally two or three inclusions were
observed. In contrast, AR110NLS formed many smaller inclu-
sions in the nuclei, with no signal in the cytoplasm (Fig. 10). Cells
with low levels of ART110NLS expression did not form inclusions.
No inclusions were observed in cells expressing a construct with
normal polyglutamine repeat length (AR15NLS).

Although expression of the NLS constructs peaked around 48 h
after transfection, polyglutamine-dependent cell death was not
detected until 72 h. The quantity of cell death in the transfected
population correlated with the amount of DNA transfected (Fig.
1c) and the transfection efficiency (data not shown). The corre-
sponding increase in transfected cell death with increased trans-
fection efficiency indicates an increase in cellular levels of the
mutant protein, although we have no direct evidence for this
increase. Transfection of comparable amounts of NLS and non-
NLS constructs resulted in 50% greater toxicity with the NLS.

In previous work, we and others have shown that endogenous
CBP is recruited to polyglutamine nuclear inclusions (13, 15, 16,
19). In the AR15NLS-expressing cells, as well as noninclusion-
bearing AR110NLS cells, endogenous CBP was observed
throughout the nucleus (Fig. 2a). In inclusion-bearing cells, only
very weak staining for CBP could be seen, perhaps as a conse-
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Fig. 2. Overexpression of CBP's amino terminus is sufficient to block cell

death. (a) CBP (Texas red) is depleted in AR110NLS-expressing cells. Cells were
transfected with AR110NLS tagged with GFP, either alone or together with
CBP-FL or CBP-NT as indicated. Endogenous CBP was labeled with an amino-
terminal antibody, except in cells transfected with CBP-NT, in which it was
labeled with a carboxyl-terminal antibody. Overexpression of CBP-FL or
CBP-NT permits visualization of CBP in the presence of AR inclusions. In the
middle row, both endogenous and transfected CBP were labeled. (b) Increas-
ing amounts of transfected CBP progressively reduce cell death caused by
AR110-NLS. Transfected CBP was complemented by the vector (pcDNA) to
keep the total amount of transfected DNA constant. (c) Western blot of
CBP-NT showing retention by GST-AR16 and GST-AR112. The blot was probed
with antibody to the Gal4 tag on CBP-NT. CBP-NT is retained by both GST-AR
fusion proteins, but not by GST alone. Gal4 alone is not retained by GST-AR
(data notshown), indicating that the interaction is mediated directly by AR. (d)
Cell death in MN-1 cells transfected with AR15NLS and ART10NLS with or
without various CBP constructs. CBP-NT blocks AR110NLS-induced cell death.
Both the CBP-Mid and CBP-CT constructs partially reduce cell death. Lower AR
expression was routinely observed with cotransfected CBP-NT, so the mea-
surement of cell death is probably an underestimate in this case.

quence of sequestration and epitope masking or CBP depletion
by the mutant protein (Fig. 2a).

Sequestration of CBP and other coactivators has been proposed
as mediating polyglutamine toxicity (13). To test this hypothesis, we
transfected increasing amounts of CBP-FL into AR110NLS-
expressing cells. We observed a decrease in cell death that corre-
sponded to the amount of transfected CBP (Fig. 2b). Approxi-
mately 50% of the AR110NLS-induced toxicity was blocked by
CBP. This effect may have been limited because not all AR-positive
cells were transfected with CBP, and because other, CBP-
independent pathways also may be involved in polyglutamine
toxicity.

Cells cotransfected with mutant AR and CBP-FL had strong
CBP staining (Fig. 2a), suggesting that overexpression of CBP
saturates its binding by AR. This staining does not differentiate
between endogenous and exogenous CBP.

Previous investigations have shown that AR interacts primar-
ily with the amino-terminal 460 aa of CBP (30, 31), the same
domain through which CBP interacts with other nuclear hor-
mone receptors. In addition, mutant AR may bind to CBP-CT,
which contains the polyglutamine repeat. For example, the
redistribution of CBP to huntingtin-positive inclusions depends
on the polyglutamine repeat of CBP (16, 19).

McCampbell et al.
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Fig. 3. Decrease in H3 acetylation by AR110NLS is reversed by CBP. (a)
GRIP1-GFP redistributes from its normal punctuate distribution in the nucleus
to nuclear inclusions formed by AR constructs lacking an NLS. (Left) A cell
expressing GRIP1-GFP alone. (Right) A cell expressing both GRIP1-GFP and
AR110 (Texas red). Inclusions are present in both the nucleus and cytoplasm of
the cell expressing AR110; GRIP1 has been recruited to the nuclear inclusion
only. (b) Western blot with antibodies against histone proteins H1 and acety-
lated H3. ART10NLS reduced H3-Ac at 72 and 96 h after transfection. Cotrans-
fection with either CBP-FL or CBP-NT reversed the hypoacetylation of H3. The
amino-terminal portion of CBP that reversed the hypoacetylation also blocked
AR110-induced cell loss (Fig. 2d).

We sought to determine which regions of CBP bind to our
normal and mutant AR constructs. We investigated the inter-
action by GST pull-down and the mitigation of cell death. When
we mixed purified GST-AR protein with cell lysates from cells
transfected with CBP-NT, CBP-Mid, or CBP-CT, CBP-NT was
consistently retained (Fig. 2c). This interaction was not found to
be repeat length-dependent, although the assay was not quan-
titative. We did not observe any interaction between AR and
CBP-Mid. GST alone did not bind to any of the constructs.

If AR binds to a specific domain of CBP, then overexpression of
that region should displace the endogenous CBP, permitting it to
function normally. To test this theory, we cotransfected the differ-
ent portions of CBP with AR15NLS or AR110NLS and measured
cell death. CBP-NT was most effective at reducing toxicity, de-
creasing cell death to levels comparable to those induced by
ARISNLS (Fig. 2d). CBP-CT and CBP-Mid both had mild effects,
neither as potent as the amino terminus. CBP-NT expression had
an effect on endogenous CBP distribution similar to CBP-FL (Fig.
2a). The enhanced efficacy of CBP-NT over CBP-FL may have
been because of its greater expression level. Furthermore, AR
expression levels were consistently lower in cells cotransfected with
CBP-NT, contributing to the observed decrease in cell death. After
correction for lower AR expression as related to transfection
efficiency, cell death in the presence of CBP-NT was still lower than
with the other constructs. Other than fewer transfected cells with
CBP-NT, we did not observe any consistent change in inclusion
number, size, or frequency with transfection of CBP.

Taken together, these findings support a mechanism in which
mutant AR binds to CBP, primarily by means of a domain in the
first 460 aa, blocking one or more of its normal functions. This
finding raises the question of which function of CBP is critical to
polyglutamine toxicity. CBP has two major, interdependent
functions: (i) linking DNA-binding proteins to the RNA poly-
merase II transcription complex, and (if) acetylating proteins,
including histones, as an acetyltransferase. CBP’s ability to
enhance transcription depends on histone acetylation. We chose
to focus on histone acetylation, as other factors with histone
acetyltransferase activity also are sequestered in polyglutamine-
positive inclusions. SRC-1 can be found in AR-positive inclu-
sions (14). Furthermore, when we cotransfected the glucocor-
ticoid receptor interacting protein-1 (GRIP1) with non-NLS
AR110, we found that GRIP1 redistributes from its normal
punctuate appearance to the nuclear inclusions (Fig. 3a).

Cells were harvested at 48, 72, and 96 h after transfection with
ARI15NLS or AR110NLS. Although differences were detectable at
72 h, by 96 h there was a major decrease in histone H3 acetylation
in the AR110NLS-expressing cells (Fig. 3b). This decrease could be
reversed by transfection with either CBP or CBP-NT. Because
neither of these constructs induced a measurable increase in
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Fig. 4. Histone deacetylase inhibitors reduce AR110NLS-induced cell loss. Cell

viability was assayed by FACS analysis of GFP-positive, Pl-positive cells at 96 h after
transfection. (a and b) Addition of increasing doses of TSA to AR-expressing cells
reduced cell loss caused by (a) ART10NLS and (b) AR110 non-NLS. The amount of
cell death observed in the non-NLS constructs was consistently less than that
observed with the NLS constructs. (c) Increasing doses of SAHA reduced cell death
caused by AR110NLS. The reduction of cell loss by SAHA was comparable to TSA.
(d) Western blot of AR15NLS and AR110NLS in cells exposed to the highest doses
of sodium butyrate (NaB), TSA, SAHA, or DMSO alone. There was no decrease in
expression of AR with any of the deacetylase inhibitors.

acetylation in the absence of ARI110NLS (data not shown), and
because the acetylation activity of CBP has been mapped to amino
acids 1195-1673 (32), which are lacking in our CBP-NT construct,
we conclude that the rescue of acetylation in this state is likely
caused by increased availability of endogenous CBP.

If sequestration of CBP and other histone acetylases leads to cell
death by decreasing protein acetylation, then addition of deacety-
lase inhibitors would be expected to reduce cell loss. We tested the
ability of various deacetylase inhibitors to reduce polyglutamine-
induced cell death. We transfected cells with AR1I5SNLS or
ARII0ONLS and measured cell death in the presence of TSA.
Addition of TSA caused a dose-dependent decrease in AR110NLS-
induced toxicity, with a maximal effect at 50 ng/ml (Fig. 4a).

TSA also partially mitigated cell death induced by AR110
lacking a NLS (Fig. 4b). This finding was unexpected, as the
majority of the non-NLS AR110 is found in the cytoplasm. This
finding suggests either that the toxicity induced by ARI110
expression results from leakage of the protein into the nucleus
or that TSA affects acetylation of cytoplasmic proteins.

To determine whether TSA has a general protective effect in
MN-1 cells, we measured its ability to protect against cell death
induced by the proapoptotic factor Bax. Cell death at 24 h after
transfection with Bax was increased, not decreased, in the
presence of TSA (data not shown), which suggests that histone
deacetylase inhibitors are not general antiapoptotic agents in this
system.

We also tested SAHA, a structural relative of TSA (33, 34).
Both compounds bind to the same region in histone deacetylase
complex-1 (35), but SAHA, unlike TSA, has been found to be
active in vivo (34). In our assay, SAHA was comparable to TSA
in its ability to reduce cell death induced by AR110NLS (P <
0.01) (Fig. 4c). There was also a significant decrease in death
observed with ARISNLS (P < 0.05), but only at the highest
concentration of SAHA. SAHA increased histone acetylation in
our cells at these concentrations (data not shown). Neither TSA
nor SAHA caused morphological changes in the cells.
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Fig. 5. A deacetylation mechanism for polyglutamine disease. (a) Under phys-
iologic conditions, there is a balance between protein acetylation by coactivators
such as CBP, SRC-1, and GRIP1, and deacetylation by histone deacetylase com-
plexes (HDAGs). (b) In the presence of mutant polyglutamine, the coactivators
responsible for acetylation are sequestered, decreasing the rate of acetylation
and causing proteins to be hypoacetylated. (c) The hypoacetylated state can be
reversed either by decreasing the rate of deacetylation with HDAC inhibitors such
as TSA and SAHA or by increasing acetylation with exogenous coactivator.

We tested two other deacetylase inhibitors, sodium butyrate
and PBA. These compounds, while inducing histone acetylation,
have broader effects on gene expression than TSA. Mariadason
et al. (35) showed that sodium butyrate alters the expression of
roughly 10 times as many genes as TSA in cultured colon cells.
Addition of sodium butyrate to cells expressing ARISNLS or
AR110NLS reduced the toxicity (data not shown). The propor-
tional decrease was equivalent with both the normal and mutant
AR, suggesting that the protective effect was nonspecific. The
reduction in cell death caused by these compounds is not
attributable to a decrease in AR expression levels. Indeed, the
expression of AR110NLS is slightly increased in the presence of
SAHA, TSA, sodium butyrate, and PBA (Fig. 4d).

In contrast to the other deacetylase inhibitors, PBA had no effect
on cell survival, although it, too, increases histone acetylation (data
not shown). It remains to be determined why PBA failed to block
toxicity. One possible explanation is that although all of these agents
arrest the cell cycle, they do so at different stages. Cell cycle arrest
can increase sensitivity to polyglutamine-induced cell death (36).
Although TSA, SAHA, and sodium butyrate all halted the cell cycle
at the G,/M boundary in our cells, PBA caused accumulation of
cells at the Go/G; stage (data not shown). Forskolin, which halted
MN-1 cells at the same stage as PBA, caused an increase in cell
death. It is possible that the protective effects of histone acetylation
are countered by the increased sensitivity to cell death caused by cell
cycle arrest. Because of the confounding effects of cell cycle arrest,
we may be underestimating the true efficacy of the other deacety-
lase inhibitors.

Discussion

Our findings support nuclear factor sequestration as a mechanism
for polyglutamine disease. The cell death caused by expression of
mutant polyglutamine in the nucleus can be mitigated in part by
increased expression of CBP, which has histone acetylase activity.
Our AR constructs interact with the amino terminus of CBP. This
portion of CBP is sufficient to reduce cell death, probably by
displacing endogenous CBP from the mutant protein. Cell loss
correlates with decreased histone acetylation, and both the change
in acetylation and the cell loss can be reversed by deacetylase
inhibitors or CBP overexpression. These findings are consistent
with a mechanism for polyglutamine toxicity in which the mutant
protein sequesters CBP and other coactivators, altering protein
acetylation. This process, in turn, alters gene expression, leading to
cellular dysfunction and death (Fig. 5).

Our results were generated with transiently transfected cells and
thus require some caveats in their interpretation. The cells had
much higher levels of expression, longer repeat lengths, and more
truncated protein than are found in patients. Our experience and
that of others in the polyglutamine research field has been that such
excesses are necessary to model in the laboratory over a period of
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days a disease process that occurs in patients over a period of
decades. We believe our findings to be relevant because key features
of the disease process are seen both in our model system and in vivo,
including the toxicity of the mutant protein, the binding of nuclear
factors, and the accumulation of polyglutamine aggregates. Addi-
tionally, two other labs recently identified defects in acetylation with
mutant polyglutamine in other systems (37, 38).

Our findings are consistent with a disease mechanism in which
CBP and other acetylating nuclear factors are sequestered and
inactivated. This sequestration need not depend on an enhanced
affinity of the mutant protein for CBP. Instead increased or
inappropriate binding could derive from locally increased levels
of expanded polyglutamine. The increased levels could arise
from impaired clearance of the mutant protein, possibly as a
consequence of impaired proteasome function.

We have focused on cell death as an endpoint, partly because
it is easily defined. Loss of PI dye exclusion occurs in necrotic and
late-stage apoptotic cells. The cell death we observed with PI
correlates well with changes in 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MIT)-reducing activity (13), and
with characteristic features of apoptosis such as nuclear con-
densation, DNA laddering, caspase activation, and cytochrome
¢ release from mitochondria (unpublished observations). How
much cell death directly contributes to the manifestations of
polyglutamine diseases is unclear. Although there is evidence of
apoptosis in cell culture models of polyglutamine toxicity (39),
cell death is not seen in some animal models (40), which implies
that neuronal dysfunction may be more important than cell death
in the disease process. Altered acetylation may well contribute
to neuronal dysfunction as well as death, however.

In a normal cell, protein acetylation reflects a balance be-
tween the rate of acetylation by coactivators and other acetyl-
transferases and the rate of deacetylation by HDACs (Fig. 5a).
We propose that nuclear accumulation of polyglutamine per-
turbs this balance by sequestering coactivators, including CBP,
SRC-1, and GRIP1 (Fig. 5b). If our hypothesis is correct, then
restoration of the acetylation balance should ameliorate the toxic
effects of polyglutamine (Fig. 5¢). The decreased acetylation
caused by mutant polyglutamine can be rescued either by
increasing the rate of acetylation (through addition of an exog-
enous acetylase or by increasing the availability or activity of an
endogenous one) or by reducing the rate of deacetylation.

Our approach focused on nuclear expression and accumula-
tion of a polyglutamine construct derived from AR, the mutant
protein of spinal and bulbar muscular atrophy. However, our
findings are relevant to the pathogenesis of other polyglutamine
diseases, as well. The normal distribution of the proteins causing
dentatorubral-pallidoluysian atrophy and spinocerebellar atax-
ia-1 and -7 is predominantly nuclear (41-44). In spinocerebellar
ataxia-1 mouse models, exclusion of ataxin-1 from the nucleus
blocks the pathological phenotype (11). Furthermore, flies and
mice with transgenic expression of mutant polyglutamine typi-
cally feature nuclear accumulation (20, 45, 46), regardless of the
protein from which the polyglutamine was derived.

Of the nuclear factors found in AR-positive inclusions, we
have focused on CBP for several reasons. CBP functions more
broadly than the other coactivators found in polyglutamine
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inclusions. CBP levels are functionally limiting for a variety of
different transcription factors (47), in contrast to SRC-1 and
GRIP1, which are thought to function primarily in steroid
hormone signaling (48). Evidence from knockout experiments
suggests that mice have limited capacity to up-regulate CBP,
because serious developmental consequences arise in the hemi-
zygous state (49). In contrast, mice lacking SRC-1 show primarily
a loss of steroid hormone responsiveness (50, 51).

We also have examined the ability of GRIP1 and SRC-1 to
block polyglutamine-induced cell death, and, although statisti-
cally significant, their effect was less than that of CBP (data not
shown). These findings are consistent with a model in which
mutant polyglutamine may recruit and deplete multiple coacti-
vators, of which CBP is particularly important.

Depletion of coactivator histone acetyltransferases likely ac-
counts for the decrease in histone H3 acetylation we observed.
Although we began to observe cell death before the major loss
of H3 acetylation, there are indications of changes in acetylation
at 72 h. Our sensitivity to changes in acetylation was probably
low, as we measured global H3 acetylation in a mixed population
of transfected and nontransfected cells. Further confirmation of
our hypothesis may come from the identification of candidate
genes with expression levels that are both acetylation-dependent
and altered in cells expressing mutant polyglutamine.

Our findings that both TSA and SAHA reduce cell loss suggest
that the changes in histone acetylation are causative, and not a
secondary consequence of cell death. The differences in the efficacy
of the other deacetylase inhibitors likely result from differing
specificity. These agents could prove useful in differentiating be-
tween the protective effects of TSA and those that are not essential.

We have focused on histone acetylation, although acetylation
of other factors may be more important. The activity of many
components of the transcriptional machinery is modified by
acetylation, including other histone acetyltransferases and AR
(52). TSA and SAHA likely induce hyperacetylation of proteins
other than histones that play important roles in regulating gene
expression and cell viability.

Fernandez-Funez et al. (20) reported a P-element screen for
modifiers of a mutant polyglutamine phenotype in Drosophila.
Several of the reported modifiers were previously described
regulators of histone acetylation. The mechanism of their effect
on polyglutamine toxicity is not clear. Nevertheless, this inves-
tigation also implicates transcriptional disruption and altered
protein acetylation in polyglutamine toxicity.

Our finding that deacetylase inhibitors reduce polyglutamine
toxicity in cell culture has potential therapeutic implications. In-
terest in deacetylase inhibitors has grown in recent years for their
potential application as tumor-suppressing agents (53). SAHA has
been shown to induce histone hyperacetylation and reduce the rate
of tumor growth in mice (34) and has been approved for use in
clinical trials in humans. These small molecules may be worthy of
further testing as candidates for the therapy of polyglutamine
disease.
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