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Atrophin-1 with CBP-Mediated

Transcription Leading to
Cellular Toxicity

Frederick C. Nucifora Jr.,1,2 Masayuki Sasaki,3

Matthew F. Peters,1 Hui Huang,3 Jillian K. Cooper,1

Mitsunori Yamada,7 Hitoshi Takahashi,7 Shoji Tsuji,7

Juan Troncoso,6 Valina L. Dawson,2,3,4,5 Ted M. Dawson,2,3,4*
Christopher A. Ross1,2,4*

Expanded polyglutamine repeats have been proposed to cause neuronal de-
generation in Huntington’s disease (HD) and related disorders, through abnor-
mal interactions with other proteins containing short polyglutamine tracts such
as the transcriptional coactivator CREB binding protein, CBP. We found that CBP
was depleted from its normal nuclear location and was present in polyglutamine
aggregates in HD cell culture models, HD transgenic mice, and human HD
postmortem brain. Expanded polyglutamine repeats specifically interfere with
CBP-activated gene transcription, and overexpression of CBP rescued polyglu-
tamine-induced neuronal toxicity. Thus, polyglutamine-mediated interference
with CBP-regulated gene transcription may constitute a genetic gain of func-
tion, underlying the pathogenesis of polyglutamine disorders.

Huntington’s disease (HD) and dentatorubral
and pallidoluysian atrophy (DRPLA) are neu-
rodegenerative disorders caused by polyglu-
tamine expansions in the huntingtin and atro-
phin-1 proteins, respectively (1–4). Hunting-
tin with expanded polyglutamine aggregates
in vitro and forms neuronal intranuclear and
cytoplasmic inclusions in mice and in HD
patients, although the inclusions themselves
are not directly toxic (5–14). The mecha-
nisms of polyglutamine pathogenesis remain
uncertain. One hypothesis suggests that the

expanded polyglutamine alters protein con-
formation, resulting in aberrant protein inter-
actions (15–17), including interactions of the
expanded polyglutamine with cellular pro-
teins containing short polyglutamine stretch-
es. CREB binding protein (CBP) is a coacti-
vator for CREB-mediated transcription (18)
and contains a 15 (mouse) or an 18 (human)
glutamine stretch. CREB-mediated gene tran-
scription promotes cell survival, and CBP is a
major mediator of survival signals in mature
neurons (19–21). CBP has been found in
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polyglutamine aggregates in vitro and in vivo
(16, 17, 22, 23). We tested the hypothesis that
the expanded polyglutamine in HD and relat-
ed disorders can interact with the short glu-
tamine repeat in CBP, interfering with CBP
function, causing transcriptional abnormali-
ties, and leading to cellular toxicity.

N2a neuroblastoma cells were cotrans-
fected with constructs coding for the NH2-
terminal 63 amino acids of huntingtin with a

normal or expanded repeat (Htt-N63-18Q or
Htt-N63-148Q) (24) and a construct encod-
ing full-length CBP (Fig. 1) (25). We now
extend previous data (16, 17) by showing that
CBP (endogenous or overexpressed) is not
only recruited into aggregates but also redis-
tributed away from its normal location in the
nucleus into huntingtin aggregates (Fig. 1A).
Quantitation of three independent experi-
ments where huntingtin and CBP were co-
transfected showed that 86.7% (65%) of the
double transfected cells contained CBP se-
questered into aggregates. Similar results
were obtained with endogenous CBP. Se-
questration was similar for cytoplasmic or
nuclear huntingtin aggregates. The redistribu-
tion of CBP was dependent on CBP’s poly-
glutamine stretch because CBP without the
polyglutamines (CBPDQ) was not seques-
tered from the nucleus (16, 17) (Fig. 1B, first
row). 97.3% (61.2%) of the double trans-

fected cells contained CBPDQ in its normal
diffuse nuclear location. CBPDQ could be
detected in some aggregates, but in contrast
to CBP, CBPDQ was not sequestered from its
normal nuclear distribution. It is possible that
some of the CBPDQ could be recruited into
the aggregate through interactions with other
proteins or some endogenous CBP is being
detected. These results show that CBP is
recruited into aggregates and redistributed
from its normal location through its short
polyglutamine region.

The CBP homolog p300 contains a glu-
tamine-rich region but does not contain a
substantial polyglutamine repeat stretch (6Q).
To determine whether mutant huntingtin
could sequester p300 into aggregates, we co-
transfected huntingtin with a construct encod-
ing full-length p300 and demonstrated that
expanded huntingtin did not alter p300’s lo-
calization (Fig. 1B, second row). Nor was
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Fig. 1. Huntingtin with an expanded polyglutamine repeat sequesters CBP through
direct polyglutamine interactions. (A) N2a cells were cotransfected with Htt-N63
(with normal or expanded repeats), and CBP (containing an 15 glutamine tract) or
endogenous CBP was detected. First row: Htt-N63-18Q and CBP. Htt-N63-18Q shows
diffuse cytoplasmic label, and CBP shows predominately nuclear label. These patterns
are identical to those seen when each construct is transfected alone. Second and third
rows: Htt-N63-148Q and CBP. Cotransfection of Htt-N63-148Q with CBP recruits
CBP into the huntingtin aggregates and depletes CBP from its normal distribution in
the nucleus. This effect is seen for both nuclear and cytoplasmic huntingtin aggre-
gates. Fourth row: Htt-N63-148Q and endogenous CBP. Transfection of Htt-N63-
148Q sequesters endogenous CBP into huntingtin aggregates and depletes CBP from
its normal nuclear localization. (B) Sequestration is dependent on short polyglutamine
stretches. First row: CBP with its glutamines deleted (CBPDQ) is recruited much less
into aggregates and is not depleted from its normal nuclear distribution, demonstrat-
ing the requirement of the glutamine repeat in CBP for sequestration. Second row:
Htt-N63-148Q and p300 (transcription coactivator homologous to CBP, containing
only six repeats). Cotransfection of Htt-N63-148Q and p300 does not sequester p300
out of the nucleus and into aggregates. Third row: Htt-N63-148Q and Sp1 (containing
glutamine-rich domains, but not a glutamine repeat). When Htt-N63-148Q and Sp1 are cotransfected, there is no recruitment of Sp1 into huntingtin
aggregates. Fourth row: Htt-N63-148Q and At-N917-26Q. Atrophin-1 (At-N917-26Q), another polyglutamine-containing protein (26Q), was also
recruited into huntingtin aggregates. Experiments were done at least three times. (C) Coimmunoprecipitation: N2a cells were cotransfected with
Htt-N63-18Q and CBP, Htt-N63-148Q and CBP, or Htt-N63-148Q and CBPDQ. Antibodies for huntingtin or rabbit IgG were used for immunopre-
cipitation (IP). Antibodies for CBP were used for detection. Expanded huntingtin and CBP coimmunoprecipitated, suggesting a direct interaction between
expanded huntingtin and CBP. Western blots of the immunoprecipitation were probed for c-myc, which recognizes the epitope-tagged huntingtin constructs
and showed equal amounts of huntingtin immunoprecipitated in each lane. Experiments were repeated several times.
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Sp1, a transcription factor with glutamine-
rich domains, substantially recruited (Fig.
1B, third row) although it was present in
some aggregates. By contrast, normal atro-
phin-1, which has a polyglutamine stretch
(26Q), was recruited into huntingtin aggre-
gates (Fig. 1B, fourth row).

N2a cells overexpressing Htt-N63-18Q
and CBP, Htt-N63-148Q and CBP, or Htt-
N63-148Q and CBPDQ were immunopre-
cipitated with antibody to huntingtin and
Western blotted for CBP. Htt-N63-148Q and
CBP were coimmunoprecipitated, suggesting
a direct interaction between expanded hun-
tingtin and CBP (Fig. 1C). Equivalent levels
of huntingtin were immunoprecipitated in
these experiments, and both CBP and
CBPDQ were expressed at equal levels by
Western blot analysis. Immunoprecipitation
with antibody to CBP and Western blot for
huntingtin showed similar results.

To determine whether CBP coaggregates
with huntingtin in vivo, we performed immu-
nocytochemistry on transgenic mice (26, 27)
expressing an NH2-terminal fragment of hunt-
ingtin with an expanded repeat or HD or
DRPLA human postmortem brain tissue. Nu-
clear inclusions can be labeled with an antibody
to the NH2-terminus of huntingtin (6, 10, 12,
26). CBP was depleted from its normal diffuse-

ly nuclear location and sequestered into aggre-
gates in huntingtin transgenic mice and HD and
DRPLA postmortem brain tissue (Fig. 2, A and
B) (28). In addition, CBP was also found in
cytoplasmic aggregates in HD postmortem
brain tissue. An antibody to p300 did not label
huntingtin aggregates in transgenic mice (Fig.
2A). Similar numbers of neurons in both trans-
genic mice and HD patient tissue contained
labeled inclusions with antibodies to either
huntingtin or CBP, and most cells showed se-
questration (Fig. 2, A and B).

Tissue homogenates of HD patient and con-
trol brain tissue were fractionated into pellet
and high-speed supernatant fractions. CBP in
the soluble fraction was analyzed by immuno-
precipitation with an antibody to CBP and an-
alyzed by Western blot. Soluble CBP was strik-
ingly reduced in HD patient tissue compared
with control brain tissue (Fig. 2C). A similar
experiment with an antibody to b-tubulin
showed no differences in b-tubulin, indicating
that the decrease in CBP was not due to a
reduction in overall protein levels. In the par-
ticulate fraction, an antibody to huntingtin
yielded reactivity in a diffuse band at the top of
the gel, indicating the presence of huntingtin
aggregates. Comparable bands were seen when
an antibody to CBP was used, indicating that
CBP is found in huntingtin aggregates (Fig.

2D). Together, the fractionation data and im-
munohistochemistry suggest that CBP is de-
pleted from its normal location and sequestered
into aggregates.

We performed transcription assays using
primary cortical neurons to determine wheth-
er interaction with mutant huntingtin alters
CBP-regulated gene transcription (29–33).
Huntingtin with a normal glutamine repeat
had no effect on CBP-mediated transcription,
whereas huntingtin with an expanded repeat
significantly inhibited transcription (Fig. 3A).
The magnitude of the inhibition was similar
to that caused by E1A, suggesting a biologi-
cally relevant decrease. An NH2-terminal
truncation of expanded atrophin-1 similar to a
fragment seen in a transgenic mouse model of
DRPLA (34) altered transcription (Fig. 3B),
whereas nontoxic atrophin-1 constructs had
no effect. Thus, transcription inhibition cor-
relates with polyglutamine toxicity for both
huntingtin and atrophin-1.

Using a reporter construct containing
three cyclic 39,59-adenosine monophosphate
response element (CRE) sites, which uses
endogenous CBP and endogenous CREB, we
demonstrated similar and specific expanded
repeat huntingtin transcription inhibition
(Fig. 3C). Because CBP regulates other tran-
scription factors such as ELK, we performed

Fig. 2. CBP is present in huntingtin nuclear inclusions in transgenic
mouse and human HD and DRPLA postmortem brain. (A) Immunohis-
tochemistry performed on transgenic mouse tissue. Htt-N171-18Q
(control) mice cortex and cerebellar granule cells stained with CBP: These cells do not contain inclusions
and show diffuse nuclear staining. Cortical neurons and cerebellar granular cells of Htt-N171-82Q (HD)
transgenic mice show CBP present in the huntingtin inclusions and sequestered from its normal nuclear
location. Cortex and cerebellar granule cells with nuclear inclusions labeled with huntingtin antibodies.
Cortical neurons and cerebellar granular cells of Htt-N171-82Q (HD) transgenic mice stained with an
antibody to p300: These cells do not contain inclusions. (B) Immunohistochemistry performed on human
HD and DRPLA postmortem tissue. Control postmortem cortex stained with CBP: These cells do not
contain inclusions and show diffusely nuclear staining. CBP is present in the HD and DRPLA nuclear
inclusions in human postmortem cortex and sequestered from its normal nuclear location. Human HD
postmortem brain tissue shows huntingtin-labeled nuclear inclusions in the cortex. A-22 rabbit antibody
to CBP was used to detect the CBP protein, C-20 rabbit antibody to p300 was used to detect the p300
protein and AP 360, and affinity-purified antibody to the NH2-terminus of the huntingtin protein was used
to detect huntingtin. (C) Immunoprecipitation Western blots for CBP show decrease of soluble CBP in HD
brain. Soluble fractions were collected from human control and HD postmortem brain, and equal protein
concentrations were immunoprecipitated with an antibody to CBP and immunoblotted for CBP. CBP is
greatly reduced from the soluble fraction in HD tissue compared with controls. By contrast, immunoprecipitation Western blots with an antibody to
b-tubulin showed no differences in b-tubulin. (D) CBP is sequestered into huntingtin aggregates in HD postmortem brain. Triton-insoluble fractions
were collected from human control and HD postmortem brain, resuspended in 2% SDS, and analyzed by immunoblotting. In samples from HD but not
control, aggregated protein trapped at the top of the wells contained huntingtin. When the blot was stripped and reprobed, CBP was also detected
in the aggregates.
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the transcription assay using a GAL4-ELK
reporter construct and determined that only
mutant huntingtin significantly inhibited tran-
scription (Fig. 3D). To demonstrate specific-
ity and determine that the decrease in tran-
scription was not secondary to cellular toxic-
ity caused by mutant huntingtin, we exam-
ined the effect of huntingtin on a reporter
construct driven by p300-mediated transcrip-
tion. Huntingtin with the expanded repeat had
no effect on p300-mediated transcriptional
activity (Fig. 3E). Similar lack of inhibition
was found with a reporter construct that uses
endogenous Sp1 (Fig. 3F). To determine
whether the inhibition of CBP-mediated tran-
scription was dependent on the presence of
the polyglutamine in CBP, we performed the
transcription assay using a Gal4-CBPDQ re-
porter construct. Htt-N63-148Q reduced

Gal4-CBP–mediated transcription, but not
Gal4-CBPDQ–mediated transcription (Fig.
3G). Thus, huntingtin specifically interferes
with CBP-mediated transcription through
polyglutamine interactions.

We hypothesized that huntingtin’s inter-
action with CBP and sequestration from its
normal site of action leads to cellular toxicity.
Previous experiments in our laboratories
demonstrated that the NH2-terminal fragment
of huntingtin with an expanded repeat is toxic
to cells in culture (14, 35). If our hypothesis
is correct, then overexpression of CBP or
CBPDQ should rescue huntingtin toxicity
(36). Figure 4A demonstrates that overex-
pression of CBP or especially of CBPDQ
abrogated the toxic effect of huntingtin (even
though CBP or CBPDQ alone had no signif-
icant effect on cell viability). Furthermore,

overexpression of CBP or CBPDQ also res-
cued cells from atrophin-1 toxicity (Fig. 4B).
CBP’s abrogation of toxicity is not due to a
change in the level of expression of hunting-
tin or atrophin-1. Western blots showed sim-
ilar intensities for each transfection condi-
tion, and the frequency and density of hun-
tingtin aggregates were also similar. CBPDQ
was at least as effective as overexpression of
normal full-length CBP (Fig. 4, A and B). By
contrast, p300, Sp1, and truncated atrophin-1
with a normal polyglutamine repeat were in-
effective at rescuing cellular toxicity (Fig. 4,
C and D). Cellular toxicity experiments were
also performed with rat primary cortical neu-
rons. Neurons transfected with Htt-N63-18Q
showed several long processes with green
fluorescent protein (GFP) staining and nor-
mal nuclei with Hoechst 33342. Neurons

Fig. 3. Huntingtin or atro-
phin-1 with an expanded
glutamine repeat decreas-
es CBP-mediated transcrip-
tion. Primary rat cortical
neurons were transfected
with luciferase reporter
constructs and either con-
trol vector, Htt-N63-18Q,
or Htt-N63-148Q for HD
and either control vector,
At-FL-26Q, At-FL-65Q, At-
N917-26Q, or At-N917-
65Q for DRPLA. Luciferase
levels were measured for
basal conditions or stimu-
lated with 50 mM KCl for
12 hours. (A) Htt-N63-18Q
shows transcriptional acti-
vation levels comparable
to the control plasmid pCl.
However, Htt-N63-148Q
significantly decreases Gal
4-CBP transcription. These
data indicate that expand-
ed huntingtin interferes with
CBP-mediated transcription.
The graph shows KCl-stim-
ulated transcription nor-
malized to percent basal
activity and mean 6 SEM
for at least three experi-
ments. (B) Effects of atro-
phin on Gal4-UAS lucif-
erase reporter activity. At-FL-26Q, At-FL-65Q, and At-N917-26Q fail to influence CBP-dependent transcription,
whereas At-N917-65Q shows a significant decrease in transcription. (C) Huntingtin significantly reduces
transcription, with a luciferase reporter construct containing three CRE sites (3xCRE-luc), which relies on
endogenous CBP and CREB. (D) Htt-N63-148Q significantly reduces Gal4-ELK reporter activity (another
transcription factor whose activity is mediated in part by CBP). (E) Huntingtin effects on transcription from either
Gal4-CBP or Gal4-p300. As seen earlier, expanded huntingtin causes a significant decrease in CBP-dependent
transcription, but p300-dependent transcription is not significantly changed. (F) Huntingtin effects on transcrip-
tion from a GC box (6xGC-luc) that relies on endogenous Sp1, a protein with glutamine-rich domains that is not
recruited into aggregates compared with the effect on CBP-mediated transcription. As seen earlier, expanded
huntingtin causes a significant decrease in CREB/CBP-dependent transcription, but Sp1-dependent transcription
is not significantly changed. Experiments from (E) and (F) suggest that the decrease in transcription is not due
to death of neurons and huntingtin’s effect is not generalized to any transcription coactivator. (G) When either
Gal4-CBP or Gal4-CBPDQ is assayed, Htt-N63-148Q reduces Gal4-CBP–mediated transcription, but not Gal4-
CBPDQ–mediated transcription. The Gal4-CBPDQ reporter construct is transcriptionally active, but only about a
third as functional in neurons as is Gal4-CBP, suggesting that the glutamine repeat may have some role in
transcription activation. Data were standardized to control vector 1 Gal4-CBP or control vector 1 Gal4-CBPDQ,
respectively (G). All graphs shows mean 6 SEM of three to five independent experiments performed in
quadruplicates.
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transfected with Htt-N63-148Q showed
marked loss of processes by GFP staining and
shrunken condensed nuclei by Hoechst 33342
staining, changes characteristic of degenerat-
ing neurons. Neurons cotransfected with Htt-
N63-148Q and CBPDQ demonstrated re-
stored neuronal processes and normal nuclei
(Fig. 4E). Quantification of GFP showed that
CBPDQ completely rescued huntingtin-medi-
ated toxicity (Fig. 4F). These data suggest
that interaction of expanded polyglutamine
protein with the short polyglutamine tract in
CBP specifically mediates cellular toxicity.

Our results suggest that expanded poly-
glutamine may exert toxic effects within cells
by sequestering CBP, or other proteins con-
taining short polyglutamine stretches, away
from their critical sites of action. This effect
depends on the expanded polyglutamine re-
peat within the disease protein and the short

polyglutamine repeat in CBP. We suggest
that there is a direct interaction between the
two polyglutamine repeats, although it is pos-
sible that other proteins are also involved. A
direct interaction could involve noncovalent
“polar zippers” between the glutamine re-
peats (15, 37). Interactions between expand-
ed polyglutamine tracts and short polyglu-
tamine tracts in proteins such as CBP can
provide an explanation for the polyglutamine
disease “toxic gain of function” (2, 38), be-
cause the effects on CBP localization, se-
questration, and transcription are specific
only to the expanded form of the polyglu-
tamine disease protein. Other proteins within
cells have short polyglutamine stretches and
may also be involved. In this model, it is not
the inclusions or aggregation that are directly
toxic, but rather the indirect effect on other
proteins such as CBP. Thus, our data suggest

a unifying mechanism of cellular toxicity for
glutamine repeat diseases.

Our data are also consistent with the
emerging data linking transcriptional abnor-
malities with polyglutamine pathogenesis.
McCampbell et al. recently showed that the
androgen receptor with an expanded polyglu-
tamine repeat, which is the cause of spinal
and bulbar muscular atrophy (SBMA), inter-
acts with CBP, leading to cell toxicity (22). It
has also recently been shown that atrophin-1
and other polyglutamine proteins associate
with TAFII130 (39) and can interfere with
CREB-mediated transcription. Furthermore,
Steffan et al. reported that expanded huntingtin
repressed transcription of a p53 reporter con-
struct potentially through an interaction with
the coactivator CBP (23). In a PC12 neuronal
cell model with inducible expression of mutant
huntingtin, we found decreases of CBP-associ-

Fig. 4. CBP overexpression rescues cells from toxicity mediated by
huntingtin or atrophin-1 with expanded polyglutamine repeats. N2a cells
were cotransfected with GFP and an HD or a DRPLA construct alone or
with CBP. Cell loss was quantified by counting GFP positive cells 48 hours
later. (A) Htt-N63-148Q caused increased toxicity compared with the
construct with 18 repeats or CBP alone. When excess CBP or CBPDQ was
cotransfected with Htt-N63-148Q, cell toxicity was reduced to baseline.
(B) At-N917-65Q showed increased toxicity compared with the same
construct with 26 repeats or CBP alone. When excess CBP or CBPDQ was
cotransfected with At-N917-65Q, cell toxicity was reduced to baseline.
(C) When the homologous protein p300 containing a six glutamine
stretch was cotransfected with Htt-N63-148Q, cell toxicity remained
comparable to Htt-N63-148Q alone, indicating specificity. p300 was
expressed, as determined by immunofluorescence or Western blot and
determined to be functional by potassium depolarization. (D) When the

glutamine-rich protein Sp1 was cotransfected with Htt-N63-148Q, cell
toxicity remained comparable to Htt-N63-148Q alone, again demon-
strating specificity. Also, At-N917-26Q, which is recruited into hunting-
tin aggregates (see Fig. 1), did not rescue cell toxicity, indicating speci-
ficity. All graphs are the average of at least three assays in triplicate
standardized to LacZ and show standard deviations. (E) Cellular toxicity
in cortical neurons. Cortical neurons were transfected with GFP and
Htt-N63-18Q or Htt-N63-148Q alone or with GFP plus Htt-N63-148Q
plus CBPDQ. Cellular morphology with GFP or Hoechst 33342 demon-
strated loss of processes and shrunken nuclei for huntingtin-induced
toxicity, rescued by CBPDQ. (F) The percentage of transfected cells that
are nonviable compared with viable are shown. CBPDQ rescued hunting-
tin-mediated cellular toxicity in cortical neurons. In all experiments, the
amount of DNA transfected was kept constant by cotransfecting appro-
priate amounts of LacZ DNA when relevant.
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ated histone acetyl transferase activity, as well
as total histone acetylation at an early time point
(40). Alteration of CBP-regulated gene expres-
sion may mediate neuronal dysfunction and
neuronal toxicity. Gene expression screens
have shown that genes that are regulated by
CBP, such as enkephalin and Jun, are down-
regulated in HD transgenic mice and HD post-
mortem brain tissue (41, 42). It is likely that
there is not one single downstream survival
mediator, but rather a number of survival-relat-
ed transcripts. For example, BDNF, a cell sur-
vival protein whose expression is regulated by
CREB, has recently been shown to be down-
regulated in HD patient tissue (43). Our data
suggest that expanded polyglutamine interac-
tions with proteins containing short polyglu-
tamine stretches are relevant for polyglutamine
pathogenesis and therefore that these interac-
tions might be targets for future therapeutics.
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