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Huntington’s disease (HD) and other polyglutamine (polyQ) neurodegenerative diseases are characterized by neuronal accumulation of
the disease protein, suggesting that the cellular ability to handle abnormal proteins is compromised. As both a cochaperone and ubiquitin
ligase, the C-terminal Hsp70 (heat shock protein 70)-interacting protein (CHIP) links the two major arms of protein quality control,
molecular chaperones, and the ubiquitin–proteasome system. Here, we demonstrate that CHIP suppresses polyQ aggregation and
toxicity in transfected cell lines, primary neurons, and a novel zebrafish model of disease. Suppression by CHIP requires its cochaperone
function, suggesting that CHIP acts to facilitate the solubility of mutant polyQ proteins through its interactions with chaperones. Con-
versely, HD transgenic mice that are haploinsufficient for CHIP display a markedly accelerated disease phenotype. We conclude that
CHIP is a critical mediator of the neuronal response to misfolded polyQ protein and represents a potential therapeutic target in this
important class of neurodegenerative diseases.
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Introduction
Molecular chaperones participate in nascent protein folding and
the refolding of proteins damaged by physiological stress or mu-
tations. If a native conformation cannot be achieved, futile re-
folding efforts by chaperones either continue or the protein is
targeted for degradation. For many damaged or misfolded pro-
teins, the principal route for this degradation is the ubiquitin–
proteasome pathway (UPP) (Hartl and Hayer-Hartl, 2002; Berke
and Paulson, 2003). To triage proteins correctly between refold-
ing and degradation, cells must possess molecular links between
these two pathways (Cyr et al., 2002).

C-terminal heat shock protein 70 (Hsp70)-interacting protein
(CHIP) is one such link. CHIP has three tetratrico peptide repeat
(TPR) domains that interact with the molecular chaperones
Hsp70 and Hsp90 and an E4/U-box domain that interacts with
the proteasome and confers E3 ubiquitin ligase activity on CHIP
(Ballinger et al., 1999; Jiang et al., 2001). CHIP enhances refold-
ing of some proteins while facilitating the ubiquitination and
clearance of others (Connell et al., 2001; Meacham et al., 2001;
Kampinga et al., 2003). It can also regulate heat shock transcrip-

tion factor 1 (HSF1), the principal transcription factor modulat-
ing chaperone expression during stress (Dai et al., 2003). Thus,
CHIP is strategically positioned within the protein quality con-
trol (QC) systems of the cell.

The process of QC is crucial for neurons, which must function
for decades in the face of high metabolic demands, environmen-
tal insults, and age-related physiological changes. Genetic muta-
tions can further predispose neurons to pathological failures of
QC, manifesting as neurodegenerative disease. An important ex-
ample is the group of dominantly inherited diseases caused by
polyglutamine (polyQ) expansion that includes Huntington’s
disease (HD) and at least eight other neurodegenerative diseases
(Taylor et al., 2002).

polyQ neurodegeneration is accompanied by the formation of
neuronal inclusions that sequester molecular chaperones and
proteasome components. This fact suggests that perturbations in
protein homeostasis contribute to polyQ pathogenesis (Cum-
mings et al., 1998; Chai et al., 1999a,b; Satyal et al., 2000). Con-
sistent with this view, studies in many polyQ model systems have
shown that impairing QC systems can worsen disease and that
boosting their activity can suppress neurodegeneration (Bence et
al., 2001; Chan et al., 2002; Venkatraman et al., 2004). Moreover,
genetic screens have confirmed the importance of both chaper-
one and degradation pathways in polyQ disease (Fernandez-
Funez et al., 2000; Willingham et al., 2003; Nollen et al., 2004).

The positioning of CHIP as a potential integrator of QC ac-
tivities suggested to us that it might participate in the cellular
handling of mutant polyQ proteins. Here, using several comple-
mentary systems, we explore the ability of CHIP to modulate the
cellular response to mutant polyQ proteins. In cell-based models,
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we show that CHIP reduces accumulation of insoluble aggregates
in a manner that requires the TPR domain, implying that CHIP
increases cellular capacity to maintain polyQ proteins in a soluble
state. CHIP is also shown to reduce polyQ aggregation and tox-
icity in primary neurons in vitro. We then test the ability of CHIP
to modulate toxicity in zebrafish, taking advantage of several
powerful features of this novel vertebrate system. Finally, build-
ing on these results, we show that inactivation of a single copy of
endogenous CHIP markedly accelerates disease in an HD trans-
genic mouse model.

Materials and Methods
Plasmid construction. The Q19-, Q35-, Q56-, and Q80-GFP and -GFPu
and CHIP plasmids were described previously (Onodera et al., 1997;
Bence et al., 2001; Connell et al., 2001; Meacham et al., 2001). To con-
struct Q19-GFPu and Q80-GFPu, the polyQ fragment and part of the
enhanced green fluorescent protein (GFP) coding sequence was cut from
Q19- and Q80-GFP as a NheI to BsrgI fragment and ligated into the
degron-modified GFP (GFPu) plasmid digested with NheI and BsrgI.
Plasmids were verified by partial sequencing and immunoblotting with
anti-GFP and 1C2 antibodies (Trottier et al., 1995). GFP-Q82-Htt is an
in-frame N-terminal fusion of GFP to truncated human huntingtin (Htt)
comprising human exons 1–3. The fusion protein was generated using
recombinant PCR, and the final 1.4 kb product was cloned into
pcDNA3.1.

Cell culture and transfections. All transfections were performed as de-
scribed previously using Lipofectamine Plus (Invitrogen, Gaithersburg,
MD) (Pittman et al., 1993; Chai et al., 1999a). For experiments assessing
aggregate suppression, 1 �g of plasmid encoding the polyQ proteins was
cotransfected with 2 �g of CHIP or pcDNA3 as an empty vector control.
For experiments using geldanamycin (Sigma, St. Louis, MO), drug was
dissolved in DMSO to a concentration of 360 �M and applied as de-
scribed previously (Sittler et al., 2001). Lactacystin (Calbiochem, La Jolla,
CA) was added at a concentration of 10 �M 18 h after transfection and
continued for 30 h.

Western blotting and immunofluorescence. Cos-7 cells were harvested
48 –72 h after transfection and subjected to Western blot analysis as
described previously (Chai et al., 1999a). The 1C2 antibody (1:1000 di-
lution) was used to detect the polyQ epitope in GFP-Q82-Htt. Q19- and
Q71-GFPu were detected with anti-GFP (1:1000 dilution; Medical and
Biological Laboratories, Naka-ku Nagoya, Japan). CHIP was detected
using either an anti-CHIP polyclonal antibody to full-length recombi-
nant CHIP (Oncogene Research Products, San Diego, CA) or an anti-
CHIP peptide antibody raised against amino acids 218 –232 of human
CHIP (Abcam, Cambridge, MA) both at a 1:1000 dilution. Hsp70 was
detected using a polyclonal Hsp70 antibody (1:5000; Stressgen, Victoria,
British Columbia, Canada). Anti-�-tubulin mouse monoclonal anti-
body (1:10,000; Sigma) was used as a loading control.

Cos-7, PC-12, or primary neuronal cells were grown on coverslips, and
immunofluorescence for CHIP was performed using an anti-CHIP pep-
tide antibody raised against amino acids 218 –232 of human CHIP (1:50;
Abcam). Fluorescence was detected using rhodamine-conjugated sec-
ondary antibody (1:1000). Fluorescence was visualized with an Axioplan
fluorescence microscope (magnification, 630� and 1000�; Zeiss,
Thornwood, NY). Images were captured digitally with a Zeiss MRM
AxioCam camera and assembled in Photoshop 6.0 (Adobe Systems,
Mountain View, CA).

Pulse/chase experiments. Transfected Cos-7 cells were labeled with 225
�Ci of 35S-methionine for 30 min, washed three times, and chased with
media containing 45 mg/L unlabeled methionine for the indicated times.
Cells were lysed under nondenaturing conditions in radioimmunopre-
cipitation assay (RIPA) buffer with protease inhibitors (PIs). GFP-Q82-
Htt was immunoprecipitated with 2.5 �g of anti-GFP antibody (clones
7.1 and 13.1; Roche, Basel, Switzerland) for 1 h at 4°C and washed four
times with RIPA plus PI. Proteins were resolved in 4 –15% gradient SDS-
PAGE (Bio-Rad, Hercules, CA) and visualized with autoradiography.

Zebrafish injections and culture. Experiments and experimental proce-
dures involving zebrafish were approved by the University of Iowa Ani-

mal Care and Use Committee. Embryos were collected 10 –20 min after
natural matings. Plasmids were injected into the cytoplasm of single-
celled embryos using a PLI-90 picoinjector (Harvard Apparatus, Hollis-
ton, MA) and individually calibrated glass needles. Phenol red was added
to plasmid solutions to monitor injections. For monitoring toxicity and
inclusion formation of Q(n)-GFP proteins, 1 nl of a 250 ng/�l solution
was injected. For double-plasmid injections, 1 nl of solution consisting of
200 ng/�l polyQ and 400 ng/�l CHIP was injected. Embryos were cul-
tured at 28.5°C in standard system water supplemented with 2% penicil-
lin and streptomycin. Embryos that completely lysed in their chorions
were scored as dead (supplemental Fig. 1, www.jneurosci.org as supple-
mental material). This represented the overwhelming majority of em-
bryos scored as dead. In cases in which embryos were severely malformed
but not lysed, the presence of visible beating of the heart tube was used to
determine live/dead status. Less than 10% of embryos scored as dead fell
into this second category. Statistical significance in mortality was deter-
mined via a two-tailed Student’s t test, with p � 0.05 considered
significant.

In situ lysis assays. Cells expressing GFP-Q82-Htt were lysed 72 h after
transfection by the addition of 1.25% SDS and 1.25% Triton X-100 in
PBS. Images were collected after 3 min of detergent treatment. Fluores-
cence was quantitated by collecting three nonoverlapping images per well
in each of two independent experiments. Pixel count was determined by
highlighting all green pixels using the magic wand tool in Adobe Photo-
shop 6.0. Green pixels per image were determined using the histogram
function. The average number of green pixels for cells transfected with
GFP-Q82-Htt and empty vector was set at 100%. Figure 2 B reports the
average number of residual fluorescent pixels expressed relative to con-
trol vector cotransfections.

Primary neuronal culture. Cultures were derived from cerebri of em-
bryonic day 16 wild-type B6C3F1/J mice (The Jackson Laboratory, Bar
Harbor, ME) as described previously (Meberg and Miller, 2003), with
minor modifications. Neurons were transfected using Lipofectamine
Plus (Invitrogen) 2– 4 d after plating. Statistically significant differences
in sick/dead cells were determined via a two-tailed Student’s t test.

The vital dye exclusion assay was performed by adding 1.0% (w/v)
trypan blue (Sigma) dissolved in PBS to 1 ml of culture media to achieve
a final concentration of 0.01%. Identical microscopic fields were imaged
before and 3 min after the addition of trypan blue.

Mouse breeding. Experiments and experimental procedures involving
mice were approved by the University of Iowa Animal Care and Use
Committee. Mice were fed food and water ad libitum and maintained
under 12 h light/dark lighting conditions. As HD mice became symptom-
atic, gruel was provided on the cage floor to supply adequate hydration
and nutrition. N171– 82Q HD transgenic mice were purchased from The
Jackson Laboratory (B6/C3F1/J mixed background), and CHIP knock-
out mice were provided by Dr. C. Patterson (University of North Caro-
lina, Chapel Hill, NC; 129/C57Bl6 mixed background) (Dai et al., 2003).
HD transgenic male mice were bred to CHIP haploinsufficient (�/�)
female mice to produce HD � CHIP�/� offspring.

Tissue preparation and histochemistry. Mice were given an intraperito-
neal injection of 200 �g/g ketamine and 20 �g/g xylazine. Transcardial
perfusion of ice-cold 0.1 M PBS, pH 7.4, was followed by perfusion with
an ice-cold fixative containing 4% paraformaldehyde in PBS (PFA/PBS),
pH 7.4. Brains were removed and immersed in PFA/PBS overnight at 4°C
and placed in a 30% (w/v) sucrose PBS solution overnight at 4°C for
cryoprotection. Brains were embedded in OCT media, and 30-�m-thick
coronal sections were cut using a cryostat. Free-floating sections were
collected in 0.1 M PBS for staining.

Immunofluorescence on free-floating sections was done by incubating
sections overnight in primary antibodies: mouse EM48 antibody (1:250;
provided by X.-J. Li, Emory University School of Medicine, Atlanta, GA)
for Htt and anti-ubiquitin (1:200; Dako, Carpinteria, CA). Fluorescence
was detected using Cy3- or Cy5-conjugated secondary antibodies (1:200)
incubated for 2 h at room temperature. Blinded immunostaining and
analysis of DARPP-32 (dopamine- and cAMP-responsive phosphopro-
tein of 32 kDa) was performed by peroxidase-based immunohistochem-
istry. Free-floating sections were incubated in 3% H2O2, followed by
DARPP-32 primary antibody (1:1000; 24 h at room temperature; Chemi-

Miller et al. • CHIP Suppresses polyQ Disease J. Neurosci., October 5, 2005 • 25(40):9152–9161 • 9153



con, Temecula, CA). After incubation in biotin-
ylated goat anti-rabbit secondary antibody (1:
200; 2 h at room temperature), sections were
placed in an avidin– biotin HRP complex (ABC
kit; 1 h at room temperature; Vector Laborato-
ries, Burlingame, CA). Labeling was visualized
using diaminobenzidine, each condition hav-
ing an identical exposure time. High-power
brightfield was visualized with a Zeiss Axioplan
fluorescence microscope, and images were cap-
tured digitally with a Zeiss MRM AxioCam
camera. Entire slides were scanned electroni-
cally for digital imaging, and images were as-
sembled in Photoshop 6.0 (Adobe Systems).

Rotarod experiments. Rotarod testing was
performed as described previously (Schilling et
al., 1999), with minor modifications. Approxi-
mately 4-month-old (14 –16 weeks) mice of
each of the following genotypes were compared
with age-matched, wild-type mice: HD,
CHIP�/�, HD � CHIP�/�. Mice were tested
on an accelerating rotarod device (Rota-Rod;
Ugo Basile, Comerio VA, Italy). The speed was
set to accelerate from 3 to 30 rpm over the
course of 5 min. Mice were trained for 1 d be-
fore testing by running on the rotarod for two 5
min periods to familiarize them with the ma-
chine. Subsequent to training, three trials per
day were performed over a 3 d period. Latency
times were recorded when mice either fell from
the rod or passively rotated around the rod at
least two times in succession. Each mouse had
at least 10 min of recovery time between trials.
The data for each genotype were averaged and plotted.

Results
CHIP reduces aggregation and increases solubility of mutant
polyQ protein
To test the hypothesis that CHIP modulates protein aggregation,
we coexpressed mutant polyQ protein with wild-type CHIP
(WT-CHIP) or mutant CHIP deleted of either its N-terminal
TPR domain (�TPR-CHIP) or its C-terminal E4/U-box domain
(�E4/U-box) (Connell et al., 2001; Meacham et al., 2001). Ini-
tially, we applied a widely used polyQ fragment (Onodera et al.,
1997) containing a normal or expanded repeat (Q19 or Q71). The
polyQ fragments are extremely stable proteins when fused to
conventional GFP (our unpublished results); thus, we fused the
polyQ domain to GFPu to more accurately simulate normal pro-
tein processing while retaining the desirable qualities of bright
fluorescence and rapid aggregation (Fig. 1A) (Onodera et al.,
1997; Bence et al., 2001).

Most Cos-7 cells expressing Q71-GFPu formed large jux-
tanuclear inclusions with little residual diffuse fluorescence, in-
dicating that the polyQ protein had aggregated (Fig. 1B). In con-
trast, cells coexpressing WT-CHIP with Q71-GFPu had far fewer
and smaller inclusions, with most of the GFP signal remaining
diffuse. Consistent with these results, Western blot analysis
showed that coexpression of WT-CHIP caused more Q71-GFPu
to migrate as soluble monomer in the separating gel with less of
the polyQ protein remaining in the stacking gel as insoluble,
aggregated material (Fig. 1C). Expression of a �TPR-CHIP mu-
tant, which cannot interact with chaperones, did not reduce ag-
gregates (Fig. 1C). In contrast, expression of the �E4/U-box mu-
tant, which lacks E3 ligase activity, reduced inclusions and
aggregates in a manner similar to WT-CHIP (Fig. 1C). The non-
pathogenic fusion protein Q19-GFPu never formed aggregates,

and its gel migration and protein levels were unchanged by coex-
pression of any form of CHIP (Fig. 1C). These results indicate
that the cochaperone function of CHIP, mediated by its TPR
domain, is required for suppression of polyQ aggregation. Its E3
ligase activity, however, appears to be dispensable.

We also tested whether CHIP could inhibit inclusion forma-
tion in differentiated PC-12 neural cells (Fig. 1D). polyQ protein
expression is less robust in PC-12 cells than in Cos-7 cells, and
inclusion formation is accordingly less pronounced. This allowed
us to test CHIP activity against GFP fusion proteins with or with-
out a degron. Coexpression of WT-CHIP markedly suppressed
the number of inclusion-containing cells, whether they expressed
Q71-GFPu (7.4% of control levels) or the degron-less Q56-GFP
(26.5% of control levels). Again, coexpression of �TPR-CHIP
did not suppress aggregation of either polyQ protein (Fig. 1D).
These results show that CHIP is capable of reducing polyQ pro-
tein aggregation in differentiated neural cells and that this effect
does not depend on the presence of a degron.

Subsequently, we tested the ability of CHIP to suppress aggre-
gation of expanded polyQ in the context of the HD protein Htt.
We cotransfected a plasmid encoding the first three exons of Htt
fused to GFP (GFP-Q82-Htt) together with WT-CHIP or �TPR
CHIP plasmids. GFP-Q82-Htt formed large cytoplasmic inclu-
sions (Fig. 2A). Coexpression of CHIP with GFP-Q82-Htt re-
sulted in fewer and smaller inclusions with greater diffuse fluo-
rescence in the rare, remaining inclusion-positive cells (Fig. 2A).
Consistent with this result, WT-CHIP increased the amount of
GFP-Q82-Htt migrating as a soluble monomer on gels and de-
creased the amount of aggregated material retained in the stack
(Fig. 2B). �TPR-CHIP again failed to suppress inclusion forma-
tion and aggregation (Fig. 2B).

To quantify Htt aggregation, we adopted an in situ detergent

Figure 1. CHIP suppresses aggregation of a mutant polyQ protein in cell culture. A, Diagrams of polyQ proteins used in this
study (top) and of CHIP showing TPR and E4/U-box domains (bottom). B, Immunofluorescence of Cos-7 cells showing expression
and cellular distribution of Q71-GFPu in the absence (top) or presence (bottom) of coexpressed CHIP. The merged images show
4�,6-diamidino-2-phenylindole-stained nuclei in blue. C, Western blot analysis of soluble and insoluble polyQ proteins in Cos-7
cells transfected with the indicated expression plasmids. D, Quantitation of visible inclusions in differentiated PC-12 neural cells
cotransfected with Q71-GFPu or Q56-GFP and the indicated plasmids. The graphs depict the mean and SD of two independent
experiments. Quantitation was performed 48 h after transfection. Vector, Empty control plasmid pcDNA3.
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lysis technique. In this assay, fluorescence from soluble polyQ-
GFP is quenched by the detergent, but fluorescence from aggre-
gated, insoluble protein is not (Kazantsev et al., 1999). After de-
tergent lysis, cells coexpressing WT-CHIP retained much less
residual GFP fluorescence than cells cotransfected with �TPR-
CHIP or empty vector (Fig. 2B right), confirming that CHIP
reduced the formation of GFP-Q82-Htt aggregates.

From these cell-based studies, we conclude that CHIP sup-
presses the formation of insoluble aggregates by mutant polyQ
proteins. This property of CHIP requires an intact TPR domain,
suggesting that interactions between CHIP and chaperones in-
crease cellular capacity to appropriately handle misfolded polyQ
proteins.

Aggregate suppression by CHIP is independent of chaperone
induction or enhanced degradation
Subsequently, we examined potential mechanisms by which
CHIP reduces polyQ aggregation. One possible explanation is
that CHIP, through its known interaction with HSF1, simply
increases Hsp chaperone levels (Dai et al., 2003). Accordingly, we
tested the ability of CHIP to induce a stress response and com-
pared the results to those obtained with geldanamycin, a well
documented inducer of the stress response. Geldanamycin is a
chemical inhibitor of Hsp90 that upregulates HSF1 activity and
induces a stress response (Sittler et al., 2001). We cotransfected
cells with Q71-GFPu and either WT-CHIP or empty vector and
treated cells with or without geldanamycin. Geldanamycin itself
reduced aggregation of Q71-GFPu (Fig. 3A), consistent with a
previous report (Sittler et al., 2001), and induced a mild stress

response exemplified by increased Hsp70 levels. Although CHIP
also reduced aggregation in this assay, it did not induce Hsp70
under the same conditions (Fig. 3A). Moreover, there was no
apparent synergy between CHIP and geldanamycin with respect
to aggregate suppression or to Hsp70 induction (Fig. 3A). This
suggests that CHIP does not suppress aggregation by inducing a
stress response.

We next tested whether CHIP acted by increasing the rate of
turnover of mutant polyQ proteins. We transfected cells with
Q71-GFPu with or without WT-CHIP and treated cells with or
without the proteasome inhibitor lactacystin (Fig. 3B). In the
absence of coexpressed CHIP, polyQ aggregate formation was
increased by lactacystin, consistent with previous reports (Chai et
al. 1999a). Interestingly, CHIP suppressed polyQ aggregation
even in the presence of this proteasome inhibitor (Fig. 3B). To
directly measure protein turnover, we performed 35S-
methionine pulse/chase labeling in cells expressing GFP-Q82-Htt
with or without WT-CHIP. CHIP did not increase the rate of Htt
degradation, although it did enhance degradation of a well
known substrate, cystic fibrosis transmembrane conductance
regulator chloride channel (CFTR) (Fig. 3C) (Meacham et al.,
2001). Based on these experiments, we conclude that enhanced
degradation is not the primary route by which CHIP suppresses
polyQ aggregate formation. Rather, this suppression likely in-
volves enhanced Hsp70-dependent refolding or increased trap-
ping of substrates in association with Hsp70. This is consistent
with the previously reported effects of CHIP on folding of heat-
denatured luciferase (Kampinga et al., 2003).

Figure 2. CHIP suppresses aggregation of the mutant Htt fragment. A, Immunofluorescence
of Cos-7 cells showing expression and cellular distribution of GFP-Q82-Htt in the absence (top)
or presence (bottom) of coexpressed WT-CHIP. The merged images show 4�,6-diamidino-2-
phenylindole-stained nuclei in blue. B, Western blot analysis of the GFP-Q82-Htt protein de-
tected with 1C2 and GFP antibodies. Increased monomeric and decreased aggregated Htt are
seen in the presence of WT-CHIP (left). The bar graph (right) shows quantitation of SDS-
resistant, GFP-Q82-Htt aggregates 3 min after detergent lysis. The percentage of residual GFP
fluorescence is shown relative to control cells cotransfected with GFP-Q82-Htt and control vec-
tor (set at 100%). The graph depicts the mean and SD of two independent experiments.

Figure 3. Solubilization of the mutant polyQ protein by CHIP occurs independent of chaper-
one induction or enhanced degradation. A, Western blot analysis of Cos-7 cells cotransfected
with Q71-GFPu and either WT-CHIP or empty vector. Cells were incubated with geldanamycin
(GA) or carrier agent (DMSO) for 48 h. B, Western blot analysis of Cos-7 cells cotransfected with
Q71-GFPu and either WT-CHIP or empty vector. Cells were treated with lactacystin (Lact.) or
DMSO for 30 h and harvested 48 h after transfection for Western blotting with the indicated
antibodies (the stack was probed with anti-GFP antibody). C, Pulse/chase labeling experiments
to assess degradation of GFP-Q82-Htt in the presence of CHIP. GFP-Q82-Htt degradation is not
enhanced by coexpression of CHIP (top). In contrast, �F508 CFTR is degraded more rapidly
when CHIP is coexpressed (bottom).
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CHIP rescues inclusion formation and
toxicity in primary neurons
Given the key role of polyQ oligomeriza-
tion in triggering toxicity (Sanchez et al.,
2003), we suspected that the ability of
CHIP to suppress aggregation might
translate into an ability to suppress neuro-
toxicity. We tested this hypothesis in pri-
mary neuronal cultures. First, we con-
firmed by immunostaining and Western
blot analysis that CHIP is expressed in pri-
mary neurons and adult mouse brain (data
not shown). In murine cortical neurons
transfected with Q71-GFPu, we observed
large cytoplasmic and small neuritic inclu-
sions with rare intranuclear inclusions
(Fig. 4A, left). Microtubule-associated
binding protein 2 (MAP2) staining con-
firmed the neuronal identity of transfected
cells. In cells transfected with Q71-GFPu
and empty vector, inclusions were often
associated with rounded cell bodies, re-
tracted neurites, and nuclear fragmenta-
tion (Fig. 4A, right). After coexpression of
WT-CHIP, Q71-GFPu-expressing cells
were much more likely to maintain a typ-
ical neuronal appearance with less fre-
quent inclusions and nuclear fragmenta-
tion (Fig. 4A). CHIP coexpression
resulted in a 60% reduction in the number
of neurons having inclusions (25% of neu-
rons transfected with Q71-GFPu and
CHIP vs 63% of neurons transfected with
Q71-GFPu alone) (Fig. 4B). Neither en-
dogenous nor overexpressed CHIP colo-
calized to inclusions (data not shown).
�TPR-CHIP again failed to suppress in-
clusion formation, confirming the impor-
tance of the TPR domain for suppression
of aggregation in neurons.

Subsequently, we determined whether
suppression of aggregation by CHIP re-
sulted in decreased neuronal cell death.
Cell morphology was examined under
bright-field and fluorescent illumination. Cells with flattened cell
bodies and intact GFP-filled neurites were scored as living,
whereas rounded cells with retracted neurites or cells displaying
an apoptotic, blebbed morphology were scored as sick/dead.
(Cells that could not be unambiguously scored were scored as
living.) As shown in Figure 4C, WT-CHIP conferred significant
protection against polyQ toxicity (28% reduction in sick/dead
cells by 72 h; p � 0.02 at both 48 and 72 h), but �TPR-CHIP did
not. To confirm the validity of our morphological criteria, we stained
transfected neurons with trypan blue, a cell death detection dye that
quenches GFP fluorescence in dead cells that are no longer able to
exclude the dye (Fig. 4D). Consistent with our results in cell lines,
overexpressed CHIP protected primary mammalian neurons from
polyQ inclusion formation and toxicity in a manner dependent on
the TPR domain of CHIP.

Zebrafish model recapitulates features of polyQ disease
To develop a rapid, vertebrate-based, in vivo assay for testing
potential disease modifiers like CHIP, we explored the expression

of polyQ proteins in zebrafish. We first tested the effect of ex-
pressing various polyQ fusion proteins in zebrafish embryos. Af-
ter fertilization, single-celled embryos were injected with plas-
mids encoding normal or expanded polyQ tracts fused to GFP
(Fig. 1A). Developing embryos were monitored at 24 and 48 h for
toxicity and aggregation of the polyQ protein. At 24 h, there were
clear differences in the survival and morphology of embryos ex-
pressing pathogenic versus nonpathogenic polyQ tracts (Fig. 5A).
Embryos expressing polyQ proteins with repeats below or near
the disease threshold (Q19-GFP, Q35-GFP) were primarily nor-
mal in appearance. There was slight developmental delay attrib-
utable to the injection procedure itself, but death was only slightly
higher than in uninjected sibling embryos (Fig. 5B). In contrast,
embryos expressing Q56-GFP or Q80-GFP were morphologically
abnormal, displaying developmental delay and gross abnormali-
ties in body plan and differentiation (Fig. 5A). There were also
visible patches of brownish, opaque tissue containing rounded
cells indicative of cell death. These cells stained with the cell death
marker acridine orange (supplemental Fig. 1, www.jneurosci.org

Figure 4. CHIP rescues polyQ aggregation and toxicity in primary neurons. A, Left, A representative transfected cortical neuron,
verified by MAP2 immunostaining (red), expressing Q71-GFPu (green) 48 h after transfection. Both smaller neuritic inclusion
(arrowhead) and a large juxtanuclear inclusion are evident (inset shows merged image of inclusions and 4�,6-diamidino-2-
phenylindole-stained nucleus). Right, Immunofluorescent staining of representative neurons cotransfected with Q71-GFPu and
empty vector or WT-CHIP. The arrows point to nuclei of transfected cells, and the arrowheads point to inclusions. B, Quantitation
of inclusions in cortical neurons transfected with Q71-GFPu and the indicated CHIP variants. Cells were scored 48 h after transfec-
tion as having no inclusions or one or more inclusions. The bars depict the mean and SD of four independent experiments. C,
Assessment of toxicity in cortical neurons transfected with Q71-GFPu and the indicated CHIP variants. Cells were scored at 48 and
72 h under bright-field and fluorescent illumination. Cells were identified as sick/dead if the cell body was rounded and displayed
retracted or collapsed processes or had an apoptotic, blebbed appearance. The bars depict the mean and SEM for two independent
experiments performed in duplicate. The asterisks indicate significant difference between groups: *p � 0.02; **p � 0.01. D,
Confirmation of morphological criteria by trypan blue (TB) exclusion. Neurons transfected with Q71-GFPu and the indicated CHIP
variants were imaged before (Pre-TB) and 3 min after (Post-TB) treatment with 0.01% TB solution. Dead cells, which are unable
to exclude TB, show rapid quenching of fluorescence.
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as supplemental material). Death was elevated in Q56-GFP-
expressing embryos and, in the Q80-GFP-injected group,
reached twice the level observed for Q19-GFP (Fig. 5B).

Inclusion formation by polyQ proteins in zebrafish embryos cor-
related with repeat length. At 48 h, surviving embryos were scored
for the number of inclusion-containing cells per animal (Fig. 5C).
The GFP-polyQ protein was diffusely distributed in embryos ex-
pressing polyQ repeats of nonpathogenic length. For example, Q19-
GFP-expressing embryos never contained inclusions, and only 7%

of Q35-GFP-expressing embryos had any
inclusions. In contrast, Q56- and Q80-GFP-
expressing embryos had one or more inclu-
sions in �70 and 85% of animals, respec-
tively. Q80-GFP embryos also displayed
many more inclusions per animal (Fig. 5C).

To test whether these visible inclusions
represented insoluble aggregates (Kazant-
sev et al., 1999), we developed an in situ
lysis assay to assess the detergent solubility
of inclusions (Fig. 5D). This assay showed
that pathogenic polyQ proteins form in-
soluble aggregates that can be monitored
in developing fish.

We conclude that embryonic zebrafish
recapitulate two important features of
polyQ disease: repeat length-dependent
toxicity and inclusion/aggregate forma-
tion. The repeat length for onset of pathol-
ogy in zebrafish embryos parallels the
threshold for polyQ length toxicity seen in
human disease (Zoghbi and Orr, 2000).
Moreover, the results with detergent lysis
suggest that the sequential process of mis-
folding, oligomerization, and aggregation
occurs in zebrafish in a manner similar to
that observed in disease tissue and other
experimental systems (Sanchez et al.,
2003). These results encouraged us to use
zebrafish as a simple, efficient in vivo

model in which to test the effects of CHIP on polyQ toxicity.

CHIP rescues polyQ toxicity in zebrafish
We coinjected zebrafish embryos with plasmids expressing mu-
tant polyQ proteins (Q71-GFPu and GFP-Q82-Htt) and empty
vector, WT-CHIP, or �TPR-CHIP. Embryos injected with mu-
tant polyQ proteins and empty vector died at a high rate (Fig.
6A). Most surviving embryos were severely disturbed in their
overall body pattern, showed developmental delay, and had
prominent patches of dead or dying cells (Fig. 6B). Coexpression
of WT-CHIP rescued polyQ-mediated death at 24 h, with the
resultant embryos showing improved morphology, although
some developmental delay and occasional patches of dead and
dying cells were still observed (Fig. 6A,B). �TPR-CHIP-
coexpressing embryos died at the same frequency as polyQ
protein-expressing embryos coinjected with control vector and
showed similar morphological disturbances among survivors
(Fig. 6A,B). Coexpression of CHIP decreased toxicity of both a
generic polyQ-containing fragment and a pathogenic Htt frag-
ment in zebrafish embryos. Thus, the ability of CHIP to reduce
aggregation and toxicity of mutant polyQ proteins in cell lines
and primary neurons correlates with suppression of toxicity in
vivo.

CHIP haploinsufficiency accelerates polyQ disease in a mouse
model of HD
The above results suggested that endogenous CHIP plays an im-
portant role in buffering misfolded polyQ-induced toxicity in
neurons. If CHIP assists in the neuronal handling of mutant
polyQ protein, then reducing levels of CHIP would be predicted
to exacerbate polyQ disease. To directly test this in vivo, we placed
the N171-Q82 HD transgenic mouse model (Schilling et al.,

Figure 5. Modeling features of polyQ disease in zebrafish. A, Bright-field (top) and fluorescent (bottom) images of zebrafish
embryos, 24 h old, expressing the indicated polyQ-GFP fusions. In each panel, the embryo pairs represent a higher-expressing and
a lower-expressing embryo. Note the polyQ length-dependent appearance of decreased embryo length and poorly differentiated
tissues resulting in dysmorphic embryos. B, Quantitation of dead embryos 24 h after fertilization (left), after injection at the
one-cell stage with plasmids encoding the indicated polyQ-GFP fusions. Increasing polyQ length is associated with increased
lethality. The bars depict the mean and SD of five independent injections (�100 animals analyzed per condition). Un, Uninjected.
C, Quantitation of inclusion formation in surviving embryos. Embryos were scored by a blinded observer as having 0, 1–10, 11–20,
or �20 inclusions per embryo. The bars represent the mean and SD of four independent injections (�50 animals were analyzed
per condition). D, In situ lysis of embryos, 48 h old, expressing the indicated polyQ-GFP fusions. Embryos are shown under
fluorescent or bright-field illumination (inset) before (Pre-SDS) or 5 min after (Post-SDS) lysis with denaturing detergent. Fluo-
rescence from soluble Q19-GFP is rapidly quenched after detergent lysis (left), whereas aggregated Q80-GFP is resistant to
denaturation and retains fluorescence under these conditions.

Figure 6. CHIP suppresses polyQ toxicity in developing zebrafish. A, Quantitation of embryo
death 24 h after fertilization, after injection at the one-cell stage of Q71-GFPu (left) or GFP-Q82-
Htt (right) together with the indicated CHIP plasmids. Death is decreased by coexpression of
WT-CHIP but not of mutant CHIP-DTPR. The bars depict the mean and SD of four independent
injections for Q71-GFPu (�120 total animals analyzed) and three independent injections for
GFP-Q82-Htt (�80 total animals analyzed). *p � 0.02, significant difference between groups.
B, Representative bright-field images of 24-h-old survivors coinjected with Q71-GFPu and the
indicated empty vector, WT-CHIP, or mutant CHIP. WT-CHIP partially restores normal embryo
length, optical clarity, and development of head, tail, and somite structures.
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1999) onto a CHIP haploinsufficient back-
ground (Dai et al., 2003).

In N171-Q82 mice (HD mice), the
prion promoter drives neuronal expres-
sion of the same Htt fragment used in our
cell culture and zebrafish studies (al-
though minus the GFP tag). In this mouse
model, ubiquitin-positive inclusions can
be detected in several brain regions, most
prominently in the cortex and cerebellum.
These mice fail to gain weight and progres-
sively display an HD-like motor pheno-
type characterized by tremor, gait distur-
bance, abnormal clasping, and
hypoactivity leading to premature death
between 5 and 6 months of age. Progres-
sive motor abnormalities in this model of
HD most likely reflect polyQ-induced
neuronal dysfunction rather than neuro-
nal cell death, because neuronal loss is not
evident (Schilling et al., 1999).

We chose to cross HD mice to CHIP
haploinsufficient (�/�) mice rather than
to CHIP knock-out (�/�) mice because
the latter, in our hands, are not recovered
at Mendelian ratios and are fragile, being
highly susceptible to heat shock and other
stressors (Dai et al., 2003). In contrast,
CHIP�/� mice are indistinguishable
from wild-type littermates in their gross
appearance, weight, behavior, and life
span (Fig. 7 and data not shown). In
CHIP�/� mice, a reduction in the brain
levels of CHIP protein was confirmed by
Western blot analysis (Fig. 7A).

The course of disease in HD transgenic
mice with CHIP haploinsufficiency
(HD � CHIP�/�) differed significantly
from HD transgenic mice with normal
CHIP activity (HD), as well as from WT
and CHIP�/� mice. Mice of all four
tested genotypes (HD, HD � CHIP�/�, CHIP�/�, and WT
mice) appeared normal until 7–9 weeks of age. By 10 –14 weeks,
however, HD � CHIP�/� mice displayed prominent kyphosis,
poor grooming, tremor at rest and with activity, unsteady gait
affecting the hindlimbs primarily, and marked hypoactivity (Fig.
7B, left). After tail suspension, HD � CHIP�/� mice clasped
both the frontlimbs and hindlimbs and would not release this
posture spontaneously (Fig. 7B, right). In contrast, age- and sex-
matched HD mice displayed only a slight degree of open-field
hypoactivity, mild action tremor, and occasional, reversible
clasping (mainly of the forelimbs) without other symptoms (Fig.
7B). Intriguingly, HD � CHIP�/� males had the most severe
phenotype, developing motor abnormalities 2– 4 weeks earlier
than females. After onset, the phenotype of HD � CHIP�/�
mice progressed rapidly to death over a 2– 4 week period. By 20
weeks, only 27% of HD � CHIP�/� remained alive, in contrast
to 70% of HD mice and 100% of WT and CHIP�/� mice
(Fig. 7C).

To further characterize the motor phenotype of these mice, we
performed rotarod analysis at 14 –16 weeks of age. HD �
CHIP�/� mice were very fragile at this stage; several died soon
after the first rotarod training session. The analyzed cohort thus

represents only those animals well enough to complete testing.
Nevertheless, even these less overtly affected HD � CHIP�/�
mice consistently performed worse than all other genotypes on
the accelerating rotarod (Fig. 7D).

We then compared the distribution and intensity of Htt inclu-
sions in HD mice versus HD mice with CHIP haploinsufficiency.
Immunostaining of brain sections with EM48 and anti-ubiquitin
antibodies revealed an increase in Htt inclusions in HD �
CHIP�/� mice, most notably in the cerebellar granule cell layer
(Fig. 8A). An increase in diffuse nuclear localization of the Htt
fragment was also noted in the hippocampus of HD � CHIP�/�
mice (Fig. 8A). This result is consistent with data obtained in
transfected primary neurons, in which expression of the ex-
panded polyQ-GFP fragment in CHIP-deficient neurons re-
sulted in increased numbers of inclusion-containing cells (data
not shown). Htt inclusions were heavily ubiquitinated in both
HD and HD � CHIP�/� brains (Fig. 8A), indicating that ubiq-
uitination activity is not globally impaired in neurons missing a
single CHIP allele.

Analysis of the anatomical integrity of HD � CHIP�/� brain
sections stained with hematoxylin and eosin revealed no gross
brain tissue or neuronal cell loss compared with WT, CHIP�/�,

Figure 7. CHIP haplosufficiency accelerates the phenotype of HD transgenic mice. A, Top, Western blot showing CHIP levels in
cultured primary neurons derived from mice of the indicated genotypes. Bottom, PCR genotyping of mice from which neurons
were derived. The inactivated allele (K/O) migrates more slowly than the WT allele because of replacement of the first three exons
with the neomycin cassette (Dai et al., 2003). B, Representative images of 15-week-old female mice of the indicated genotypes
during open-field observation (left) and tail suspension (right). The HD � CHIP�/� mouse was unable to walk for more than a
few steps and could not release clasping posture during tail suspension. C, Survival analysis for mice of the indicated genotypes
(n 	 7 WT, 10 CHIP�/�, 10 HD, and 18 HD � CHIP�/�). wks., Weeks. D, Accelerating rotarod analysis for 14- to 15-week-old
female mice of the indicated genotypes (n 	 4 WT, 3 CHIP�/�, 5 HD, 3 HD � CHIP�/�). sec., Seconds.
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or HD mouse brain sections (data not shown). In contrast, im-
munohistochemical analysis revealed a reduction in the levels of
the DARPP-32 in the striatum of HD � CHIP�/� mice com-
pared with HD mice (Fig. 8B, top). A progressive loss in striatal
DARPP-32 immunoreactivity has been linked previously to
nigro-striatal dysfunction in mouse models of HD (Bibb et al.,
2000; van Dellen et al., 2000). In agreement with our gross tissue
analysis, the decrease in striatal DARPP-32 staining in HD �
CHIP�/� mice appeared to result from reduced neuronal stain-
ing rather than overt cell loss (Fig. 8B, bottom). In summary, we
find that CHIP haploinsufficiency exacerbates and accelerates the
neuronal dysfunction and behavioral phenotype displayed by
N171-Q82 HD mice.

Discussion
Using complementary cellular and animal models, we have dem-
onstrated that CHIP is an important component of the neuronal
QC machinery. In the various model systems described here,
CHIP levels determined the cellular ability to withstand the in-
sults of polyQ aggregation and toxicity. Together, our results lead
to a better understanding of the role of QC in polyQ disease
pathogenesis and suggest potential avenues for therapy for this
incurable group of neurodegenerative disorders.

Certain lines of evidence suggest that the two central arms of
QC, molecular chaperones, and the UPP are taxed beyond phys-
iological capacity in polyQ diseases (Bence et al., 2001; Venkatra-

man et al., 2004). In light of this, numer-
ous components of the QC machinery
have been manipulated in an effort to re-
duce polyQ toxicity. For example, overex-
pressing Hsp chaperones consistently
shows benefit in various model systems
(Cummings et al., 1998; Chai et al., 1999b;
Warrick et al., 1999; Carmichael et al.,
2000; Kazemi-Esfarjani and Benzer, 2000;
Wyttenbach et al., 2002). Yet in mouse
models of disease, crosses to Hsp70-
overexpressing mice have resulted in, at
best, a modest therapeutic benefit (Cum-
mings et al., 2001; Hansson et al., 2003;
Hay et al., 2004). Thus, in the current
study, we investigated another promising
component of QC, CHIP, to further define
the elements of protein QC involved in
polyQ neurodegenerative disease that
might provide molecular targets for
therapy.

The flexible and versatile QC functions
of CHIP made it a particularly attractive
target. Indeed, CHIP has been shown pre-
viously to influence the modification and
turnover of several proteins central to
other neurodegenerative conditions char-
acterized by protein misfolding and aggre-
gation (Imai et al., 2002; Petrucelli et al.,
2004; Shimura et al., 2004; Jana et al.,
2005). It was recently reported that CHIP
facilitated ubiquitination and degradation
of polyQ proteins and that this process was
enhanced by overexpressing Hsc70 (Jana
et al., 2005). Our results instead suggest
that CHIP acts primarily to enhance the
neuronal capacity to maintain polyQ pro-
teins in a soluble, nonaggregated state. It

does so in a manner requiring an intact TPR domain, the region
through which CHIP interacts with Hsp70 and Hsc70. In con-
trast, based on our studies in transfected cells, CHIP did not
require an intact ubiquitin ligase domain. Although our results
do not rule out a role for the ubiquitin ligase activity of CHIP,
they do suggest that chaperone interactions are likely to be criti-
cally important to its suppressor activity.

CHIP participates in triage decisions for specific substrate
proteins (Connell et al., 2001). In our hands, CHIP did not facil-
itate degradation of the polyQ protein despite its known E3 ligase
activity. It was originally described as a cochaperone that converts
Hsp70 activity from substrate folding to degradation. For exam-
ple, for CFTR and several other substrates (Connell et al., 2001;
Meacham et al., 2001), CHIP stimulates ubiquitination, either
directly through its E3 ligase activity or in cooperation with other
ubiquitin ligases. CHIP does not, however, enhance degradation
of all substrates. For instance, CHIP has no effect on the degra-
dation of apolipoprotein B48, luciferase, or, in one study, the
polyQ disease protein ataxin-3 (Meacham et al., 2001; Kampinga
et al., 2003; Matsumoto et al., 2004). In the case of luciferase, even
inducing misfolding of the protein by heat denaturation does not
enhance its degradation by CHIP. Instead, CHIP increases
Hsp70-dependent refolding of luciferase by inhibiting the ATP
hydrolysis cycle of Hsp70 (Ballinger et al., 1999; Kampinga et al.,
2003). ATP-bound Hsp70 has an increased substrate on-rate that

Figure 8. Histological analysis of HD mice. A, Left, Low-power images of EM48 immunostaining of 11-week-old male HD (top)
and HD�CHIP�/�mice (bottom). In HD mice at this age, inclusions are rare in the cortex and hippocampus but prevalent in the
granule cell layer of the cerebellum. In HD � CHIP�/� mice, increased nuclear accumulation of the Htt fragment is evident in
the hippocampus, and inclusions are more abundant in the cerebellar granule cell layer. Right, High-power images showing
ubiquitin immunoreactivity in the cerebellum. The large, diffusely fluorescent cells at the top of each image are Purkinje cells.
Inclusions in granule cells, which are observed both in HD and in HD � CHIP�/� mice, are ubiquitinated. B, Representative
DARPP-32 staining of the striatum in mice of the indicated genotypes. The boxes indicate the areas also shown at higher magni-
fication. Higher-power images demonstrate that neurons in the striatum of HD � CHIP�/� mice stain less intensely for
DARPP-32 than do neurons in the other genotypes.
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increases overall substrate loading. Therefore, in the presence of
increased CHIP, a greater fraction of cellular Hsp70 is bound to
nascent polypeptide chains (Kampinga et al., 2003). We suggest
that CHIP, through this action, enhances polyQ protein folding
by increasing the probability that the misfolded protein is bound
to chaperones and eventually processed through multiple rounds
of the chaperone cycle. Increased binding of Hsp70 to the surface
of misfolded polyQ proteins would also be expected to retard
oligomerization, which is postulated to be a key step in polyQ
toxicity and aggregation (Sanchez et al., 2003). Although our
results with polyQ proteins are consistent with one of the known
functions of CHIP, they suggest that the role of CHIP in QC is
quite complex, participating in differing aspects of protein triage
depending on the specific substrate.

To extend our cell-based studies of CHIP, we turned to ze-
brafish as a fast and efficient vertebrate model system. Zebrafish
have only recently been explored as a model for neurodegenera-
tive diseases (Rubinstein, 2003). Our study is the first to use ze-
brafish to model features of polyQ disease. We show that embry-
onic zebrafish replicate two features central to the human disease:
polyQ length-dependent toxicity and aggregation. Although
these features are also readily recapitulated in other model sys-
tems, zebrafish embryos offer certain advantages for modeling
polyQ disease: they develop rapidly and externally, can be pro-
duced quickly in large numbers, and are transparent, permitting
direct analysis of organs, tissues, and fluorescently tagged pro-
teins. In addition, pathways and components of protein QC have
been identified that are conserved from zebrafish to humans,
including an HSF1-dependent stress response and a zebrafish
ortholog of human CHIP (Wang et al., 2001; Strausberg et al.,
2002). Antisense morpholinos can efficiently knock down ex-
pression of zebrafish genes, raising the possibility of studying
candidate suppressor and enhancer genes (Nasevicius and Ekker,
2000). Finally, a variety of tissue-specific promoters allow tar-
geted transgene expression to select populations of brain cells.
For example, using the neural-specific GATA2 promoter (Meng
et al., 1997) to drive GFP-polyQ expression, we have observed
aggregation in a subset of neurons in the developing zebrafish
brain (V. M. Miller, M. R. Rebagliati, and H. L. Paulson, unpub-
lished results). These intrinsic advantages of zebrafish, coupled
with the proof of principle demonstrated here, should encourage
their use as a simple, efficient system in which to model neuro-
degenerative disease mechanisms in a living vertebrate. Taking
full advantage of this simple vertebrate as a model for polyQ
disease, however, will require the development of inducible
transgenic zebrafish systems that manifest in the nervous system.

Growing experimental evidence implicates failures of protein
QC in the pathogenesis of polyQ diseases. To our knowledge,
however, our cross of HD mice to CHIP haploinsufficient mice is
only the second example in which impairment of a specific QC
component has been shown to worsen the polyQ disease pheno-
type in mammals in vivo. The first such case was the illustration
that SCA1 mice showed enhanced degeneration when placed on a
background deficient in the E6AP ubiquitin ligase (Cummings et
al., 1999). The proteins most closely related to CHIP evolution-
arily have not been identified as modifiers of polyQ aggregation
in yeast or Caenorhabditis elegans screens; thus, it is striking that
inactivation of one allele in mammals markedly accelerates the
phenotype in an HD mouse model. This result likely reflects the
particularly sensitive role that protein QC plays in mammalian
neurons.

Although our data collectively suggest that CHIP acts in con-
cert with chaperones to directly mitigate polyQ toxicity, CHIP

could also act indirectly. For example, CHIP regulates the degra-
dation of p53, a protein recently implicated in HD pathogenesis
(Bae et al., 2005). Reduced CHIP levels in neurons could result in
increased levels of p53 (or other substrates), thereby accelerating
the disease phenotype. We suspect that CHIP participates at a
crucial juncture in the pathway by which neurons handle mutant
polyQ proteins, such that compromise of this process initiates a
cascade of dysfunction severe enough to accelerate death of the
animal. For this reason, the HD � CHIP�/� mouse provides a
unique model in which to study the essential elements of protein
QC that characterize the neuronal response to mutant polyQ
proteins. CHIP and the proteins with which it associates can now
be investigated as possible therapeutic targets in HD and other
polyQ diseases.

In summary, our studies provide evidence that CHIP modu-
lates aggregation and toxicity of polyQ disease proteins. We have
used a variety of complementary approaches to evaluate the ef-
fects of CHIP, beginning in immortalized cell culture, followed
by confirmatory studies in primary neurons, zebrafish, and geneti-
cally modified mice. This tiered approach offers a systematic and
rigorous method for evaluating future candidate modifiers. The fact
that beneficial effects of increased CHIP activity were observed
across several model systems strengthens its potential as a therapeu-
tic target in neurodegenerative disease. The profound phenotypic
effects caused by CHIP haploinsufficiency in an HD mouse model
also raise interesting mechanistic questions about the role of CHIP
and other multifunctional proteins in protein QC.
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