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Huntington’s disease (HD) is a neurodegenerative disease caused
by polyglutamine (polyQ) expansion in the protein huntingtin
(htt). Pathogenesis in HD seems to involve the formation of
neuronal intranuclear inclusions and the abnormal regulation of
transcription and signal transduction. To identify previously un-
characterized htt-interacting proteins in a simple model system, we
used a yeast two-hybrid screen with a Caenorhabditis elegans
activation domain library. We found a predicted SH3 domain
protein (K08E3.3b) that interacts with N-terminal htt in two-hybrid
tests. A human homolog of K08E3.3b is the Cdc42-interacting
protein 4 (CIP4), a protein involved in Cdc42 and Wiskott–Aldrich
syndrome protein-dependent signal transduction. CIP4 interacted
in vitro with full-length htt from lymphoblastoid cells. Neuronal
CIP4 immunoreactivity increased with neuropathological severity
in the neostriatum of HD patients and partially colocalized to
ubiquitin-positive aggregates. Marked CIP4 overexpression also
was observed in Western blot from human HD brain striatum. The
overexpression of CIP4 induced the death of striatal neurons. Our
data suggest that CIP4 accumulation and cellular toxicity may have
a role in HD pathogenesis.

Huntington’s disease (HD) is a dominant neurodegenerative
disorder that is caused by polyglutamine (polyQ) expansion

tract in huntingtin (htt), a ubiquitously expressed protein of
unknown function (1, 2). HD results in selective neuronal loss,
especially in the striatum and cerebral cortex (3), and the polyQ
size in HD patients inversely correlates with the age of onset and
severity of symptoms (4).

The pathogenesis in HD and other polyQ diseases remains
unclear (5). The accumulation of ubiquitinated polyQ-
containing protein aggregates in neuronal inclusions (NIIs) and
cell death are pathological hallmarks of HD, but the role of NIIs
as a potential cause of cell death is controversial. In mice
expressing htt exon 1, the appearance of ubiquitinated NIIs
before the onset of neurologic symptoms has suggested that NIIs
may be toxic to neurons (6). However, the translocation of
soluble mutated htt in the nucleus might be required to produce
neuronal death (7). Transgenic mice that express full-length htt
(8, 9) and analysis of human HD brain tissue (10) also have
suggested that NIIs may not be essential to neuronal death.
Neuritic aggregates also may be involved and, compared with
NIIs, have been suggested to show a strong correlation with the
pathology in mice models (11). Besides aggregation, the appear-
ance of misfolded truncated htt species (12) may alter the
interaction of htt with several proteins essential to neuronal cell
activity. Noticeably, htt interactors include several transcrip-
tional regulators that may not function properly in HD (13).
Mechanisms for abnormal transcription may include the seques-
tration of transcriptional regulators such as the cAMP-
responsive-element-binding protein (CREB)-binding protein

(CBP) (14, 15) and abnormal histone acetylation (16). Abnormal
transcription in HD has been documented by several reports on
gene expression changes in HD models (17).

The pathogenesis of HD also may involve abnormal signal
transduction and transport. Noticeably, htt interacts directly or
indirectly with signaling pathways regulated by Rho GTPases.
The htt-associated protein HAP1 binds to Duo, a Trio-like
protein that contains a Rac1 guanine nucleotide exchange factor
(GEF) domain, raising the possibility that polyQ-expanded htt
may affect a ras-related signaling pathway (18). Normal htt is
associated with the Cdc42 interactor Grb2, the Ras GTPase-
activating protein (RasGAP), and epidermal growth factor
(EGF) receptor (19). Mutant htt disrupts cellular signaling
mediated by the EGF receptor in PC12 cells (20). PolyQ
expansion impairs the ability of htt to bind the mixed-lineage
kinase 2 (MLK2), a protein that contains a Cdc42�Rac inter-
active binding motif, likely contributing a toxic activation of
MLK2-mediated signal transduction (21). PolyQ expansion also
may impair the ability of htt to bind PSD-95, a protein that
functions as a scaffold to assemble signaling proteins such as
SynGAP, a phenomenon that may inhibit glutamate-mediated
excitotoxicity (22).

In the present study, we have identified a Caenorhabditis
elegans protein (K08E3.3b) that interacts with N-terminal htt in
two-hybrid tests. A human homolog of K08E3.3b is the Cdc42-
interacting protein 4 (CIP4; ref. 23), a Wiskott–Aldrich syn-
drome protein (WASP) interactor and Cdc42 effector protein
involved in cytoskeletal organization (24). Our data suggest that
CIP4 accumulation and toxicity in striatal neurons may play a
role in HD pathogenesis.

Materials and Methods
Yeast Two-Hybrid Screens. We subcloned DNA fragments encod-
ing either normal (18 Glns) or mutated (81–128 Glns) N-
terminal htt species, the first 50 aa of normal ataxin-3 (23 Glns),
and lamin C into the pGBT9 bait vector (CLONTECH). DNA
fragments encoding htt species were derivatives of cDNAs
encoding htt amino acids 1–546 (Centre for Molecular Medicine
and Therapeutics, Vancouver). Yeast cells CG1945 were trans-
formed with pGBT9 encoding amino acids 1–152 of mutated htt
(81 Glns). A two-hybrid screening was performed as described
(25) by mating transformed yeast cells CG1945 with yeast cells
Y187 transformed with a random primed C. elegans cDNA
activation domain library subcloned into the pACT vector (R.
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Barstead, Oklahoma Medical Research Foundation, Oklahoma
City). Diploid clones were grown on minimal medium lacking
Leu, Trp, and His and tested for �-galactosidase activity with
filter assays. Independent interactor clones were identified based
on a BamHI and EcoRI digestion profile and tested for htt-
dependent activation of HIS3 and lacZ reporters in plate assays.
Prey cDNAs in true independent interactor clones were se-
quenced as described (26). Sequence analysis was performed
using BLAST (GenBank, Bethesda) and PFAM (www.sanger.ac.uk)
searches. Relevant cDNAs also were tested in two-hybrid liquid
phase �-galactosidase assays as described (27), and results were
analyzed by using ANOVA (STATVIEW, Apple Computer).

In Vitro Binding Experiments. We subcloned DNA fragments
encoding full-length CIP4 (P. Aspenström, Ludwig Institute for
Cancer Research, Uppsala) into the pGEX vector (Amersham
Pharmacia Biotech) to generate GST fusion proteins. GST
fusions containing the CIP4 protein were produced in Esche-
richia coli by using standard procedures. Purified GST-CIP4
fusion (30 �g) was incubated with glutathione agarose beads
(150 �l) for 2 h in 1� PBS at room temperature and washed.
Protein extracts (60 �g) from lymphoblastoid cell lines of HD
family subjects (NIGMS Cell Repository, Coriell Institute for
Medical Research, Camden, NJ) were added in 0.1 ml of PBS
overnight at room temperature, and the incubation was contin-
ued overnight. Beads then were collected by centrifugation and
washed three times with 1 ml of PBS to remove unbound
proteins. Bound proteins were eluted from the beads, separated
by SDS�PAGE, and analyzed by Western blotting using a mAb
specific to htt (HU-4C8; 1:2,500; Euromedex, Mundolsheim,
France). The CAG repeat size in the htt gene of the individuals
tested was determined as described (28).

Brain Tissue Specimens. Postmortem striatal tissue specimens
from 14 adult-onset HD patients (three grade 2, five grade 3,
and six grade 4 cases; mean age, 64.2 years; range, 53–78 years)
and six age-matched patients without any known neurologic
sequella (mean age, 68.1 years; range 62–79 years) were
dissected fresh and placed in cold (4°C) 2% paraformaldehyde–
lysine–periodate solution for 24–36 h. Brain tissue specimens
were received from the Bedford Veterans Administration
Medical Center Brain Tissue Archive. The postmortem inter-
vals did not exceed 20 h (mean time, 8.1 h; range, 4–20 h) and
were similar for controls and HD patients. CAG repeat length
analysis was performed in all of the HD cases (14�14). The
range of CAG repeats in the adult-onset HD patients was
41–52. Each HD patient had been clinically diagnosed based
on known family history and phenotypic symptoms of HD. The
diagnosis of HD was confirmed by neuropathologic examina-
tion and graded by severity (3). Striatal tissue blocks were
processed as described (10), rinsed in 0.1 M sodium phosphate
buffer, and placed in cold cryoprotectant in increasing con-
centrations of 10% and 20% glycerol�2% DMSO solution for
24–36 h. Frozen serial sections of the striatal tissue block from
the anterior commissure to the rostral extent were cut at
50-�m intervals in the coronal plane and placed within a
six-well collection container. The cut sections were stored in
0.1 M sodium phosphate buffer�0.08% sodium azide at 4°C for
subsequent Nissl and immunohistochemical techniques. The
cut sections were stored in 0.1 M sodium phosphate buffer�
0.08% sodium azide at 4°C for subsequent immunocytochem-
istry and a combined colocalization immunof luoresence for
ubiquitin and CIP4 antibodies.

Immunocytochemistry. A rabbit polyclonal antibody specific to
CIP4 has been characterized (P. Aspenström, Ludwig Institute
for Cancer Research, Uppsala). Immunohistochemical local-
ization of antibodies to CIP4 (dilution, 1:500) was performed

by using a previously reported conjugated second antibody
method (29). Tissue sections were preincubated in absolute
methanol�0.3% hydrogen peroxide solution for 30 min,
washed (three times) in PBS (pH 7.4) for 10 min each, placed
in 10% normal goat serum (GIBCO) for 1 h, incubated
free-f loating in primary antiserum at room temperature for
12–18 h (all dilutions of primary antisera above included 0.08%
Triton X-100 and 2% normal goat serum), washed (three
times) in PBS for 10 min each, placed in periodate-conjugated
goat anti-rabbit IgG (1:300 in PBS, Boehringer Mannheim,
Indianapolis) or goat anti-mouse IgG (1:300 in PBS, Boehr-
inger Mannheim), washed (three times) in PBS for 10 min
each, and reacted with 3,3� diaminobenzidine HCl (1 mg�ml)
in Tris�HCl buffer with 0.005% hydrogen peroxide. To com-
plete double immunocytochemical staining, selected striatal
tissue sections immunoreacted with CIP4 antisera were not
preincubated in absolute methanol�0.3% hydrogen peroxide
solution. Specificity for the antisera used in this study was
examined in each immunochemical experiment to assist with
interpretation of the results. This examination was accom-
plished by preabsorption with excess target proteins (e.g.,
homologous CIP4 fusion proteins) and by omission of the
primary antibody to determine the amount of background
generated from the detection assay. The CIP4 antibody was
tested by preadsorption of dilute primary antisera with an
excess of appropriate fusion protein (12 �g�ml) for 6 h at room
temperature before incubation.

Fluorescent Immunocytochemistry. Combined immunofluores-
cence was performed on superior frontal cortex HD tissue
specimens (grade 3) to determine whether CIP4 colocalizes to
ubiquitin inclusions. The cortex was chosen because there are
few htt�ubiquitin aggregates observed within the striatum. Im-
munofluorescence was performed as described (29) by incubat-
ing striatal tissue sections in the CIP4 polyclonal antisera (1:500)
and in a ubiquitin mouse mAb (Zymed; 1:250) in Tris�HCl buffer
containing 0.3% Triton X-100 for 24–72 h at 4°C. Sections were
then rinsed (three times) in PBS, incubated in the dark with goat
anti-rabbit FITC conjugate for 2 h at 20°C (Boehringer Mann-
heim; 1:15), rinsed (three times) in PBS, and incubated with goat
anti-mouse tetramethylrhodamine B isothiocyanate (TRITC)
conjugate (Boehringer Mannheim; 1:10) for 2 h at 20°C. Detec-
tion of CIP4 antisera resulted in the presence of green fluores-
cence, while detection of ubiquitin antisera resulted in the
presence of red fluorescence. Sections were wet-mounted and
coverslipped with 50% glycerol on completion of the technique.
Identical microscopic fields were immediately photographed
with a Nikon fluorescent microscope, delineating the location of
CIP4 and ubiquitin immunoreactivities within the same striatal
section. The fields were merged and colocalization was observed.

Western Blot Analysis of Brain Extracts. Human tissues were ob-
tained from the Harvard Brain Tissue Resource Center (Bel-
mont, MA). We used brain tissue from three controls (samples
1–3), one HD patient grade 3 (sample 4), and one HD patient
grade 4 (sample 5). Samples 1–5 correspond respectively to brain
numbers 4741, 4744, 4751, 4797, and 4740. Ages of individuals
1–5 are respectively 59, 53, 54, 82, and 45 years, and postmortem
intervals are respectively 27, 20, 24, 22, and 23 h. Brain striatal
and cortical samples were homogenized in Nonidet P-40
lysis buffer (20 mM Tris�HCl, pH 7.5�150 mM NaCl�2 mM
EGTA�1% Nonidet P-40�10 mM �-glycerophosphate�5 mM
NaF�1 mM NaPPi�2 mM DTT�1 mM sodium vanadate�100 �M
PMSF) and cleared by centrifugation at 6,000 � g (15 min, 4°C).
Twenty-five micrograms of homogenates were subjected to
Western blot analysis by using either a CIP4 antiserum (1:500;
P. Aspenström, Ludwig Institute for Cancer Research, Uppsala)
or a �-actin (AC15, 1:5,000; Sigma) antibody.
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Death Measurement. Primary cultures of striatal neurons were
prepared from E17 Sprague–Dawley rats and transfected at 4
days in vitro as described (7). After immunostaining, neurons
were cytochemically labeled with the DNA dye Hoechst 33258
(2.5 �g�ml, 5 min). Transfected �-galactosidase-positive neu-
rons were analyzed under fluorescence microscopy. For neuro-
nal death assays, striatal neurons were transfected with either
CIP4 or the corresponding empty vector. These constructs are
cotransfected with �-galactosidase reporter that detects trans-
fected cells. We used a 6:1 ratio (CIP4 or empty vector versus
�-galactosidase construct) allowing more than 99% of the
�-galactosidase-positive neurons to express CIP4 as checked by
subsequent immunostaining. Two days after transfection, neu-
rons were fixed and immunostained as described (7). After
immunostaining, neurons were cytochemically labeled with the
DNA dye Hoechst 33258 (2.5 �g�ml, 5 min). Transfected
�-galactosidase-positive neurons were analyzed under fluores-
cence microscopy in a blinded manner and scored as healthy or
apoptotic by morphological criteria. Neurons were scored as
apoptotic only when they had a pyknotic and�or fragmented
nucleus and degenerated or absent neurites. Three independent
experiments were performed in triplicate and are expressed as
the mean value � SEM. Each bar corresponds to the scoring of
about 500 neurons in cell death experiments. Statistical analysis
was performed using Fisher’s analysis.

Northern Blotting. The 293 T human epithelial kidney cells were
cultured in DMEM supplemented with 10% calf serum
(GIBCO) and antibiotics (50 units/ml penicillin�50 �g/ml strep-
tomycin) and transfected with N-terminal htt constructs by the
calcium phosphate technique. Forty-eight hours after transfec-
tion, total RNA was extracted by using RNeasy Midi Kit
(Qiagen, Valencia, CA). RNA was subjected to electrophoresis,
through a 1% agarose gel containing formaldehyde, and was
transferred onto a nylon-positive membrane (Appligene, Stras-
bourg, France). The filters were prehybridized at 42°C for 4 h in
hybridization buffer containing 50% formamide, 10% dextran
sulfate, 1% SDS, 1M NaCl, and salmon sperm. Hybridization
was performed overnight in prehybridization buffer containing
either a human full-length CIP4 or �-actin cDNA labeled with
32P. Blots then were washed and exposed to Hyperfilm (Amer-
sham Pharmacia Biosciences), and signals were quantified by
using NIH IMAGE 1.62. The exon 1 and amino acid 1–480 frag-
ments of htt containing either a normal or mutated polyQ
domain have been described (7).

Results
C. elegans K08E3.3b Interacts with htt in Two-Hybrid Tests and Is
Homologous to Human CIP4. The screening of 3.98 � 107 cDNAs
by using normal N-terminal htt in a yeast mating-based proce-
dure (mating efficiency, 9%) yielded 46 independent interactor
clones. Forty-five clones, represented by multiple cDNAs, acti-
vated the HIS and lacZ reporters in the absence of any bait. One
clone (represented by a single cDNA) was a true interactor and
found to encode amino acids 164–780 of C. elegans predicted
protein K08E3.3b (chromosome III). Two-hybrid analysis sug-
gested that binding of htt to K08E3.3b (164–780) is augmented
in the presence of an expanded polyQ (Fig. 1). The Pro-rich
region in htt is likely to be required for binding to SH3 domain
proteins, these interactions being modulated by the length of the
adjacent polyQ (30, 31). Consistently, PFAM analysis of K08E3.3b
(783 aa) revealed a C-terminal SH3 domain, which could
mediate the binding to htt, and an N-terminal Fer-CIP4 homol-
ogy domain. BLAST (Version 2.2.4) searches revealed a family of
strongly related human homologs for K08E3.3b, among which is
CIP4 (545 aa; TBLASTN score: 405 for amino acids 9–545), a
protein involved in Cdc42-dependent signal transduction (23).
As compared with K08E3.3b, CIP4 shows a well conserved

protein structure with the C-terminal SH3 and N-terminal
Fer-CIP4 homology domains, suggesting interaction with htt.

CIP4 Interacts in Vitro with Full-Length htt from Lymphoblastoid Cells.
GST fusions purified from E. coli were used to determine
whether full-length CIP4 may bind to full-length physiological
htt. GST full-length CIP4 was incubated with glutathione aga-
rose beads. Protein extracts from lymphoblastoid cells from
three members of an HD-affected Venezuelan family then were
added, and similar amounts of bound protein were resolved by
SDS�PAGE. Western blots were performed with mAb HU-4C8,
which is specific to amino acids 181–810 of htt (Fig. 2). Full-
length htt from an unaffected individual GM04858 with two
normal polyQ alleles, a HD patient GM05542 homozygous for
mutation, and a HD patient GM04477 heterozygous for muta-
tion produced a similar binding signal (a single band correspond-
ing to the two allelic forms of htt), suggesting that CIP4 binds to
full-length htt.

CIP4 Accumulates in Human HD Brain Tissue. Immunoexpression of
CIP4 was present in the nucleus and cytoplasm of neurons in

Fig. 1. Interaction of C. elegans K08E3.3b (164–780) with human htt in yeast
two-hybrid tests. The first 43 (htt43) or 152 (htt152) amino acids of either
normal (18 Glns: Q18) or mutated (128 Glns: Q128) htt were tested for
interaction with K08E3.3b. In plate assays with selective media lacking Leu (L),
Trp (W), and His (H), normal and mutated htt152 bound to K08E3.3b. In liquid
phase assays, mutated htt152 bound stronger to K08E3.3b as compared with
normal htt152 (ANOVA). No interaction was detected with the Gal4 binding
domain alone (�), a random bait protein (lamin C), the first 50 aa of normal
ataxin-3 with 23 consecutive Glns (ataxin-3–50Q23), and N-terminal htt lack-
ing the Pro-rich region (htt43Q18 and htt43Q128). Results for �-galactosidase
activity are mean values � SD (n � 15).

Fig. 2. Interaction of full-length htt with GST-CIP4 in vitro. Equivalent
amounts of protein extracts from lymphoblastoid cells from three members of
an HD-affected family were incubated with purified GST (c) or GST-full length
CIP4 (b). The input of protein extracts (a) also was analyzed. Western blotting
was performed using anti-htt mAb HU-4C8. Experiments were done in tripli-
cate. The intensity of HU-4C8 signal in GST-CIP4 lanes was similar in the three
individuals tested, suggesting that CIP4 binds equally to both normal and
mutated full-length htt.
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nonneurologic control specimens (Fig. 3). CIP4 immunoreac-
tivity was markedly increased in all HD samples in both neurons
and neuropil. The immunocytochemical tissue expression of
CIP4 increased with the degree of neuropathologic severity in
the neostriatum from HD patients, as compared with nonneu-
rologic control tissue samples (Fig. 3). CIP4 immunoreactivity
was increased in neurons within both the caudate nucleus and
putamen, in grade 2 HD, with significantly greater intensity of
immunoreactivity in grades 3 and 4 HD striatal tissue specimens
(Fig. 3). The nuclei were intensely immunoreactive for CIP4,
with little or no immunostaining in the nucleolus. Not all striatal
neurons expressed CIP4 immunoreactivity. This variable cell
labeling did not show dorsoventral differences within the stria-
tum. To further characterize the correlation between CIP4
immunoreactivity and inclusions, double immunofluorescence
for CIP4 (FITC) and ubiquitin [tetramethylrhodamine B iso-
thiocyanate (TRITC)] immunoreactivities was performed
within the same tissue sections. CIP4 immunoreactivity and
ubiquitin-positive inclusions colocalized within the HD tissue
specimens (Fig. 4). In contrast, we commonly observed that
much of the CIP4 immunofluorescence did not coexist with
ubiquitin immunofluorescence. CIP4 immunoreactivity was sig-
nificantly greater than ubiquitin immunoexpression in the stri-
atum (Fig. 4). To further characterize the increased amount of

CIP4 in human HD brains, we performed a Western blot analysis
by using an anti-CIP4 antibody to reveal the levels of CIP4
in human brain samples from control (CT) and HD patients
(Fig. 5). Anti-�-actin antibody is used as a control for protein
levels. Two regions of the brain were analyzed: the cortex (data
not shown) and the striatum, the most severely affected brain
region in HD. As noted in Fig. 5, individuals are well age-
matched and postmortem interval-matched. Interestingly, the
levels of CIP4 appear strongly increased in brain extracts from
HD patients in comparison with brain extracts from CT
individuals (Fig. 5 and data not shown). Altogether these
results demonstrate that CIP4 is up-regulated in HD patients
in comparison with CT individuals.

Mutant htt Does Not Up-Regulate CIP4 mRNAs in 293 T Cells. Over-
expression of normal and mutant N-terminal htt in 293 T cells
did not result in strong modifications of CIP4 mRNA levels (Fig.
6). There was no up-regulation of CIP4 mRNAs by htt 1–480. It
has been suggested that a decreased length of mutant htt may
alter gene expression levels more severely (32). However, there
was no up-regulation of CIP4 mRNAs by htt exon 1. This finding
suggested that increased CIP4 immunoreactivity in HD brain
does not appear to result from an early increase in CIP4
synthesis. However, polyQ-dependent gene expression changes
may occur in the late phases of HD pathogenesis (17), possibly
altering the expression of CIP4.

Increased Dosage of CIP4 Induces Striatal Cell Death. The function of
CIP4 has been studied in dividing fibroblasts (23, 33). However,
the consequences of CIP4 overexpression in postmitotic neurons
are unknown. Because CIP4 appears as increased in HD brains,
we asked what the effect is of increased level of CIP4 in striatal

Fig. 3. CIP4 immunohistochemistry in the caudate nucleus of normal age-
matched nonneurologic control patient (A) and HD patients grades 2, 3, and
4, respectively (B, C, and D). There is light CIP4 immunostaining of neurons and
neuropil in the caudate nucleus of a control patient (A). In contrast, there is
increased CIP4 immunoreactivity associated with increased severity of HD
grade. There is moderate increased immunoreactivity in grade 2 HD (B), with
greater tissue immunoreactivity in grade 3 HD (C), and most intense immu-
noreactivity found in grade 4 HD (D). Increased immunostaining is present in
both neurons and neuropil, with more activity found in the nuclei of neurons.
(Magnification bar in A � 100 �m, and the same holds for B–D.)

Fig. 4. Combined CIP4 and ubiquitin immunofluorescence in the superior
frontal cortex, layer 6, in HD patients. Combined immunofluorescence for CIP4
(red) (A) and ubiquitin (green) (B) immunoreactivities within the same tissue
specimen from the superior frontal cortex of a HD patient grade 3 shows
colocalization of ubiquitin-positive inclusions and CIP4 immunostaining in the
merged figure (yellow) (C).

Fig. 5. CIP4 Western blot from HD brain extracts. Protein extracts were
prepared from striatal postmortem samples, resolved by SDS�PAGE, and
immunoblotted with anti-CIP4 (Upper) or anti-�-actin (Lower) antibodies.
There is increased CIP4 immunoreactivity in grade 3 (sample 4) or grade 4
(sample 5) of HD patients compared with normal individuals (samples 1–3).
PMI, postmortem interval in h.

Fig. 6. Expression of CIP4 mRNAs extracted from 293 T cells. Transfection
with cDNAs encoding N-terminal htt species containing either a normal or
mutated polyQ domain did not result in the up-regulation of CIP4 mRNA
levels. Ratio is (intensity of CIP4 band � background signal)�(intensity of
�-actin band � background signal).
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neurons. We transfected primary cultures of striatal neurons
with CIP4 construct or the corresponding empty vector and
analyzed cell death (Fig. 7). Interestingly, we found that expres-
sion of CIP4 in striatal neurons, the main site of neurodegen-
eration in HD, induces a statistically significant increase in cell
death compared with the control situation. We observed that
CIP4 induced cell death at levels similar to, if not greater than,
those of mutant htt, and that the toxicity of the empty vector was
similar to that of wild-type htt (data not shown). We also
cotransfected CIP4 and N-terminal fragments of htt containing
the expanded polyQ stretch and could not observe any syner-
gistic effect of the two proteins in inducing cell death (data not
shown). Our results indicate that CIP4 is toxic to striatal neurons
and suggest that CIP4 may influence HD pathogenesis through
accumulation of the protein in striatal cell populations. Addi-
tional experiments will be required to establish the mechanism
by which this may occur, and to establish whether striatal
neurons are preferentially susceptible.

Discussion
Rho GTPases are important regulators of neuronal morpho-
genesis, including axon growth and guidance and dendrite
elaboration and plasticity (34), and the interference of polyQ-
expanded htt with these factors may participate in neuronal
dysfunction and degeneration in HD. In mice, the early neuro-
pathology of HD may originate from axonal dysfunction and
degeneration associated with neuropil aggregates (11). In C.
elegans, we have reported previously that the expression of
N-terminal mutant htt produces neuronal dysfunction, a phe-
notype partially associated with aggregates in neuronal processes
(35). We also have observed that, although there appears to be
no homolog for the htt gene in the nearly complete C. elegans
genome (36), htt is able to physically interact with C. elegans
proteins, including worm homologs of cAMP-responsive-
element-binding protein (CREB)-binding protein (CBP) (un-
published data), a transcriptional regulator involved in HD
pathogenesis (14), and CA150, a polymorphic transcriptional
regulator that may act as a modifier gene of HD onset age and
pathogenesis (28).

We present, herein, neuropathologic and biological evi-
dence for the implication of CIP4 in HD pathogenesis. We
identified a C. elegans protein (K08E3.3b) able to bind to
N-terminal htt. The CIP4 protein, a human homolog of
K08E3.3b, then was found to be associated with HD neuro-
pathology, consistent with the notion that C. elegans is useful
in exploring HD mechanisms (28, 35, 37–39). The CIP4 protein
indeed appears to bind htt in vitro and to accumulate in HD
brain tissue. Whereas CIP4 accumulation in HD striatum
seems to be restricted to subpopulations of striatal neurons, a
marked overexpression of CIP4 was detected in Western blot

from HD whole striatum, suggesting that CIP4 accumulation
is a significant event in HD.

In HD brain, all CIP4 did not colocalize with ubiquitin�htt,
suggesting that CIP4 may accumulate through abnormal in-
teraction with htt species localized outside ubiquitinated ag-
gregates, possibly htt localized in microaggregates not visible
by light microscopy (40). CIP4 is higher in HD brain than in
normal brain tissue, and CIP4 immunoreactivity in HD brain
increases as the disease grade increases, suggesting that CIP4
may be associated with HD progression. Overexpression of
CIP4 was toxic to striatal neurons in culture, supporting the
notion that increased cellular CIP4 may contribute to striatal
cell death in HD pathogenesis. As for htt, the accumulation of
CIP4 in HD brain is likely to be progressive, allowing neuronal
cells that have survived and are highly stained for the protein
to be detected. In 293 T cells, CIP4 mRNA levels are not
up-regulated by normal or mutant N-terminal htt, suggesting
that the increased CIP4 immunoreactivity in HD brain
may result from accumulation of the protein and not from
increased CIP4 synthesis. However, we cannot exclude the
possibility that a small increase of CIP4 synthesis not detect-
able in vitro could lead to protein accumulation over the course
of several decades. Studies of the Wiskott–Aldrich syndrome
have suggested that CIP4 is a WASP interactor and Cdc42
effector protein involved in cytoskeletal organization (24). In
particular, CIP4 appears to be involved in the binding of
WASP to microtubules (24). In neuronal cells, an accumulated
amount of CIP4 may impair several cellular mechanisms and
pathways that involve Cdc42 and�or neuronal WASP (24, 41)
such as endocytic pathways (42, 43). In adipocytes, CIP4�2, a
splice variant (56 additional amino acids) of CIP4, may play an
important role in insulin-stimulated glucose transport by the
Glut4 transporter as a downstream effector of the GTPase
TC10 (44). Because an insulin signaling pathway to neuronal
WASP is required for Glut4 glucose transporter recycling (45),
and diabetes mellitus may be associated with HD (46) and
mouse models of HD (47), abnormal activity of CIP4 in the
presence of polyQ-expanded htt may provide a basis to study
the causes for glucose intolerance in HD.

Collectively, these findings characterize CIP4 as a protein
likely to be involved in HD pathogenesis, its accumulation, and
toxicity in striatal neurons, suggesting that it may interfere with
Rho GTPases and signal transduction essential to neuronal
survival.
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Fig. 7. Cell death in primary cultures of rat striatal neurons expressing CIP4.
CIP4 or the corresponding empty vector was transfected in striatal neurons,
and percentage of cell death was determined 2 days after transfection. Three
independent transfections were performed. The expression of CIP4 signifi-
cantly increased cell death in comparison with empty vector (Fisher’s analysis:

***, P � 0.001 compared with control).
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