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Huntington’s disease (HD) is a polyglutamine [poly(Q)] disease with an expanded poly(Q) stretch in the N terminus of the huntingtin
protein (htt). A major pathological feature of HD neurons is inclusion bodies, detergent-insoluble aggregates composed of poly(Q)-
expanded mutant htt (mhtt). Misfolding of mhtt is thought to confer a toxic property via formation of aggregates. Although toxic
molecular species are still debated, it is important to clarify the aggregation mechanism to understand the pathogenesis of mhtt. We show
Cdk5/p35 suppresses the formation of mhtt inclusion bodies in cell lines and primary neurons. Although we expressed the N-terminal
exon 1 fragment of htt lacking phosphorylation sites for Cdk5 in COS-7 cells, the kinase activity of Cdk5 was required for the suppression.
Furthermore, Cdk5/p35 suppressed inclusion formation of atrophin-1, another poly(Q) protein, raising the possibility that Cdk5/p35
generally suppresses inclusion formation of poly(Q) proteins. Microtubules (MTs) were a downstream component of Cdk5/p35 in the
suppression of inclusion formation; Cdk5/p35 disrupted MTs, which were required for the formation of inclusions. Moreover, stabiliza-
tion of MTs by Taxol induced inclusions even with overexpression of Cdk5/p35. The formation of inclusions was also regulated by
manipulating the Cdk5/p35 activity in primary rat or mouse cortical neuron cultures. These results indicate that Cdk5-dependent
regulation of MT organization is involved in the development of aggregate formation and subsequent pathogenesis of poly(Q) diseases.
This Cdk5 inhibition of htt aggregates is a novel mechanism different from htt phosphorylation and interaction with Cdk5 reported
previously (Luo et al., 2005; Anne et al., 2007).
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Introduction
Huntington’s disease (HD) is a polyglutamine [poly(Q)] disease
with an expanded poly(Q) tract in the huntingtin (htt) protein.
HD is characterized by involuntary movements, personality
changes, and dementia, caused mainly by selective loss of
medium-sized spiny neurons in the striatum. One of the major
pathological features found in HD neurons is the presence of
detergent-insoluble ubiquitinated inclusions composed of
poly(Q)-expanded mutant htt (mhtt) (Davies et al., 1997; Scher-
zinger et al., 1997). However, the manner by which mhtt causes
neurodegeneration is not well understood. Currently, no treat-
ment exists to prevent or delay the appearance and progression of
symptoms or death of HD patients.

htt is a large protein with a molecular mass of 350 kDa lacking

similarity to other proteins. htt protein has a poly(Q) stretch in
the middle of exon 1. In normal individuals, the length of the
poly(Q) tract is �35 repeats, but with expansion beyond 40, the
htt protein is misfolded, becomes toxic, forms aggregates, and
causes disease. Formation of large aggregates is a multiple-step
process from a misfolded monomer to large perinuclear or in-
tranuclear deposits called inclusion bodies (Tanaka et al., 2003;
Taylor et al., 2003; Nagai et al., 2007). The toxicity of the aggre-
gates in neurons has been attributed to a variety of causes, includ-
ing a defect in RNA synthesis, cell survival activity, microtubule
(MT)-dependent trafficking, or the ubiquitin–proteasome sys-
tem (DiFiglia et al., 1997; Tobin and Signer, 2000; Harjes and
Wanker, 2003; Gauthier et al., 2004; Li and Li, 2004; Cattaneo et
al., 2005; Bennett et al., 2007). Inhibiting poly(Q) aggregation
alleviates the symptoms of HD patients, as reported in Drosophila
and mouse models of HD (Kazantsev et al., 2002; Sánchez et al.,
2003). Therefore, it is important not only to delineate the aggre-
gation mechanism of mhtt but also to identify the factors that
induce an environment permissive to this neurodegeneration.

Cdk5 is a member of the CDK (cyclin-dependent kinase) fam-
ily, activated predominantly in postmitotic neurons by an activa-
tion subunit, p35 or p39. Although Cdk5 plays an important
physiological role in neuronal development and synaptic activity
(Dhavan and Tsai, 2001; Cheung and Ip, 2007), its deregulation
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by calpain-mediated cleavage of p35 to p25 is implicated in neu-
ronal cell death of several neurodegenerative diseases such as
Alzheimer’s and Parkinson’s disease (Dhavan and Tsai, 2001;
Hisanaga and Saito, 2003; Shelton and Johnson, 2004). It is re-
cently reported that Cdk5 phosphorylates htt at Ser434 to reduce
N-terminal cleavage, resulting in decreased aggregation (Luo et
al., 2005), and at Ser1181 and Ser1201 to prevent the gain of toxic
activity (Anne et al., 2007).

We studied the role of Cdk5 in mhtt aggregate formation in
cell lines and in primary neuronal cultures. On coexpression of
Cdk5/p35 with an N-terminal exon 1 htt fragment (tNhtt) with-
out phosphorylation sites for Cdk5/p35, the formation of mhtt
inclusions was suppressed. We then explored the mechanism
whereby Cdk5/p35 inhibits the formation of inclusions and
found that it acts via MT organization.

Materials and Methods
Antibodies, plasmids, and chemicals. Sources of reagents are as follows:
Cdk5 (DC17) and p35 (C-19) antibodies (Santa Cruz Biotechnology);
anti-GFP antibody (Roche Diagnostics); anti-�-tubulin and anti-actin
antibodies (Sigma-Aldrich); roscovitine (Calbiochem); anti-histone H3
antibody (Cell Signaling). Human htt exon 1-enhanced green fluorescent
protein (EGFP) coding region was excised from pIND-htt exon 1-EGFP
(Wang et al., 1999) by HindIII and NotI digestion and inserted into the
corresponding sites of pcDNA3.1 (Invitrogen). pFLAG-dynamitin was
provided by Dr. Mitsuo Tagaya (Tokyo University of Pharmacy and Life
Science, Tokyo, Japan) (Hirose et al., 2004). Atrophin-1-EGFP with 19Q
or 81Q (Yamada et al., 2001), pCMV-dominant-negative Cdk5 (K33T or
D144N) (Nikolic et al., 1996; Saito et al., 2003), and pSG5-tau (Sakaue et
al., 2005) have been described previously.

Cell culture, transfection, and fluorescence microscopic observation.
COS-7 and Neuro2a cells were cultured in DMEM supplemented with
10% FBS and transfected with tNhtt-poly(Q)-EGFP and/or pCMV-
Cdk5 and pCMV-p35 using PolyFect Transfection Reagent (QIAGEN)
according to the manufacturer’s protocol. Transfection of pSG5-tau or
pFLAG-dynamitin was performed similarly, and the expression was con-
firmed by immunoblotting.

COS-7 cells were treated with 100 ng/ml nocodazole to disassemble
MTs for 18 h starting 6 h after transfection or for 6 h starting 18 h after
transfection. COS-7 cells were treated with 20 �M Taxol to stabilize MTs
or with 20 �M roscovitine to inhibit Cdk5 activity for 18 h starting 6 h
after the transfection. After fixation with 4% paraformaldehyde, aggre-
gate formation was analyzed under an Axioskop microscope (Carl Zeiss)
or a LSM5 Pascal confocal laser microscope (Carl Zeiss). Intracellular
inclusions were defined as bright EGFP-positive deposits with weak cy-
toplasmic EGFP fluorescence. EGFP deposits were often observed with-
out cytoplasmic staining, but these deposits were excluded from count-
ing in this study. More than 300 transfected cells were counted in a
minimum of five independent transfection experiments. Data were ana-
lyzed statistically by one-sided, paired Student’s t test and expressed as
mean � SEM in each figure. The ratio of cells with inclusions was defined
as a percentage of the total number of EGFP- or EGFP/Cdk5-positive
cells. Cdk5-positive cells were visualized by immunostaining with anti-
Cdk5 (DC17) antibody. Anti-�-tubulin staining was performed as de-
scribed previously (Sakaue et al., 2005).

Primary neurons were prepared from 17-d-old embryonic rat brain
cerebral cortex. Adenovirus carrying FLAG-tagged p35 was infected as
described previously (Saito et al., 2003). Adenovirus empty vector or
mock infection was used as control. Transfection of tNhtt-poly(Q)-
EGFP was performed by the calcium phosphate method on cultures on
the sixth day in vitro (DIV6). Primary neurons were transfected with
short interfering RNA (siRNA) and tNhtt-poly(Q)-EGFP at DIV5 or
DIV9 using Lipofectamine 2000 reagent (Invitrogen) according to the
manufacturer’s instructions. SMARTpool siRNA for rat Cdk5 (ON-
TARGETplus SMARTpool siRNA; Dharmacon L-094624-01-0020) was
obtained from GE Healthcare. Neurons were observed 24 or 48 h after
transfection. Neurons were treated with 20 �M Taxol to stabilize MTs for

18 h starting 6 h after transfection. After fixation with 4% paraformalde-
hyde, aggregate formation was analyzed under an Axioskop microscope.

Cdk5 �/� mice were generated and maintained as described previously
(Ohshima et al., 1996; Yamashita et al., 2007). Mice were handled in
accordance with institutional guidelines and housed in a pathogen-free
environment on a 12 h light/dark cycle (Ohshima et al., 2007). Primary
neurons were prepared from 16.5-d-old embryonic Cdk5 �/�, Cdk5 �/�,
or Cdk5 �/� mice. Genotypes of the offspring were assessed using PCR as
described previously (Ohshima et al., 2007; Yamashita et al., 2007). Cul-
tured neurons were transfected with tNhtt-poly(Q)-EGFP at DIV5 using
Lipofectamine 2000 reagent (Invitrogen). Neurons were observed 24 h
after transfection.

Estimation of MT polymers. MT polymers were estimated by the pro-
cedures of Nguyen et al. (1999) with some modifications. Briefly, COS-7
cells in 35 mm dishes, which were pretreated with 100 ng/ml nocodazole
or 20 �M Taxol for 18 h, or transfected with Cdk5 and p35, were gently
suspended in MT-stabilizing buffer (0.1 M PIPES, pH 6.8, 1 mM EGTA, 1
mM MgCl2, 20% glycerol, 0.5% Nonidet P-40, 0.1 mM GTP). After incu-
bation for 10 min at 37°C, the suspensions were centrifuged at 1100 � g
for 3 min. The supernatant was removed and an identical volume of
SDS-PAGE sample buffer was added to the resulting pellets containing
MTs. The amounts of tubulin in the supernatant and MT-polymers were
detected by immunoblotting after SDS-PAGE with histone H3 as a load-
ing control.

Immunoprecipitation, immunoblotting, and in vitro phosphorylation by
Cdk5/p35. The binding of Cdk5 or p35 with tNhtt-poly(Q)-EGFP was
examined by immunoblotting with anti-Cdk5 or anti-p35 antibody after
immunoprecipitation of tNhtt-poly(Q)-EGFP from COS-7 cells with
anti-GFP antibody (Saito et al., 2003). The longer 90Q form was phos-
phorylated by Cdk5/p25 purified from Sf9 cells in MOPS (3-
morpholinepropanesulfonic acid) buffer containing 0.5% Nonidet P-40
and [�- 32P]ATP (0.1 mM) for 30 min at 35°C (Sakaue et al., 2005).
Phosphorylation was estimated by a FLA7000 Image Analyzer (Fuji Film)
after SDS-PAGE.

Results
Suppression of mhtt aggregate formation by Cdk5/p35
We used the N-terminal exon 1 fragment of huntingtin (tNhtt)
including the poly(Q) stretch in the middle, which is much
shorter than those used previously by Luo et al. (2005) and Anne
et al. (2007). The effect of Cdk5/p35 on tNhtt aggregate forma-
tion was examined by transient expression in COS-7 cells, fre-
quently used for studies on mhtt aggregation (Onodera et al.,
1997; Hazeki et al., 1999). When tNhtt with 16Q, 50Q, or 90Q
(tNhtt-16Q, 50Q, or 90Q-EGFP; these constructs will be referred
to 16Q, 50Q, and 90Q hereafter), 50Q and 90Q displayed bright
fluorescent foci (Fig. 1A) as reported previously (Onodera et al.,
1997; Hazeki et al., 1999; Wyttenbach et al., 2000), whereas 16Q
was distributed diffusely in the cytoplasm. Cotransfection with
Cdk5/p35 dramatically reduced the number of cells containing
inclusions (Fig. 1A). Triple expression in the same cells is shown
in supplemental Figure S1A (available at www.jneurosci.org as
supplemental material). The effect of Cdk5/p35 was also con-
firmed biochemically by immunoblot analysis. Expression levels
of proteins are indicated in supplemental Figure S1B (available at
www.jneurosci.org as supplemental material). The formation of
SDS-insoluble aggregates was detected in the stacking gel by im-
munoblotting when either 50Q or 90Q was expressed (Fig. 1B;
supplemental Fig. S1B, available at www.jneurosci.org as supple-
mental material). The SDS-insoluble aggregates disappeared
when 50Q or 90Q was coexpressed with Cdk5/p35 (Fig. 1B).
Even when Cdk5/p35 activity was decreased by reducing the
amount of transfected Cdk5 and p35 plasmid DNA, the inclu-
sions were completely abolished (Fig. 1C). We repeated the same
experiments with Neuro2a neuroblastoma cells, to exclude the
possibility that the inhibitory effect of Cdk5/p35 was cell type-
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specific. Cdk5/p35 also suppressed the formation of inclusions in
these cells (Fig. 1D). Collectively, these results indicate that
Cdk5/p35 suppresses aggregate formation of mhtt in cultured
cells.

The kinase activity of Cdk5 is required for suppression of
mhtt inclusion body formation
It was previously reported that Cdk5 physically binds htt (Luo et
al., 2005). To examine this molecular interaction, we examined
coimmunoprecipitation of mhtt with anti-Cdk5 or anti-p35 an-
tibody, or of Cdk5 or p35 with anti-GFP antibody, but we could
not detect binding of either Cdk5 or p35 to any tNhtt-poly(Q)-
EGFP proteins under our experimental conditions (data not
shown). We also assessed the respective effects of Cdk5 and p35
on the appearance of inclusions (Fig. 2A). Inclusions were
slightly reduced by cotransfection with Cdk5, but this effect was
not statistically significant. Cotransfection with p35 was more
effective in decreasing inclusions. This may be attributable to the

activation of endogenous Cdk5 in COS-7
cells. In contrast, coexpression of both
Cdk5 and p35 dramatically reduced inclu-
sions of both 50Q and 90Q (Fig. 2A).

p35 is cleaved to p25 by calpain to gen-
erate Cdk5/p25, which has increased ki-
nase activity (Patrick et al., 1999; Hisanaga
and Saito, 2003; Sakaue et al., 2005). We
observed a similar inhibitory effect of
Cdk5/p25 on inclusions (Fig. 2B). Two ac-
tivator proteins for Cdk5 are p35 and p39
(Dhavan and Tsai, 2001; Hisanaga and
Saito, 2003). Cdk5/p39 potently inhibited
inclusion formation, similar to that ob-
served with Cdk5/p35 (Fig. 2B). To con-
firm the requirement for Cdk5 kinase ac-
tivity in the inhibition of inclusion body
formation, we used the Cdk5 inhibitor
roscovitine. Roscovitine abolished the in-
hibitory activity of Cdk5 for mhtt inclu-
sion formation (data not shown). We con-
firmed this result with kinase-negative
mutants of Cdk5, Cdk5-D144N, and
Cdk5-K33T (Nikolic et al., 1996; Saito et
al., 2003) (our unpublished results). Sta-
tistically significant inhibition was not ob-
served with kinase-negative mutants of
Cdk5 (Fig. 2C). These results clearly indi-
cate that the kinase activity of Cdk5 is nec-
essary for the suppression of mhtt inclu-
sion formation.

The above results suggested the possi-
bility that tNhtt-poly(Q)-EGFP is phos-
phorylated by Cdk5/p35. Although we
considered this possibility unlikely be-
cause the constructs were short exon 1
fragments with no predicted Cdk5 phos-
phorylation sites, we evaluated this hy-
pothesis experimentally. 90Q isolated
from COS-7 cells by immunoprecipitation
was incubated with Cdk5/p25, but no
phosphorylation was observed (data not
shown). The fact that Cdk5 neither inter-
acted with nor phosphorylated tNhtt-
poly(Q)-EGFP implies that the effect of

Cdk5/p35 may not be specific to tNhtt but may also affect the
aggregation of other poly(Q) proteins. To address this question,
we used atrophin-1, a protein product of the causative gene for
DRPLA (dentatorubral and pallidoluysian atrophy) (Yamada et
al., 2001), with 19Q and 81Q polyglutamine repeats. Inclusions of
atrophin-1 with 81Q were decreased by cotransfection of Cdk5/
p35 (Fig. 2D). These results suggest that Cdk5/p35 generally sup-
presses inclusion body formation of poly(Q) proteins indirectly
through other cellular components.

MTs and mhtt inclusions
We suspected MTs as an intermediate component connecting
Cdk5 activity and mhtt aggregation because MTs are a major
target for Cdk5 (Niethammer et al., 2000) and are required for
aggregate formation of mhtt (Muchowski et al., 2002; Taylor et
al., 2003; Webb et al., 2004). To test this idea, we first assessed the
requirement of MTs in the formation of mhtt inclusion bodies in
COS-7 cells. When MTs were disassembled by nocodazole, no

Figure 1. Suppression of the formation of mhtt inclusions by Cdk5/p35. A, Fluorescence microscopic images of tNhtt-16Q, 50Q,
or 90Q-EGFP expressed alone (top panels) or coexpressed with Cdk5/p35 (bottom panels) in COS-7 cells (left panels). Cells were
analyzed for inclusion formation 24 h after transfection. Scale bar, 10 �m. Quantification of cells containing EGFP inclusions is
shown in the right panel (mean � SEM; **p � 0.001). B, Detection of SDS-insoluble aggregates in COS-7 cells expressing 50Q or
90Q but not 16Q by anti-GFP immunoblotting. A bracket indicates aggregates in the stacking gel. C, Inhibition of tNhtt-90Q-EGFP
inclusion formation by Cdk5/p35 when cotransfected in different plasmid ratios. The amount of plasmid DNA (in micrograms)
used is indicated below the blot. A bracket indicates SDS-insoluble aggregates. D, Inclusion formation of tNhtt-16Q, 50Q, 90Q-
EGFP and suppression by Cdk5/p35 in Neuro2a cells. The number of cells containing EGFP-aggregates was counted and expressed
as the percentage ratio to total EGFP-positive cells transfected in the presence (�) or absence (�) of Cdk5/p35 (mean � SEM;
**p � 0.001).
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inclusions were formed (Fig. 3A), con-
firming previous results (Muchowski et
al., 2002; Taylor et al., 2003; Webb et al.,
2004). To test whether inclusions once
formed can disintegrate, cells were treated
with nocodazole for 6 h starting 18 h after
transfection with 90Q. Large inclusions
were still observed, although smaller foci
were not detected (Fig. 3A).

Next, we stabilized MTs with Taxol,
which induces polymerization of ran-
domly oriented noncentriolar MTs in the
cytoplasm. Interestingly, many small in-
clusions of 50Q or 90Q were distributed
around nucleus in Taxol-treated cells (Fig.
3B). We used tau as a neuronal protein to
increase the stability of MTs. 16Q distrib-
uted diffusely in the whole cytoplasm
whether or not tau was coexpressed.
Smaller inclusions of 90Q were distributed
in the cytoplasm and around the nucleus
(Fig. 3C), as were observed in Taxol-
treated cells. Whether the disruption of
dynein motor function may alter the in-
clusions of tNhtt-poly(Q)-EGFP was ex-
amined by overexpression of dynamitin, a
component of dynactin complex (Hirose
et al., 2004). When 90Q was cotransfected
with dynamitin, many small inclusions
were observed only in the cytoplasm, par-
ticularly at the cell periphery (supplemen-
tal Fig. S2, available at www.jneurosci.org
as supplemental material), consistent with
previous results (Taylor et al., 2003). To-
gether, these results indicate that intact
MTs are required for the formation of inclusion bodies, and sizes
and distribution of inclusion bodies are strongly dependent on
MT organization.

Disruption of the MT network by Cdk5/p35
We then examined whether Cdk5/p35 affects MT organization in
COS-7 cells. When Cdk5 and p35 were overexpressed, the radial
MT networks observed in control cells disappeared and cytoplas-
mic tubulin staining was diffuse (Fig. 4A). To see the effect of
Cdk5/p35 on MT stability biochemically, we fractionated cellular
tubulin of COS-7 cells into polymeric and protomeric pools by
mild treatment with MT-stabilizing buffer containing 0.5% Non-
idet P-40, and quantified the amounts of tubulin in respective
fractions by immunoblotting (see Materials and Methods).
When COS-7 cells were treated with nocodazole, most of the
tubulin was detected in the supernatant (Fig. 4A, Noc). In con-
trast, when COS-7 cells were treated with Taxol, almost all of the
tubulin was recovered in the pellet fraction (Fig. 4A, Tax). When
COS-7 cells transfected with Cdk5/p35 were fractionated simi-
larly, polymeric tubulin decreased to 44% from 73% that was
observed in control COS-7 cells transfected with empty vector,
indicating that overexpression of Cdk5/p35 destabilizes MTs.
These results agreed with our hypothesis that Cdk5/p35 sup-
presses mhtt aggregate formation through the disruption of MT
networks. Next, we expressed tNhtt-poly(Q)-EGFP in COS-7
cells and observed MT networks. In addition to radial MTs, dis-
crete tubulin staining was observed in the cytoplasm and at the
cell periphery (Fig. 4B, arrows). We found that 16Q partly colo-

calized with MTs, as reported previously (Hoffner et al., 2002).
The large inclusions of 50Q and 90Q were located in the perinu-
clear region, from which MTs emanate.

Using confocal microscopy, we visualized MTs and mhtt in-
clusions in COS-7 cells expressing Cdk5/p35. In the absence of
Cdk5/p35, confocal images show large inclusions of 90Q in the
cytoplasm (Fig. 4C, left panels) and sometimes in the nucleus
(data not shown). MTs were excluded from these inclusions, and
many small amorphous regions of tubulin staining were ob-
served, in addition to randomly oriented short MTs (Fig. 4C,
middle panel). In cells cotransfected with 90Q, Cdk5, and p35,
the staining of 90Q was diffuse in the cytoplasm. Unlike cells
expressing Cdk5/p35 alone in which MTs were disassembled,
some filamentous MT staining was observed in 90Q-transfected
cells although the MTs were still disorganized (Fig. 4A,C).

Cdk5/p35 is a multifunctional protein kinase that phosphor-
ylates various proteins. To determine whether Cdk5/p35 sup-
presses the formation of mhtt inclusion bodies through disrup-
tion of the MT network, COS-7 cells expressing 90Q, Cdk5, and
p35 were treated with Taxol and inclusion formation was ob-
served. The coexpression of Cdk5/p35 suppressed 90Q inclusion
formation (Fig. 4D, left panel) as shown above. Taxol treatment
induced the formation of inclusion bodies even in the presence of
exogenous Cdk5/p35 expression. Small inclusions were scattered
in the cytoplasm, as was observed in Taxol-treated and 90Q-
expressing COS-7 cells (Fig. 3B). The number of cells bearing
inclusions was twice as many as those of COS-7 cells expressing
90Q alone (Fig. 4D, right panel). Thus, the inhibitory action of

Figure 2. Requirement of Cdk5 kinase activity for the suppression of mhtt aggregate formation. A, tNhtt-16Q, 50Q, or 90Q-
EGFP was cotransfected into COS-7 cells with either Cdk5, p35, or both Cdk5 and p35. Cells bearing EGFP inclusions were counted
and expressed as the percentage ratio to total EGFP- and Cdk5- (or p35-) positive cells (mean � SEM; **p � 0.001). B, tNhtt-16Q
or 90Q-EGFP was cotransfected into COS-7 cells with either Cdk5 and p25 or Cdk5 and p39. Cells displaying EGFP inclusions were
counted and expressed as the percentage ratio to total EGFP- or EGFP/Cdk5-positive cells (mean � SEM; **p � 0.001). C,
tNhtt-16Q, 50Q, or 90Q-EGFP was cotransfected into COS-7 cells with either Cdk5 and p35, Cdk5-K33T and p35 (K33T), or Cdk5-
D144N and p35 (D144N). Cdk5-D144N and Cdk5-K33T are distinct kinase-negative mutants. Cells containing EGFP inclusions were
counted and expressed as the percentage ratio to total EGFP- or EGFP/Cdk5-positive cells (mean � SEM; **p � 0.001). D,
Atrophin-1 with 19Q or 81Q was cotransfected into COS-7 cells alone or with Cdk5 and p35 and cells containing EGFP inclusions
were counted and expressed as the percentage ratio to total EGFP- or EGFP/Cdk5-positive cells (mean � SEM; **p � 0.001).
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Figure 3. Inclusion formation is dependent on microtubule organization. A, COS-7 cells expressing tNhtt-90Q-EGFP were treated with 100 ng/ml nocodazole for 18 h starting 6 h after transfection
or for 6 h starting 18 h after transfection. At the end of treatment, cells were analyzed for inclusion formation. Typical EGFP fluorescence images are shown. Cells containing EGFP inclusions were
either 0 or 9.3 � 0.4% of the total EGFP-positive cells when treated with nocodazole or not, respectively. B, COS-7 cells expressing tNhtt-50Q or 90Q-EGFP were treated with 20 �M Taxol for 18 h
starting 6 h after transfection. At the end of treatment, cells were observed for inclusion formation. Cells containing EGFP inclusions were either 17.5 or 8.5% of the total EGFP-positive cells when
treated with Taxol or not, respectively. C, tNhtt-16Q or 90Q-EGFP was cotransfected into COS-7 cells with tau. Cells were analyzed for inclusion formation 24 h after transfection. Cells containing EGFP
inclusions were either 11.7 � 0.7 or 9.3 � 0.4% of the total 90Q EGFP-positive cells when cotransfected with tau or not, respectively. Scale bars, 10 �m.

Figure 4. The MT network in COS-7 cells expressing Cdk5, p35, and/or mhtt. A, MTs in COS-7 cells expressing Cdk5 and p35 were observed by immunofluorescence staining with anti-�-tubulin
antibody 24 h after transfection (top). Bottom, Immunoblots showing the amount of �-tubulin in the pellet (p) and supernatant (s) in control cells (�), cells treated with nocodazole for 18 h (Noc),
transfected with Cdk5/p35 (Cdk5/p35), or treated with Taxol for 18 h (Tax). Polymeric and protomeric tubulin are expressed as the percentage ratio to total �-tubulin under the each lane. B, MT
distribution in COS-7 cells expressing tNhtt-16Q, 50Q, or 90Q-EGFP. MTs were stained with anti-�-tubulin antibody (red), and tNhtt-poly(Q)-EGFP was detected by EGFP fluorescence (green). The
merged image is shown (bottom). The arrows indicate the discrete tubulin staining observed in the cytoplasm and at the cell periphery. C, Confocal microscopic images of tNhtt-90Q-EGFP (green;
top), anti-�-tubulin staining (red; middle), and merged images (bottom) in COS-7 cells expressing Cdk5/p35 or not (vector). D, tNhtt-90Q-EGFP was transfected into COS-7 cells alone or with Cdk5
and p35. Cells were treated with 20 �M Taxol for 18 h starting 6 h after transfection. At the end of treatment, cells were observed for inclusions (left). Cells containing EGFP inclusions were counted
and expressed as the percentage ratio to total EGFP-positive cells (right; mean � SEM; **p � 0.001). Scale bars, 10 �m.
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Cdk5/p35 on mhtt inclusion formation
was canceled by the stabilization of MTs
with Taxol.

Regulation of inclusion formation by
Cdk5/p35 in primary neurons
We investigated whether we can regulate
aggregate formation in neurons by manip-
ulating Cdk5/p35 activity. First, we char-
acterized the formation of inclusion bod-
ies of mhtt in primary cultures of rat
cortical neurons, which express Cdk5 and
p35 endogeneously. When several concen-
trations of 166Q plasmids were introduced
into neurons by a lipofection method, a
number of neurons with inclusion bodies
increased in parallel with the concentra-
tions of plasmid used (Fig. 5A). To exam-
ine whether inclusion body formation is
affected by MTs also in neurons, neurons
transfected with 166Q were treated with
Taxol. The percentage of neurons bearing
inclusions increased significantly from
10.4 � 4.3 to 33.4 � 0.5% ( p � 0.001)
after treatment with Taxol, indicating that
MTs play an important role in inclusion
body formation in neurons.

We then introduced mhtt (5 �g) into
these neurons by calcium-phosphate
transfection and observed mhtt inclusion
formation. 90Q formed many small foci in
the cytoplasm of primary neurons (Fig.
5C). When the kinase activity of Cdk5 was
increased by infection of adenovirus en-
coding p35 (Fig. 5B, Flag-tagged p35), in-
clusion body formation was suppressed
(Fig. 5C). Although we observed the sup-
pression of inclusion body formation by
increasing the activity of Cdk5 by p35 in-
fection using Adenovirus vectors, we
could not count sufficient numbers of
neurons for statistical analysis.

We then asked whether aggregate formation is enhanced
when Cdk5 activity is decreased. We first used siRNA method to
downregulate Cdk5 activity. Using Lipofectamine 2000 reagent,
90Q was cotransfected into primary neurons together with Cdk5
siRNA or control siRNA. When 90Q alone (1 �g) was introduced
into primary neurons by Lipofectamine 2000, we observed dif-
fuse cytoplasmic distribution with stronger fluorescence in the
perinuclear region in most neurons (Fig. 5E). When Cdk5 ex-
pression was reduced by RNA interference (Fig. 5D), neurons
with discrete inclusion bodies of 90Q increased from 7.7 � 2.5 to
18.2 � 7% ( p � 0.001). In addition, when p35 was reduced in
primary cortical neurons by p35 siRNA, there was also an in-
crease in the percentage of neurons with inclusions (data not
shown).

To demonstrate the effect of Cdk5 on inclusion body forma-
tion in neurons more clearly, we next used primary neurons pre-
pared from Cdk5-deficient mouse brains. Using Lipofectamine
2000 reagent, 166Q (1 �g) was transfected into primary neurons
of wild-type (Cdk5�/�) and Cdk5 knock-out (Cdk5�/�) mice
(Fig. 6A). Inclusions were then observed at 24 h after transfec-
tion. There was a significant increase in the percentage of neurons

with inclusions in Cdk5�/� mice compared with wild-type mice
(Fig. 6B). We also measured inclusion formation in Cdk5�/�

neurons. Although there was no significant statistical difference
from Cdk5�/� neurons, the ratio was always in between
Cdk5�/� and Cdk5�/� (Fig. 6B). These results demonstrate that
Cdk5/p35 suppresses aggregate formation of mhtt in primary
cultured neurons in a dose-dependent manner.

We compared the amount of MTs between Cdk5�/� and WT
neurons by the same method used for COS-7 cells in Figure 4A.
When we measured total tubulin, we found unexpectedly that
tubulin in Cdk5�/� neurons was approximately two times
(203 � 28% when normalized by histone H3) larger than that in
WT neurons (Fig. 6C). We then confirmed that the quantity of
polymeric tubulin was higher in Cdk5�/� neurons than in WT
neurons, although soluble tubulin was also increased in Cdk5�/�

neurons (Fig. 6D).

Discussion
In this report, using an exon 1 fragment of htt containing the
expanded poly(Q) (mhtt), 50Q, 90Q, and 166Q, we show that
Cdk5/p35 suppresses mhtt aggregate formation in cell lines and
in primary neuronal cultures. Although the mhtt we used was the
N-terminal exon 1 of htt without Cdk5/p35 phosphorylation

Figure 5. Modulation of mhtt inclusion formation by manipulating Cdk5/p35 activity in primary cultured neurons. A, Rat brain
cortical neurons were transfected with different amounts of tNhtt-166Q-EGFP plasmid DNA (in micrograms), and 18 h after
transfection the number of neurons containing EGFP inclusions was counted and expressed as the percentage ratio to total
EGFP-positive cells (mean � SEM; **p � 0.001). B, Immunoblots showing the expression of FLAG-tagged p35 (p35-FLAG), Cdk5,
and tNhtt-90Q-EGFP in primary neurons. Endogenous p35 was detected as a lower band in both uninfected (lane 1) and infected
(lane 2) neurons. A bracket indicates SDS-insoluble aggregates in the stacking gel. C, Fluorescence images of EGFP in rat cortical
primary neurons expressing tNhtt-90Q-EGFP with either p35-FLAG (p35) or not (control). D, Immunoblot showing downregula-
tion of Cdk5 protein in primary cultured neurons treated with Cdk5 siRNA (lane 2) or control siRNA (lane 3). Actin is a loading
control. E, Fluorescence images of EGFP in rat cortical primary neurons transfected with tNhtt-90Q-EGFP and either Cdk5 siRNA or
control siRNA. Scale bars, 10 �m.
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sites, the kinase activity of Cdk5 was required for the suppression
of aggregate formation. Having confirmed that intact MTs are
required for the formation of mhtt inclusions and overexpression
of Cdk5/p35 depolymerized MTs, we showed that the stabiliza-
tion of MTs by Taxol eliminated the inhibitory action of Cdk5/
p35 on aggregate formation. The formation of mhtt inclusions
was also modulated in primary neurons by manipulating Cdk5
activity or from mouse brains genetically manipulated. These
results indicate that Cdk5/p35 suppresses aggregate formation of
mhtt through MT organization.

Recent studies suggest that inclusion bodies are nontoxic
components resulting from sequestration or clearance of toxic
species (Arrasate et al., 2004), although this question is not fully
settled. The formation of inclusion bodies is a multistep process
starting from mhtt monomers and ending with a large jux-
tanuclear deposit (Tanaka et al., 2003; Taylor et al., 2003; Nagai et
al., 2007). We assayed the inhibitory activity of Cdk5/p35 on mhtt
inclusions in most of the experiments of this study, but we also
observed that the formation of SDS-insoluble aggregates was in-
hibited by Cdk5/p35 as well. Thus, Cdk5 appears to suppress the
formation of mhtt inclusions at an early step of SDS-insoluble
aggregate formation. Accordingly, we will use the term “aggre-
gate” hereafter for the molecular species of mhtt, the formation of
which Cdk5 affect.

Recently, it was shown that Cdk5 phosphorylates htt to alle-
viate the toxicity of mhtt (Luo et al., 2005; Anne et al., 2007).
Phosphorylation of htt at Ser434 by Cdk5 attenuates aggregate
formation by preventing the caspase-dependent cleavage of htt
(Luo et al., 2005). When striatal neurons suffer from DNA dam-
age, nuclear htt is phosphorylated at Ser1181 and Ser1201 by
Cdk5 (Anne et al., 2007). Phosphorylation at Ser1181 and
Ser1201 not only protects from poly(Q)-induced neuronal death
in p53-dependent manner but also protects against poly(Q)-
induced toxicity. However, the inhibitory effect of Cdk5 on ag-
gregate formation we observed here is distinct from those de-
scribed in the above two studies. The N-terminal fragment of htt
exon 1 we used here is shorter than those used by Luo et al. (2005)
and Anne et al. (2007) and does not contain Cdk5 phosphoryla-

tion sites. In fact, it was not phosphory-
lated by Cdk5/p35. Nonetheless, the ki-
nase activity of Cdk5/p35 was needed to
suppress aggregate formation in cultured
cells and in primary neurons. The inhibi-
tory effect of Cdk5/p35 was at least in part
mediated by disruption of the MT net-
work. Thus, Cdk5/p35 appears to be in-
volved in mhtt pathogenesis both directly
by phosphorylation of htt and indirectly
through MTs at different levels; the toxic-
ity of htt is exposed by DNA damage in a
p53-dependent manner (Anne et al.,
2007), the toxic N-terminal fragment is
generated by caspase-dependent cleavage
(Luo et al., 2005), and aggregates of ex-
panded poly(Q) are formed in a MT-
dependent manner. Whereas the former
two consequences are specific effects of
Cdk5/p35 on htt protein, the last may be
common to other poly(Q)-expanded
proteins.

We suspected MTs as a likely candidate
mediating the effects of Cdk5 because the
MT network is a major target for Cdk5 and

is required for inclusion formation of mhtt and other poly(Q)
proteins (Muchowski et al., 2002; Taylor et al., 2003; Webb et al.,
2004). From four independent experiments using nocodazole,
Taxol, tau, and dynamitin, we confirmed that MTs are a critical
component affecting both the size and cellular location of mhtt
inclusion bodies. MTs in COS-7 cells disassembled and tubulin
staining became diffuse in the cytoplasm when Cdk5/p35 was
coexpressed with tNhtt-poly(Q)-EGFP, as occurred with no-
codazole treatment. Although it was recently reported that p35
bound and stabilized MTs in vitro (Hou et al., 2007), MT stabili-
zation was not observed in our cultured cells. Our results are
consistent with previous reports demonstrating the requirement
of MTs in cytoplasmic aggregate formation (Johnston et al., 1998;
Iwata et al., 2005). The disruption of MTs in a particular cellular
region may suppress the accumulation of mhtt below concentra-
tions required to initiate inclusion body formation. The impor-
tance of local concentrations of mhtt for an initial step of aggre-
gate formation has been demonstrated previously (Hazeki et al.,
1999). Although the cancellation of the inhibitory effect of Cdk5/
p35 by Taxol implicates MTs as a major downstream target of
Cdk5/p35, the interpretation should be cautious until the identi-
fication of the target protein. Multiple Cdk5 target proteins affect
MT functions, such as motor-associated proteins for MT-
dependent trafficking and microtubule-associated proteins
(MAPs) for MT stabilization (Patrick et al., 1999; Niethammer et
al., 2000; Sakaue et al., 2005; Caviston et al., 2007). Cdk5/p35 may
inactivate the stabilizing activity of MAPs or may activate desta-
bilizing factors by phosphorylation. It is well known that phos-
phorylation of tau, a major neuronal MAP, by Cdk5 decreases its
MT stabilizing ability (Wada et al. 1998). The identification of the
target substrate for Cdk5/p35 would be a critical question to be
answered.

A remaining question is whether the inhibitory action of
Cdk5/p35 on aggregate formation is protective. Aggregates we
observed here are mostly cytoplasmic, whereas nuclear inclusions
are observed in HD brains (DiFiglia et al., 1997). Perinuclear
aggregates are suggested to be protective. Nocodazole treatment
increases the ratio of cell death despite decreased mhtt inclusions

Figure 6. mhtt inclusion formation in primary cultured neurons of Cdk5 �/� mouse. A, Fluorescence images of EGFP in
Cdk5 �/� or Cdk5 �/� mouse cortical primary neurons transfected with tNhtt-166Q-EGFP. Scale bar, 10 �m. B, Neurons con-
taining EGFP inclusions were counted and expressed as the percentage ratio to total EGFP-positive cells (mean � SEM; **p �
0.001). C, Immunoblot showing the expression of �-tubulin in control and Cdk5 �/� neurons. D, Immunoblot showing the
amount of �-tubulin in the MT polymers (P) and protomeric soluble pool (S) in Cdk5 �/� and control neurons.
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(Muchowski et al., 2002; Taylor et al., 2003; Webb et al., 2004).
These results were interpreted to indicate that suppression of
inclusion body formation increases the toxic species that are oth-
erwise sequestrated into nontoxic inclusions (Taylor et al., 2003).
According to this scenario, Cdk5/p35 might enhance the toxicity
of mhtt by inhibiting the clearance of the toxic component. How-
ever, unlike nocodazole treatment in HEK293 cells expressing a
poly(Q)-androgen receptor (AR-112Q) after which SDS-
insoluble aggregates persist (Taylor et al., 2003), the SDS-
insoluble aggregates of mhtt disappeared with coexpression of
Cdk5/p35. Thus, Cdk5/p35 appears to inhibit the formation of
SDS-insoluble oligomers. If the SDS-insoluble oligomers are
toxic species, Cdk5/p35 would work as a protective factor.

mhtt aggregate formation in primary neurons was regulated
by Cdk5 activity. When Cdk5 activity was increased by p35 ex-
pression, aggregate formation was suppressed. In contrast, when
Cdk5 activity was downregulated by gene knock-out or siRNA
technique, aggregate formation was enhanced. The balance be-
tween Cdk5 activity and mhtt protein concentration may be crit-
ical. Aggregate formation should also be increased in neurons
because the expression levels of MTs are high. Cdk5 kinase activ-
ity is reduced in HD mouse models (Luo et al., 2005), and down-
regulation of Cdk5 is observed in the brains of HD patients (Tam
et al., 2006). As a result of reduced Cdk5 activity, MTs may be
overstabilized, or transport on MTs may be biased in a particular
direction, resulting in higher local concentrations of mhtt in neu-
rons of HD patients. In contrast, it is well known that abnormal
activation of Cdk5 in neurons causes hyperphosphorylation of
tau, possibly leading to aggregation of tau and then to neuronal
cell death in Alzheimer’s disease (Patrick et al., 1999; Noble et al.,
2003; Cruz et al., 2006). Thus, proper regulation of Cdk5 kinase
activity may be necessary for neuronal survival. Moreover, ma-
nipulating Cdk5 kinase activity in neurons may provide the pos-
sibility of regulating development of neurodegenerative diseases
such as HD and Alzheimer’s disease.
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