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An expanded polyglutamine tract (>37 glutamines) in the N-terminal region of huntingtin (htt) causes htt to
accumulate in the nucleus, leading to transcriptional dysregulation in Huntington disease (HD). In HD
knock-in mice that express full-length mutant htt at the endogenous level, mutant htt preferentially accumu-
lates in the nuclei of striatal neurons, which are affected most profoundly in HD. The mechanism underlying
this preferential nuclear accumulation of mutant htt in striatal neurons remains unknown. Here, we report that
serine 16 (S16) in htt is important for the generation of small N-terminal fragments that are able to accumulate
in the nucleus and form aggregates. Phosphorylation of N-terminal S16 in htt promotes the nuclear accumu-
lation of small N-terminal fragments and reduces the interaction of N-terminal htt with the nuclear pore com-
plex protein Tpr. Mouse brain striatal tissues show increased S16 phosphorylation and a decreased
association between mutant N-terminal htt and Tpr. These findings provide mechanistic insight into the
nuclear accumulation of mutant htt and the selective neuropathology of HD, revealing potential therapeutic
targets for treating this disease.

INTRODUCTION

Huntington disease (HD) is a late-onset neurodegenerative dis-
order caused by a polyglutamine (polyQ) expansion (.37 glu-
tamines) in the N-terminal region of huntingtin (htt).
Full-length htt, a 350 kDa protein, is predominantly localized
in the cytoplasm; however, mutant htt with an expanded polyQ
tract can accumulate in the nucleus and forms nuclear
inclusions (1,2), the major histopathological hallmark of HD
that is also seen in other polyQ diseases (3). The aberrant
nuclear localization of mutant htt precedes neuropathology
(4) and leads to transcriptional dysregulation via interactions
with a number of transcription factors (5–7). Importantly, in
HD knock-in (KI) mice that express full-length mutant htt
under the control of the endogenous mouse htt promoter,
mutant htt preferentially accumulates in the nuclei of
neurons in the striatum (8–10), a brain region that is most
profoundly affected in HD (11,12).

It is evident that mutant htt is localized in the nucleus and
cytoplasm and affects a variety of cellular functions. Although
the nuclear localization of mutant htt plays a critical role
in gene transcriptional dysregulation, how mutant htt

accumulates in neuronal nuclei remains a mystery. Transgenic
mouse models of HD clearly show that N-terminal htt frag-
ments can accumulate in neuronal nuclei in the brain and
cause severe neurological symptoms (13,14). Consistently,
various N-terminal htt fragments can be generated via proteol-
ysis by a number of proteases, including caspases, calpain and
matrix metalloproteinase (15–17). Recent studies showed
that mimicking phosphorylation of both serine 13 and 16 in
the N-terminal region of htt influences the nuclear localization
and toxicity of mutant htt (18,19). These studies raised several
important questions about HD pathogenesis. First, because
full-length htt is found in the nucleus (20–22), but only
N-terminal mutant htt is able to form nuclear inclusions
(1,2), we need to know whether phosphorylation regulates
the nuclear localization of full-length or N-terminal htt, a
prerequisite for the toxic effect of mutant htt in the nucleus.
Secondly, although double mutations of serine 13 and 16
indicate the effects of their phosphorylation on htt (18,19),
knowing which serine residue is more important for the
nuclear localization of mutant htt could point to a more
specific therapeutic target. Also, because full-length htt
plays vital roles in a variety of cellular functions, although
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N-terminal mutant htt causes a toxic gain of function, it is
important to know whether post-translational modifications
of different forms of htt lead to different consequences.

We found that phosphorylation of serine 16 (S16) promotes
the nuclear localization and aggregation of N-terminal mutant
htt. Mouse striatal tissues have increased S16 phosphorylation,
which can reduce the association of N-terminal mutant htt
with Tpr, a nuclear pore complex protein that is involved in
the nuclear export of proteins (23–26). Our findings establish
that S16 phosphorylation plays a critical role in the selective
neuropathology of HD, suggesting a specific therapeutic
target for its treatment.

RESULTS

Nuclear accumulation of N-terminal htt fragments
is regulated by phosphorylation

Investigation of various animal (27–33) and cellular (34–38)
models has provided convincing evidence that small
N-terminal fragments of mutant htt can accumulate in the
nuclei of cells. Moreover, the nuclear accumulation of
mutant htt is associated with neurological phenotypes in trans-
genic animals (37,38). Although phosphorylation of both S13
and S16 in N-terminal htt is known to increase the nuclear
localization of htt in cultured cells (18), the question of
which serine residue is most important for this nuclear local-
ization remains unanswered. Using a mutagenesis approach
to express transfected N-terminal htt (1–208 amino acids
with 23Q) in HEK293 cells, we found that phosphorylation
of S16 was more important than that of S13 in the mediation
of htt nuclear localization, because replacing S16, rather than
S13, with the phosphomimetic residue aspartic acid (D16)
increased the nuclear localization of N-terminal htt in cultured
HEK293 cells (Fig. 1A). To examine the subcellular localiz-
ation of mutant htt, we transfected N-terminal mutant htt
with S16 (N208-143Q-S16) in cultured primary rat brain stria-
tal neurons. Increased nuclear localization of N208-143Q-S16
was also seen in transfected primary rat brain striatal neurons
compared with N208-143Q-A16 (Fig. 1B). To more quantitat-
ively assess the subcellular localization of transfected htt,
we performed subcellular fractionation of htt-transfected
HEK293 cells. Western blotting revealed that N208-143Q
containing S16 substituted with the non-phosphorylatable
residue, alanine (A16), displayed a decrease in the nuclear
distribution of mutant htt (aggregated and degraded htt
fragments) compared with htt containing S16 or the phospho-
mimetic residue aspartic acid (D16) (Fig. 1C). The ability of
S16 phosphorylation to increase the nuclear distribution of
htt is also supported by the ratios of nuclear aggregated htt
to total aggregated htt in the lysates of those cells that
expressed S16-, A16- or D16-htt (Fig. 1D).

Because mutagenesis could induce protein conformational
changes independent of phosphorylation, we also treated cul-
tured cells with okadaic acid (OA), a phosphatase inhibitor
that can induce cellular phosphorylation without affecting via-
bility when it is used at 100 nM for 4 h. This treatment
increased the nuclear accumulation of the aggregated
and degraded forms of N208-143Q with S16, but not with
A16 (Fig. 2). Immunocytochemical analysis confirmed the

increased nuclear localization of transfected N208-143Q
with S16 (Fig. 2A). We also noted that endogenous full-length
human htt (arrowhead in Fig. 2B) in HEK293 cells showed no
change in its nuclear distribution after OA treatment
suggesting that only the nuclear localization of N-terminal
mutant htt is regulated by S16 phosphorylation.

Because the A16 mutation reduces htt nuclear localization,
as well as the amount of degraded products of N208-143Q and
the aggregated htt (Fig. 1B), the smaller degraded products are
likely to accumulate in the nucleus and form nuclear aggre-
gates, which can also be promoted by S16 phosphorylation.
To test this idea, we expressed N208-143Q, which was
tagged with the HA epitope at its C-terminus, in HEK293
cells. As evidenced by the loss of anti-HA staining, the
degraded htt products formed by the removal of the C-terminal
HA epitope were able to accumulate in the nucleus (Fig. 3A).
This finding indicates that proteolytic cleavage is an important
step in generating smaller fragments that can more readily
accumulate and form aggregates in the nucleus.

The nuclear localization of N-terminal mutant htt may occur
via passive diffusion and may depend on the size of the
N-terminal fragments. Subcellular fractionation confirmed
that smaller N-terminal htt fragments show more nuclear
localization than larger N-terminal htt fragments (Fig. 3B
and C). This is also supported by immunofluorescent staining
of transfected HEK293 cells and primary rat cortical neurons
(Fig. 4). Furthermore, N208-143Q reduced the viability of cul-
tured HEK293 cells compared with larger N-terminal mutant
htt fragments (Fig. 3D). The increased nuclear accumulation
of N208-104Q compared with larger fragments is consistent
with the idea that nuclear localization of mutant htt can
increase its cytotoxicity (34–38).

Increased S16 phosphorylation in mouse striatal tissues

Because striatal neurons show preferential accumulation of
mutant htt and because S16 phosphorylation can promote
the nuclear localization of mutant htt, we wanted to
examine whether levels of S16 phosphorylation are increased
in striatal tissues. To this end, we synthesized two biotin-
tagged peptides of the N-terminal 17 amino acids of htt
containing either S16 (N17-S16) or A16 (N17-A16). The
synthesized peptides were incubated with mouse striatal,
cortical and cerebellar lysates as the kinase source and radio-
labeled ATP as the phosphate source. The peptides were
then isolated from the in vitro phosphorylation reaction
with streptavidin beads and spotted on a nitrocellulose mem-
brane for autoradiography or subjected to liquid scintillation
counting to assess the phosphorylation levels (Fig. 5A). This
assay revealed that mouse brain lysates do contain kinases or
other cellular factors that can selectively increase the phos-
phorylation of S16, but not A16 peptides (Fig. 5B).
Although liquid scintillation counting results (c.p.m.) varied
because of the variable radioactivity of 32P used, this assay
also verified that incubation with striatal lysates resulted in
much more N17-S16 phosphorylation than incubation with
the cortical or cerebellar lysates under the same in vitro
assay conditions (lower panel in Fig. 5C). To test whether
N-terminal htt also shows an increased ability to be phos-
phorylated in the striatum, we expressed N208-23Q
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containing either S16 (N208-S16) or A16 (N208-A16)
(upper panel in Fig. 5D), as these proteins can be more effi-
ciently immunoprecipitated by EM48 than aggregated htt.
We used N208-S16 or N208-A16 as the substrates for the

in vitro phosphorylation assay. As we saw with the peptides,
the immunoprecipitated N208-S16 htt also showed more
phosphorylation by the striatal tissue lysates than the cortical
or cerebellar lysates (lower panel in Fig. 5D).

Figure 1. S16 of htt promotes the nuclear aggregation of N-terminal mutant htt. (A) HEK293 cells were transfected with N-terminal htt (N208-23Q), with S13
substituted by alanine (A13) or aspartic acid (D13), or with S16 substituted by alanine (A16) or aspartic acid (D16). Mimicking phosphorylation on S16 (D16)
led to more nuclear distribution of htt than on S13 (D13). (B) Transfection of N208-143Q-S16 or -A16 in cultured rat striatal neurons showing that A16 sub-
stitution reduces the nuclear accumulation and aggregation of N-terminal mutant htt. (C) Subcellular fractionation of HEK293 cells transfected with mutant
N-terminal htt (N208-143Q) containing S16, A16 or D16. EM48 western blotting reveals aggregated htt in the stacking gel, as well as soluble htt (arrow)
and its degraded products (bracket) in the resolving gel. The blot was also probed with the antibody to the nuclear protein TATA-box-binding protein (TBP)
and the cytoplasmic protein GAPDH. (D) The relative level of aggregated htt in the nucleus was determined using densitometry to calculate the ratio of
nuclear aggregated htt to total aggregated htt.
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We also used nuclear and cytosolic fractions from mouse
brain tissues to assess their activity on S16 phosphorylation.
Although the fractionation seemed to reduce nuclear S16
phosphorylation activity compared with S16 phosphorylation
activity by the total lysates, the nuclear fraction from the stria-
tal tissue showed higher S16 phosphorylation activity than

either the cytosolic fraction or those fractions from the
cortex (Fig. 5E and F). The normal function of S16 phos-
phorylation in the cytosolic fraction remains to be investi-
gated. However, it is likely that the nuclear environment in
striatal neurons favors S16 phosphorylation. The higher S16
phosphorylation activity in mouse striatal tissues is consistent

Figure 2. OA-induced phosphorylation increased the levels of nuclear N208-143Q containing S16. (A) EM48 immunostaining of transfected HEK293 cells
expressing N208-143Q-S16 or N208-143Q-A16 after treatment with OA (50 and 100 nM for 15 min). The control is cells without OA treatment. (B) Represen-
tative western blot (n ¼ 3) of nuclear and cytosolic fractions of transfected HEK293 cells treated with 100 nM OA for 4 h. Substitution of S16 by alanine (A16)
eliminated this increased nuclear level. The arrowhead indicates full-length normal htt in HEK293 cells. The arrow indicates soluble transfected htt. The bracket
indicates degraded htt fragments. (C) Densitometry analysis of the ratio of nuclear soluble htt to htt in total lysates.
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with S16 phosphorylation promoting the nuclear localization
of mutant htt and the preferential localization of N-terminal
mutant htt in the mouse striatum.

Mutant htt with phosphorylated S16 is enriched in the
striatal nuclei and shows decreased binding to Tpr

To further examine S16-phosphorylated htt in the mouse
brain, we generated a phospho-specific antibody against phos-
phorylated S16 of htt (anti-S16). Western blot analysis of
transfected htt showed that anti-S16 is specific to N208-S16,
but not to N208-A16 (Fig. 6A). We next asked whether the
striatum is enriched for htt phosphorylated at S16 in the
mouse brain that expresses full-length mutant htt by perform-
ing immunohistochemistry on brain sections from CAG140 KI

Figure 3. Shorter N-terminal htt fragments are more prone to nuclear accumu-
lation than longer N-terminal fragments. (A) Expression of N208-143Q with
the HA epitope at its C-terminus in HEK293 cells. Double immunofluorescent
staining reveals that proteolytic N-terminal fragments without the HA epitope
form nuclear aggregates (arrow) that were only labeled by EM48. (B)
N-terminal htt (N208, N300 or N500) of varying lengths (208, 300 or 500
amino acids) with 140-143Q was transfected into HEK293 cells. Subcellular
fractionation followed by western blotting with antibodies to htt (EM48),
the nuclear protein TBP and the cytoplasmic protein GAPDH. (C) The ratio
of nuclear to cytoplasmic htt was calculated via densitometry of western
blots (n ¼ 3) to compare the amounts of nuclear accumulation of each N-
terminal fragment (N208, N300, N500). (D) HEK293 cells were transfected
with N208, N300 or N500 containing 140Q for 48 h. A wild-type N-terminal
htt with 23Q (N208-23Q) served as a control. Cell lysates were used for an
MTS assay to compare cell viability expressing htt fragments of different
sizes. ∗P , 0.05.

Figure 4. Small N-terminal mutant htt fragments show increased nuclear
accumulation in transfected cells. EM48 immunostaining of HEK293 cells
(A) or primary rat striatal neurons (B) transfected with N-terminal mutant
htt of different lengths (208, 300 and 500 amino acids) containing
140-143Q. Transfected htt was tagged with the HA epitope at its C-terminus.
The nuclei were stained with Hoechst dye.
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Figure 5. Mouse striatal tissue lysates phosphorylate S16 of N-terminal htt at a higher level than lysates from other brain regions. (A) Lysates of the striatum,
cortex and cerebellum from wild-type mice were incubated with N-terminal htt peptides or transfected N-terminal htt. The in vitro phosphorylation with 32P-ATP
was analyzed by dot blotting and quantified by liquid scintillation counting. (B) The N-terminal 17 amino acid peptide of htt containing S16, but not A16, was
phosphorylated in vitro using the method described in (A). (C) Western blotting for g-tubulin was used to verify equal amounts of lysates (upper panel). Dot blot
analysis (middle panel) and liquid scintillation counting (lower panel) of the in vitro phosphorylation reactions showed that striatal lysates significantly
phosphorylated S16 of htt to a greater extent than the lysates from the cortex or cerebellum. (D) N208-23Q with S16 or A16 was expressed in transfected
HEK293 cells and immunoprecipitated with EM48. Western blotting with mEM48 verified the precipitated htt (upper panel). Dot blot analysis (middle
panel) and liquid scintillation counting (lower panel) from three independent experiments show that the precipitated N208-S16 htt was significantly more phos-
phorylated by the striatal lysates than the lysates from the cortex or cerebellum. (E) Total, nuclear and cytosolic fractions from the mouse striatum and cortex
were used as the source of kinase to phosphorylate N17-16 and N17-A16. Dot blot analysis shows that the striatal nuclear fraction produced a higher level of S16
phosphorylation than the cytosolic fraction. (F) Liquid scintillation counting also revealed a significantly higher level of phosphorylated S16 by the striatal
nuclear lysate, though the fractionation decreased the activity compared with total cell lysates. Control is the c.p.m. in the absence of peptides. ∗P , 0.05;
∗∗P , 0.01; ∗∗∗P , 0.001.
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mice. Compared with the cortex and cerebellum, there was
indeed more intense staining of the striatum by anti-S16.
Also, there was an increase in anti-S16 staining in a

24-month-old mouse compared with a 6-month-old mouse
(Fig. 6B). Under the same staining conditions, the wild-type
mouse striatum showed no obvious anti-S16 staining. It is

Figure 6. htt with phosphorylated S16 is more abundant in the striatal neurons and is partly colocalized with EM48-positive small aggregates at the perinuclear
region. (A) Generation of a phospho-S16 (anti-S16)-specific antibody. The specificity of anti-S16 for phosphorylated S16 was verified by western blotting of
lysates from HEK293 cells expressing either N208-23Q-S16 or N208-23Q-A16 (upper panel). The same blot was also probed with the mEM48 antibody
(lower panel). (B) Immunohistochemistry with anti-S16 was used to compare the levels of S16-phosphorylated htt in the striatum (Str), cortex (Ctx) and cerebellum
(Cereb) of full-length htt (CAG140) KI mice at 6 or 24 months of age. S16-phosphorylated htt in the striatum increased with age and was more abundant than in the
cortex. (C) Anti-S16 labeled diffuse htt and small aggregates, whereas EM48 intensively labeled large nuclear htt inclusions in the striatum of a CAG140 KI mouse.
(D) Double immunostaining of the striatum of a CAG140 KI mouse with anti-S16 (green) and mEM48 (red) revealed that S16-phosphorylated htt was localized to
mEM48-positive small perinuclear aggregates (arrows) in the perinuclear region. Hoechst dye was used to stain the nucleus.
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possible that phosphorylation of S16 in the normal mouse
brain is transient or unstable, so that this phosphorylation
can only be detected when the phosphorylated htt accumulates
in aged HD mouse brains. High-magnification micrographs
show that anti-S16 staining appeared to be diffuse in cells
and in small aggregates, whereas EM48 intensely labeled
large nuclear inclusions (Fig. 6C). We then performed
double immunofluorescent staining to define the colocalization
of proteins in distinct aggregates. Some small perinuclear
EM48-positive aggregates, but not large nuclear aggregates,
were labeled by anti-S16 (Fig. 6D), suggesting that S16 phos-
phorylation may be dynamic, becoming lost in the N-terminal
htt in large inclusions. The staining of the small perinuclear htt
aggregates by anti-S16 is consistent with previously published
data showing that N-terminal htt accumulates in clusters at the
perinuclear region prior to translocation into the nucleus (39).

The 1C2 antibody, which reacts with the expanded polyQ
domain and can specifically recognize mutant htt, was used
to perform immunoblotting of subcellular fractions from
CAG140 KI mice. The results revealed that htt fragments
,75 kDa were enriched in the nuclear fraction (Fig. 7A).
These fragments are comparable with degraded products
from N208-143Q in transfected cells. To examine whether
the striatum contains more S16-phosphorylated htt fragments
in CAG140 KI mice, we performed immunoprecipitation
with 1C2 to enrich for the mutant htt fragments, as transient
or unstable phosphorylation may lead to low phosphorylated
htt levels. The immunoprecipitates were then probed with
anti-S16 to reveal phosphorylated htt, which showed that the
striatum of the CAG140 KI mice contained more phosphory-
lated N-terminal htt fragments than the cortex (the bracket
in Fig. 7B). Phosphorylation of full-length mutant htt (the
arrow in Fig. 7B) also appeared to be more abundant in the
striatum than the cortex.

S16 phosphorylation may regulate htt’s association with
nuclear proteins to promote its nuclear accumulation. Since
the nuclear export of htt involves the nuclear pore complex
protein called Tpr (25), we explored whether S16 phosphoryl-
ation could alter the association of Tpr with N208-143Q.
polyQ-expanded exon1 htt or N500-htt was cotransfected
with GST-Tpr into HEK293 cells. A GST pulldown was
used to show that more N500-htt and its degraded products
than exon1 htt were pulled down. Importantly, endogenous
full-length human htt did not bind GST-Tpr (Fig. 7C),
suggesting that protein context influences the interaction of
N-terminal mutant htt with Tpr. Increased cellular phosphoryl-
ation by OA treatment reduced the association of N-terminal
mutant htt with GST-Tpr (Fig. 7C), further suggesting that
phophorylation of S16 is important for the binding of
N-terminal htt to Tpr. We then used transfected proteins in
HEK293 cells to assess the binding of GST-Tpr to
N208-143Q containing either S16 or A16. A GST pulldown
experiment also revealed a decreased interaction between
GST-Tpr and transfected N208-143Q htt containing S16 com-
pared with N208-143Q containing the A16 substitution
(Fig. 7D). This result suggests that when N-terminal mutant
htt is phosphorylated at S16, its association with Tpr is
decreased, which may lead to increased localization in the
nucleus. Because mouse striatal tissues show increased S16
phosphorylation, we wanted to test whether N-terminal htt

fragments in the striatum have a decreased association with
Tpr; so we performed GST-Tpr pulldown to compare the
association of N-terminal htt fragments with Tpr in different
brain regions. As revealed by 1C2 staining of the pulldown
samples, GST-Tpr associated with fewer N-terminal htt frag-
ments in the striatum than in the cortex or cerebellum
(Fig. 7E). These findings support the idea that striatal tissues
are enriched for mutant htt phosphorylated at S16, which
reduces the association of N-terminal htt with the nuclear
export protein Tpr and increases the nuclear accumulation
and aggregation of mutant htt, leading to the preferential
nuclear accumulation of mutant htt in the striatum. A sche-
matic diagram for this idea is also depicted in Figure 8.

DISCUSSION

Nuclear translocation of N-terminal htt fragments is an impor-
tant process in HD pathogenesis, yet the mechanisms under-
lying this nuclear localization, especially the preferential
nuclear accumulation of mutant htt in striatal neurons,
remain unclear. Here we found that this nuclear localization
is associated with increased phosphorylation of S16 of
N-terminal htt and decreased interaction with the nuclear
pore protein Tpr, which is involved in nuclear export of pro-
teins (23–26). These results provide new insights into the
selective neuropathology of HD and add to recent findings
about the important roles of post-translational modification
on HD neuropathology.

Although full-length htt is known to localize in the nucleus
(20–22), various HD KI mouse models clearly show that
N-terminal mutant htt can preferentially accumulate in the
nuclei of striatal neurons (8–10). Understanding this phenom-
enon is important to explain the selective neurodegeneration
seen in HD. Here we show that phosphorylation of S16 can
promote the nuclear localization of N-terminal mutant htt.
This is consistent with a recent report that phosphorylation
of both S13 and S16 can increase nuclear htt accumulation
(18), but our new finding reveals that S16 is more important
than S13 for regulating the nuclear localization of mutant htt
and that striatal tissues show increased S16 phosphorylation,
providing a more selective target for future therapeutics.

Our results also support the idea that the nuclear import of
htt is a passive diffusion process that depends on the size of
imported proteins, since smaller N-terminal htt is more
readily distributed in the nucleus. The fact that mutant htt
shows preferential localization in the nuclei of striatal
neurons in HD KI mice (8–10) suggests that tissue-specific
factors are responsible for this preferential accumulation;
however, this preferential accumulation is absent in transgenic
R6/2 mice that express exon1 mutant htt under the control of
the human htt promoter (40) and N171-82Q mice that express
the first 171 amino acids of htt under the control of the mouse
prion promoter (28). Analysis of various HD mouse models
expressing full-length mutant htt demonstrates the presence
of multiple N-terminal fragments at higher molecular
weights than those of exon1 htt and N171-82Q (29,41–43).
PolyQ-containing peptides become more aggregated when
they contain fewer amino acids (other than the polyQ tract)
and when they are expressed at higher levels (44). Also, we
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found that exon1 mutant htt binds to Tpr weakly compared
with larger N-terminal mutant htt fragments. Thus, overex-
pression of small N-terminal htt, such as exon1 htt, can facili-
tate its aggregation in neuronal nuclei, thereby preventing its
nuclear export and making its accumulation in the striatum
no longer cell type dependent. When mutant htt is expressed
at an endogenous level, N-terminal htt fragments that are
larger than exon1 htt and can passively enter the nucleus
may also be exported via passive diffusion or interaction

with other nuclear proteins, such as Tpr. Aging is likely to
increase the accumulation of N-terminal htt fragments,
because of a reduced cellular capacity to refold or clear
these fragments in the neuronal nucleus. Our findings
suggest that the export of N-terminal htt fragments from
the nucleus is more dependent on the interaction of these
fragments with Tpr, which can be inhibited by S16 phos-
phorylation. Therefore neurons, including striatal neurons,
with increased phosphorylation of S16 in htt would show a

Figure 7. N-terminal mutant htt with phosphorylated S16 is enriched in the nuclear fraction of striatal neurons and shows decreased binding to Tpr. (A) 1C2
western blotting revealing that N-terminal mutant htt fragments ,75 kDa (marked by the bracket) are present only in the total and nuclear fractions, but not in
the cytosolic fractions, of the mouse striatum and cortex. The same blot was also probed with antibodies to the cytoplasmic protein GAPDH and the nuclear
protein TBP. (B) Mutant htt in CAG140 KI mouse striatum and cortex was immunoprecipitated by 1C2. Western blots with anti-S16 and 1C2 showed more
abundant N-terminal fragments (marked by the bracket) in the striatum that were labeled by anti-S16. Densitometry analysis (lower panel) of the relative per-
centage of phosphorylated full-length htt by measuring the intensity of htt labeled by anti-S16 relative to htt labeled by 1C2. (C) HEK293 cells were cotrans-
fected with GST-Tpr and exon1-150Q or N500-htt-140Q htt. More N500-htt-140Q and its degraded products than exon1-150Q were precipitated by GST-Tpr.
Note that very little full-length normal htt (arrow) was precipitated and that increased phosphorylation by OA treatment reduces the interaction of N-terminal htt
with GST-Tpr. (D) HEK293 cells were cotransfected with GST-Tpr (bracket) and N208-143Q containing S16 or A16. A GST pulldown followed by western
blotting with mEM48 showed that phosphorylation elimination by A16 substitution increased the association of htt with Tpr. (E) Striatal, cortical and cerebellar
lysates were prepared from CAG140 KI mice and incubated with GST-Tpr or GST alone. Western blotting of the GST pulldown samples with 1C2 showed that
the binding of N-terminal htt fragments (marked by the bracket) to Tpr was reduced in the striatum. The blot was also probed with an antibody to GST to reveal
GST and GST-Tpr used for the precipitation of mouse brain mutant htt.
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greater accumulation of mutant htt and formation of htt aggre-
gates in their nuclei during aging.

The role of nuclear aggregates of polyQ proteins in neuronal
degeneration remains to be defined. The HD mouse model we
investigated in our study does not show obvious neurodegen-
eration and apoptosis. Species differences may account for the
lack of overt neurodegeneration or apoptosis in HD mouse
models (33). Despite this, the nuclear localization of htt has
been established as a critical step toward HD pathology
(34–38). However, recent studies suggest that phosphoryl-
ation of N-terminal mutant htt is protective against htt toxicity
(18,19), although mimicking S13 and S16 phosphorylation
also promotes nuclear htt accumulation (18). Because these
studies used mutations of both S13 and S16, whether phos-
phorylation of S13 and S16 individually mediated different
events was unclear. Since there is very little nuclear htt in
the BAC transgenic HD mice (19), the protective effects
seen in these mice could be due to the effect of phosphoryl-
ation on cytoplasmic htt, or it could result from a lower
level of transgenic htt due to the replacement of both S13
and S16 by aspartic acid residues. A key insight from the
above studies is that the phosphorylation of htt can increase
its nuclear localization (18). Our study identified S16

phosphorylation as an important modulator in the generation
of small htt fragments. These small N-terminal htt fragments
can accumulate in the nucleus to affect gene expression or
become inclusions that can also be protective.

Post-translational modifications are known to influence
polyQ protein toxicity (45), and the effects of these modifi-
cations on the function of full-length htt appear to be
diverse and complex (21,46–49). This is perhaps because full-
length htt plays vital roles in a variety of cellular functions.
Our finding that increased S16 phosphorylation occurs in the
striatum uncovers a more specific target for reducing the selec-
tive nuclear accumulation of htt in neuronal cells. S16 phos-
phorylation in htt was not found to be mediated by IKK,
which could phosphorylate S13 (18). The molecule(s) respon-
sible for S16 phosphorylation remain to be identified. The
increased S16 phosphorylation in striatal neurons could be
due to increased activity of a kinase or reduced activity of a
phosphatase in striatal neurons. There are many potential
pathophysiological triggers that could cause aberrant phos-
phorylation. For example, age-dependent cellular stress can
be the initiating event to alter kinase or phosphatase activity.
Transcription dysregulation mediated by mutant htt could
result in altered expression of the putative kinase or

Figure 8. Schematic diagram of increased S16 phosphorylation and nuclear accumulation of mutant htt. In the cytoplasm, full-length mutant htt is proteolytically
degraded into small N-terminal htt fragments, which can enter the nucleus. Increased phosphorylation of S16 in N-terminal mutant htt enhances its aggregation
and reduces its association with the nuclear pore complex protein Tpr, resulting in the accumulation of mutant htt in the nucleus. The size of N-terminal htt does
not represent its actual proportion of full-length htt.
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phosphatase. Identifying the cellular factors or signaling path-
ways responsible for this increased phosphorylation in striatal
neurons would help in the development of effective thera-
peutics. Moreover, understanding the mechanism behind the
selective accumulation of mutant htt in affected neurons also
has broader implications for the selective neuropathology
seen in other polyQ diseases that feature the nuclear accumu-
lation of polyQ proteins.

MATERIALS AND METHODS

Animals

All animal procedures were approved by the Institutional
Animal Care and Use Committee of Emory University.
Full-length mutant htt KI (CAG140) mice were provided by
Dr Michael Levine at UCLA (27) and were maintained in
the animal facility at Emory University in accordance with
institutional guidelines.

DNA constructs

PRK-HA vectors expressing htt fragments with N-terminal
lengths of 208, 300 or 500 amino acids containing 140-143Q
with the HA epitope at the C-terminus were generated. Site-
directed mutagenesis was performed to replace S16 with
alanine (A16) and aspartic acid (D16) in the htt constructs.
PCR primers [reverse: 5′-ATGAAAGCCTTCGAGTCCCTC
AAGGCCTTCCAG-3′ (A16) or 5′ATGAAAGCCTTCGAGT
CCCTCAAGGACTTCCAG-3′ (D16); forward: 5′-ATTTCCT
TATAGAGCTCGAGCTGTAACCTTGGAAGATTAGAAT
CC-3′] were designed for the first round to introduce the
mutation. PCR primers (forward: 5′-ATTTCCTTATAGAGC
TCGAGCTGTAACCTTGGAAGATTAGAATCC-3′; reverse:
5′-TAGGATCCGCCATGGCGACCCTGGAAAAGCTGATG
AAGGCCTTCGAGTCCCTC-3′) were designed for the
second round of PCR to introduce the BamHI cloning site
into the construct for insertion into the PRK-HA vector.
Constructs were sequenced through Macrogen to confirm the
correct mutations.

Antibodies and reagents

The anti-htt antibodies (rabbit EM48 and mouse mEM48)
were previously produced in our laboratory (50). A polyclonal
antibody against phospho-S16 of htt was generated by
AnaSpec, Inc., using a peptide containing the first 5–22
amino acids (CLEKLMKAFESLK-pS-FQQ) of htt with phos-
phorylated S16 as the antigen. The peptides containing S16 or
A16 are labeled with biotin at the N-terminus and used for
phosphorylation analysis. The mouse antibody 1C2 was pur-
chased from Millipore (Temecula, CA, USA). The mouse
anti-g-tubulin antibody was purchased from Sigma-Aldrich
(St Louis, MO, USA) and used at a 1:50 000 dilution.
Additional antibodies used were against GAPDH (Ambion),
TBP N-12 (Santa Cruz) and HA (Cell Signaling). Secondary
antibodies were peroxidase-conjugated donkey anti-mouse or
donkey anti-rabbit IgG (H+L) from Jackson ImmunoResearch
(West Grove, PA, USA). OA was obtained from
Sigma-Aldrich.

Cell culture, transient transfection and drug treatments

HEK293 cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% FBS, 100 mg/ml penicillin,
100 units/ml streptomycin and 250 mg/ml fungizone ampho-
tericin B. Cells were incubated at 378C in 5% CO2. At a con-
fluency of 70%, the cells were transfected with 1–2 mg/well
(6-well plate) or 0.5–1 mg/well (12-well plate) of DNA and
lipofectamine (Invitrogen) for 48 h. For phosphorylation
studies, transfected cells were treated with 1.5 mM OA for
15 min in serum-free media.

Immunocytochemistry

Male and female mice were anesthetized and perfused intracar-
dially with phosphate-buffered saline (PBS, pH 7.2) for 30 s
followed by 4% paraformaldehyde in 0.1 M phosphate buffer
(PB) at pH 7.2. Brains were removed, cryoprotected in 30%
sucrose at 48C and sectioned at 40 mm using a freezing micro-
tome. Free-floating sections were in 4% paraformaldehyde in
0.1 M PB for 10 min and preblocked in 4% normal goat
serum in PBS, 0.1% Triton X, and then incubated with the
phospho-S16 or mEM48 antibody at 48C for 48 h.
The immunoreactive product was visualized with the
Avidin–Biotin Complex Kit (Vector ABC Elite, Burlingame,
CA, USA).

Transfected HEK293 cells were fixed with 4% paraformal-
dehyde for 15 min and then blocked for 1 h with 3% BSA and
0.2% Triton X-100 in 1× PBS. Cells were incubated over-
night with mEM48 (1:100 dilution) in 3% BSA in 1× PBS.
The nucleus was visualized using Hoechst staining (Molecular
Probes) at a dilution of 1:5000. Fluorescent images were
obtained using a Zeiss microscope (Axiaovert 200 MOT)
with a digital camera (Hamamatsu Orca-100) and Openlab
software (Improvision, Inc.).

Primary neuron culture and transfection

Neurons from the striatum and cortex of E18 rats were isolated
and washed in Hank’s balanced salt solution (HBSS; Invitro-
gen). Neurons were treated with 2.5% trypsin in HBSS at
378C for 10 min and then cultured in sterile-filtered neurobasal
medium (2 mM L-glutamine, 2% B-27 supplement, 100 U/ml
streptomycin and 100 U/ml penicillin) on poly-D-lysine-
coated plates. At 50–70% confluence in a 12-well plate, the
cells were transfected with 2 mg of DNA/well and lipofectamine
2000 (Invitrogen). After 5 h, the transfection reagent was
removed and replaced with half fresh neurobasal medium and
half pre-transfection neurobasal medium.

Cell viability assays

An MTS assay kit (Promega G3850) was used to measure cell
viability. Transfected HEK293 cells were collected in cold
serum-free medium and washed twice. The cells were resus-
pended in serum-free medium, and 75 ml of the cells and the
MTS reagent were added to a well of a 96-well plate in tripli-
cate. After 30 min at 378C, a SpectraMax Plus plate reader
(Molecular Devices) was used to quantify color changes corre-
sponding to cell viability.
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Immunoprecipitation

Transfected cells or mouse brain tissue lysates were collected
and lysed in Nonidet P-40 lysis buffer [50 mM Tris–HCl (pH
7.4), 50 mM NaCl, 0.2% Triton X-100, 1% Nonidet P-40,
1 mM PMSF, 1:100 protease inhibitor cocktail (P8340,
Sigma), 10 mM NaF and 0.2 mM NaVO3]. Lysates were
cleared with 50 ml of protein A beads (Sigma) for 1 h at
48C. Cleared lysates were incubated overnight with mEM48
at a dilution of 1:10 at 48C while rocking. Twenty-five micro-
liters of fresh protein A beads were added for 2 h and then
washed three times with Nonidet P-40 buffer. 1% SDS was
added to the beads which were then boiled and analyzed by
western blotting.

GST pulldown

Transfected cells were lysed in Nonidet P-40 lysis buffer. GSH
beads (50 ml) were added to each reaction. The reactions were
incubated at 48C for 3 h of rocking. The beads were isolated
by centrifuging at 1000 r.p.m. for 30 s. The beads were
washed three times with NP-40 buffer and resusupended in
1× SDS-protein-loading dye.

Nuclear fractionation and western blotting

To isolate the nuclear fraction from transfected HEK293 cells,
the cells were collected and incubated on ice for 10 min in
buffer A [20 mM Tris–HCl, pH 7.4, 10 mM NaCl, 3 mM

MgCl2, 1 mM PMSF, 10 mM NaF, 0.2 mM NaVO3 and 1:100
protease inhibitor cocktail (P8340, Sigma)]. Cells were passed
through a 22-g syringe to release the cytoplasmic protein.
Cells were centrifuged at 12 000g for 30 s to collect the intact
nuclei. The supernatant was clarified at 16 000 r.p.m. for
5 min and saved as the cytoplasmic fraction. The nuclei were
washed with buffer A three times and lysed in PBS lysis
buffer [1× PBS, 1% Triton X-100 and 1:100 protease inhibitor
cocktail (P8340, Sigma)].

Brain tissues from mice at 4–8 months of age were hom-
ogenized for 20 strokes with a glass-on-glass homogenizer
in a homogenizing buffer at 0.1 g/ml [0.25 M sucrose, 15 mM

Tris–HCl, pH 7.9, 60 mM KCl, 5 mM EDTA, 1 mM EGTA,
100 mg/ml PMSF, 10 mM NaF, 0.2 mM NaVO3 and 1:100 pro-
tease inhibitor cocktail (P8340, Sigma)]. After incubating on
ice for 10 min, the intact nuclei were isolated by centrifuging
at 2000g for 5 min. The supernatant was clarified at
16 000 r.p.m. for 5 min and saved as the cytoplasmic fraction.
The nuclear pellet was washed twice with homogenizing
buffer and then lysed in 1× PBS lysis buffer.

In vitro phosphorylation assay

The striatum, cortex and cerebellum from a wild-type male
and female C3/BL6 mouse at 4–8 months of age were hom-
ogenized in Nonidet P-40 lysis buffer [50 mM Tris–HCl (pH
7.4), 50 mM NaCl, 0.2% Triton X-100, 1% Nonidet P-40,
1 mM PMSF, 1:100 protease inhibitor cocktail (P8340,
Sigma), 10 mM NaF and 0.2 mM NaVO3] at 2 mg/ml.
The S16 and A16 peptides or transfected N208-S16 and
N208-A16 immunoprecipitated from HEK293 cells were

incubated in 1× kinase buffer [20 mM HEPES (pH 7.6),
5 mM MgCl2, 55 mM KCl and 10 mM unlabeled ATP], lysate
from the striatum, cortex or cerebellum and 2 mCi of [g-32P]
ATP (Perkin Elmer) in a total reaction volume of 20 ml for
1 h at 308C. The peptides were separated from the rest of
the reaction by adding 100 ml of cold 1× PBS and 20 ml of
high-capacity streptavidin beads (Pierce) to the reaction and
by incubating at 48C while rocking for 2 h. The beads were
washed with 1× PBS and the peptide was eluted with 8 M gua-
nidine at pH 1.5. For the immunoprecipitated htt, the kinase
reaction was performed with htt attached to the beads. The
beads were isolated from the reaction and washed with 1×
PBS. Htt was eluted from the beads with 0.1 M glycine (pH
2.8). Two microliters of the eluate was spotted onto a nitrocel-
lulose membrane and exposed to autoradiography film. Phos-
phorylation levels were quantified by adding 2 ml of each
reaction to 5 ml of scintillation fluid (Ecolume) and by count-
ing the radioactive units with a liquid scintillation counter
(Beckman LS 6500). All counts were measured in triplicate.

Statistical analysis

Results generated from three or more independent experiments
are expressed as the mean+SD and were analyzed for stat-
istical significance using a two-tailed Student’s t-test.
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