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The first 17 amino acids of Huntington’s disease (HD) protein, huntingtin, comprise an amphipathic alpha-hel-
ical domain that can target huntingtin to the endoplasmic reticulum (ER). N17 is phosphorylated at two ser-
ines, shown to be important for disease development in genetic mouse models, and shown to be modified by
agents that reverse the disease phenotype in an HD mouse model. Here, we show that the hydrophobic face
of N17 comprises a consensus CRM1/exportin-dependent nuclear export signal, and that this nuclear export
activity can be affected by serine phospho-mimetic mutants. We define the precise residues that comprise
this nuclear export sequence (NES) as well as the interaction of the NES, but not phospho-mimetic mutants,
with the CRM1 nuclear export factor. We show that the nuclear localization of huntingtin depends upon the
RanGTP/GDP gradient, and that N17 phosphorylation can also distinguish localization of endogenous hun-
tingtin between the basal body and stalk of the primary cilium. We present a mechanism and multifunctional
role for N17 in which phosphorylation of N17 not only releases huntingtin from the ER to allow nuclear entry,
but also prevents nuclear export during a transient stress response event to increase the levels of nuclear
huntingtin and to regulate huntingtin access to the primary cilium. Thus, N17 is a master localization
signal of huntingtin that can mediate huntingtin localization between the cytoplasm, nucleus and primary
cilium. This localization can be regulated by signaling, and is misregulated in HD.

INTRODUCTION

Huntington’s disease (HD) is an autosomal-dominant,
age-onset neurodegenerative disorder for which there is no
treatment. HD is caused by a CAG DNA expansion in the
first exon of the IT15 gene, which translates to an expanded
polyglutamine tract in the mutant huntingtin protein (1). The
polyglutamine region is encoded immediately downstream of
the first 17 amino acids of huntingtin, termed the N17 domain.

The N17 domain forms an amphipathic alpha helix (2–6),
and is subject to multiple post-translational modifications including
phosphorylation (3,7,8), acetylation (8) and sumoylation (9). In
HD, mouse-derived striatal cells, polyglutamine-expanded hun-
tingtin is hypo-phosphorylated at serines 13 and 16 within the
N17 domain (3). The phosphorylation state of these residues is
known to influence mutant huntingtin-mediated toxicity in a

cell-based model (3), and HD phenotypes are abolished in
BAC transgenic mice expressing phospho-mimetic (S13D/
S16D) polyglutamine-expanded alleles, but not in those expres-
sing the phospho-resistant S13A/S16A alleles (10). Further-
more, treatment of symptomatic HD mice with the ganglioside
GM1, which restores N17 phosphorylation in mutant huntingtin,
also restores normal motor function (11).

The phosphorylation state and alpha-helical structure of
N17 participate in the regulation of huntingtin subcellular
localization. N17 has been reported to mediate mitochondrial,
endoplasmic reticulum (ER) and Golgi localization (5,12), as a
translocated promoter region (TPR)-dependent nuclear export
signal (13), as a ‘cytoplasmic retention-like domain’ (14) and
as a membrane-binding domain mediating ER, late endosomal
and autophagic vesicle localization (4). We have previously
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shown that mutations and post-translational modifications
resulting in the loss of N17 alpha-helical content result in
nuclear accumulation of N17–YFP fusion proteins and of en-
dogenous, full-length huntingtin (3,4). Furthermore, antibodies
that distinguish between unphosphorylated and phosphory-
lated N17 states display distinct subcellular patterns. Unmodi-
fied N17 huntingtin shows diffuse cytoplasmic and ER
localization, whereas phosphorylated N17 huntingtin is
detected at centrosomes, the mitotic spindle and cytokinetic
cleavage furrow, and at chromatin-dependent nuclear puncta
(3). Huntingtin subcellular localization is also regulated by a
nuclear export sequence (NES) recognized by the nuclear
export factor Chromosome region maintenance-1 (CRM1) or
exportin1, in the carboxyl-terminus third of the protein (15).

The nuclear–cytoplasmic distribution of the huntingtin
protein is likely to play an important role in HD progression.
Huntingtin localization is affected by cell stress, which triggers
N17 phosphorylation leading to its dissociation from the ER
and accumulation in the nucleus (3,4). Endogenous huntingtin
localizes to nuclear cofilin-actin rods during cell stress, and
this stress response is impaired in the presence of
polyglutamine-expanded mutant huntingtin (16). Nuclear hun-
tingtin is also known to affect transcriptional regulation, and
altered transcription upon polyglutamine expansion is thought
to be a key mechanism in HD pathogenesis (17). Compelling
evidence also supports the nucleus as a site of mutant
huntingtin-mediated toxicity. In cell-based systems, addition
of an exogenous nuclear localization signal (NLS) or nuclear
export signal (NES) to polyglutamine-expanded amino-terminal
huntingtin fragments has opposing effects on cell viability
(18,19), whereby nuclear exclusion is beneficial and nuclear lo-
calization is toxic. Mutation of methionine residue eight to
proline (M8P) disrupts N17 alpha-helical structure and leads
to nuclear localization of huntingtin, dramatically increasing
the toxicity of the expanded form (4). Similarly, transgenic
mice expressing an NLS fused to toxic huntingtin fragments
display neurodegenerative phenotypes equivalent to their nonlo-
calized counterparts (20,21) suggesting that the pathogenicity of
these transgenes may be accounted for in large part by the dis-
ruption of nuclear processes. In a number of HD mouse models,
nuclear accumulation of mutant huntingtin correlates with
disease progression (22–32).

In our effort to further characterize the role of the N17
domain in the regulation of huntingtin localization, we noted
that its sequence closely resembles the leucine-rich NES
(LR-NES) recognized by the nuclear export factor CRM1.
We therefore hypothesized that CRM1-mediated nuclear
export may contribute to the cytoplasmic retention of N17
fusion proteins observed by our group and others (4,5,14). In
this study, we show that N17-mediated cytoplasmic retention
is dependent on the hydrophobicity of its NES consensus resi-
dues and is sensitive to the CRM1 inhibitor, leptomycin
B. N17 physically interacts with CRM1 in a manner dependent
on its alpha-helical nature and the presence of RanGTP. We
further demonstrate that the nuclear–cytoplasmic distribution
of endogenous huntingtin is affected by conditions inhibiting
the dissociation of CRM1-cargo in the cytoplasm. Finally,
we show that structure-modifying N17 phosphorylation speci-
fies the localization of endogenous huntingtin between the
basal body and stalk of the primary cilium. We present the hy-
pothesis that huntingtin can dynamically communicate

between the cytoplasm, nucleus and primary cilium, in a
signaling-dependent manner, and that this is defective in HD.

RESULTS

N17 contains a potential leucine-rich nuclear export
consensus sequence

We have previously shown that while the fusion of the N17
domain to YFP resulted in nuclear exclusion of the fluorescent
protein, the L4A mutation resulted in its nuclear accumulation
(4). Examination of the evolutionarily conserved N17 amino
acid sequence revealed that it corresponds to the leucine-rich
NES (LR-NES) recognized by the nuclear export factor
CRM1 (33) (Fig. 1). Binding of LR-NESs requires that four
of the five consensus hydrophobic residues be spatially coordi-
nated with the five hydrophobic pockets of the NES docking
site in CRM1 (33–35). As shown in Figure 1A, N17 fits the
NES consensus with two possible alignments according to
which either the F3 or F4 position, residue K15 or residue
S16, is naturally compromised with respect to hydrophobicity:
L4-x-x-L7-x-x-x-F11-x-x-x-K15-x-F17 or L4-x-x-L7-x-x-x-F11-
x-x-L14-x-S16.

If N17 acts as an LR-NES, then L4A mutation would result
in the loss of hydrophobicity at the F0 position (Fig. 1A). We
therefore asked whether restoring the hydrophobicity of F3 or
F4 in the context of the L4A mutation could restore the four
hydrophobic positions required for CRM1 binding and, in
turn, nuclear exclusion. As shown in Figure 1B, N17-L4A/
S16L-YFP (panel d), but not N17-L4A/K15L-YFP (panel c),
displayed predominantly cytoplasmic localization. This sug-
gests that the N17 sequence does in fact behave as an
LR-NES and identifies S16 as the F4 residue. Consistent
with this, mutation of the F2 residue F11 to alanine in the
context L4A/F11A/S16L, once again diminishing the
number of hydrophobic consensus residues to three, abolishes
nuclear exclusion (Fig. 1B, panel e). Thus, the N17 residues
that fit the NES consensus sequence are those displayed in
bold type in Figure 1A. The next steps were to test the func-
tional pathway of N17-mediated nuclear export to establish
this sequence as a bone fide LR-NES.

N17-mediated nuclear exclusion is sensitive to
leptomycin B

The streptomyces metabolite leptomycin B targets a cysteine
residue within the CRM1 NES docking site, covalently modi-
fying and thereby irreversibly inactivating the nuclear export
receptor and inhibiting all CRM1-dependent nuclear export
(36,37). Leptomycin B is therefore a highly specific and
useful tool for studying the requirement of CRM1 for the
nuclear exclusion of proteins. Cytoplasmic localization of
the huntingtin protein has previously been shown to be sensi-
tive to leptomycin B both as a full-length fluorescent protein
fusion (15) and in the context of endogenous huntingtin
(38,39). This effect was presumed to be due to the inhibition
of CRM1-dependent nuclear export via the carboxyl-terminal
NES within the huntingtin protein at position 2404 (15).
However, we found that leptomycin B treatment also resulted
in nuclear accumulation of an N17–YFP fusion protein
(Fig. 2A). These results strongly support the CRM1-dependent
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NES activity of the N17 domain. Fusion of the LR-NES ca-
nonical protein kinase inhibitor (PKI) NES to YFP was used
as a positive control and showed predicted sensitivity to lepto-
mycin B (Fig. 2A, panels a and b) while the PKI-L38A/L42A
mutant displayed nuclear localization in the absence of lepto-
mycin B (Fig. 2A, panels c and d). As was previously reported,
N17-YFP mutants N17-M8P-YFP (4) (panels g and h) and
N17-S13D/S16D-YFP (3) (panels i and j) accumulate in the
nucleus even under regular growth conditions. Both of these
N17 mutants exhibit loss of alpha-helical content and
decreased ER binding (3,4). Conversely, N17-S13A/
S16A-YFP displays increased alpha-helicity and enhanced
ER binding (3). While this mutant remains localized to the
cytoplasm in the absence of leptomycin B, it nonetheless accu-
mulates in the nucleus upon leptomycin B treatment (Fig. 2A,
panels k and l).

Leptomycin B does not cause ER stress

We have previously shown that N17-YFP disengages from the
ER and accumulates in the nucleus upon induction of the
unfolded protein response (UPR) by temperature shift or
chemical agents such as tunicamycin and dithiothreitol (4).
We were therefore concerned that we may have induced ER
stress with leptomycin B treatment and that the observed
nuclear accumulation of N17-YFP was due to its passive dif-
fusion into the nucleus upon ER release. It was not previously
known if this compound could induce ER stress. We therefore
tested whether leptomycin B could induce the ER stress
marker Xbox-binding protein 1 (XBP1). In response to ER
stress, XBP1 mRNA is spliced to remove a translation inhib-
ition element in the mRNA leading to uninhibited translation
and production of the 50 kDa XBP1 transcription factor
(40). As shown in Figure 3, while tunicamycin treatment
resulted in the XBP1 splicing typical of ER stress, extended
leptomycin B treatment did not. Thus the nuclear exclusion
mediated by N17 is due to its ability to act as a

CRM1-dependent NES from the nucleus, independent of the
status of UPR stress at the ER.

Huntingtin N17 interacts with CRM1

We next asked whether we could detect an interaction
between the N17–YFP fusion protein and the nuclear ex-
port factor, CRM1. As shown in Figure 4A, N17-YFP co-
immunoprecipitated with the Flag-tagged-CRM1 protein
upon their co-expression in HEK 293 cells. N17-M8P-YFP
and N17-S13D/S16D-YFP mutants, which do not display
nuclear exclusion, were not detected in the anti-Flag immuno-
precipitations. Conversely, the N17-S13A/S16A-YFP mutant
was capable of interacting with Flag-CRM1. These data indi-
cate that N17 interacts with CRM1 in a manner dependent on
its alpha-helical nature. An important technical note in this ex-
periment is that the critical Ran gradient is disrupted upon cell
lysis, and GTP is rapidly hydrolysed to GDP. Directional trans-
port across the nuclear pore depends on a concentration gradient
in which the small GTP-binding Ras family protein, Ran, is
GTP-bound in the nucleus and GDP-bound in the cytoplasm
(35). In the nucleus, CRM1 requires RanGTP to bind NES-
bearing cargo. The ternary complex is transported to the cyto-
plasm where GTP hydrolysis leads to complex dissociation.
The mutant RanQ69L is incapable of exchanging GTP for
GDP (41) and therefore inhibits dissociation of the Ran-
CRM1-cargo complex in the cytoplasm. Since CRM1 must
bind RanGTP to recognize the NES signal in a cargo protein,
we required a transient co-expression of a Ran Q69L mutant
in order to detect N17-YFP in Flag-CRM1 pull-downs.

N17 has CRM1-dependent NES activity in the context
of huntingtin

N17 aligns with the NES consensus (Fig. 1A), confers lepto-
mycin B-sensitive cytoplasmic localization to YFP (Fig. 2)
and interacts with CRM1 (Fig. 4). It is theoretically possible,

Figure 1. Huntingtin N17 contains a potential conserved CRM1 NES. (A) Alignment of the N17 sequence with the LR–NES consensus sequence. (B) Repre-
sentative images of N17 consensus mutants transiently expressed as YFP fusions in HEK 293 cells. Scale bar ¼ 10 mm.
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however, that in the physical isolation of this domain, we may
have uncovered a cryptic activity not biologically relevant in
the context of huntingtin. We therefore tested the localization
and leptomycin B sensitivity of larger regions of the huntingtin
amino terminus. Exon1 of the IT15 gene encodes the first
81 amino acids of the huntingtin protein, and is thus small
enough to enter the nucleus by simple diffusion. This fragment
was cloned between the two 26 kDa fluorescent proteins
mCerulean and YFP to form mCer-htt-1-81-YFP (Caron
et al., 2012, manuscript in preparation). In contrast to the
control fusion protein comprising mCer and YFP separated
by four glycine residues (mCer-4G-YFP), which can enter
the nucleus by diffusion (Fig. 5A, panels a and b), mCer-
htt-1-81-YFP displayed cytoplasmic localization under regular

growth conditions (Fig. 5A, panel c). Leptomycin B treatment,
however, inhibited nuclear exclusion of mCer-htt-1-81-YFP
(Fig. 5A, panel d). Consistent with the localization of the
N17-M8P-YFP mutant, mCer-htt-1-81(M8P)-YFP accumu-
lated in the nucleus under both conditions (Fig. 5A, panels e
and f). In addition, the larger htt-1-586-YFP fragment exhibited
nuclear exclusion that was sensitive to leptomycin B (Fig. 5A,
panels g and h). These results show that N17 can behave as a
CRM1-dependent NES in a larger context of the huntingtin
protein regardless of whether the fluorophore is fused to its
amino- or carboxyl-termini. This was consistent with earlier
published data that showed that full-length huntingtin could ac-
cumulate to the nucleus with a single point mutation in N17 at
methionine 8 to proline (4).

Figure 2. The huntingtin N17 NES is sensitive to leptomycin B. (A) STHdh Q7/Q7 cells stably transfected with YFP fusions of the indicated sequences were
imaged after treatment with either vehicle or 10 ng/ml leptomycin B for 30 min. Scale bar ¼ 10 mm. (B) The mean percentage nuclear fluorescence was calcu-
lated for each condition and normalized to that of the positive control (PKI-WT). Error bars ¼ standard error of the mean for three experiments (n ¼ 50–100
cells per condition). ∗P , 0.005; ∗∗P , 0.001. Scale bar ¼ 10 mm.
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We next asked whether the N17 domain as part of exon1
could interact with Flag-CRM1. As shown in Figure 5B,
mCer-htt-1-81-YFP was co-immunoprecipitated with Flag-
CRM1 while the mCer-htt-1-81(M8P)-YFP mutant was not.
Thus, we conclude that the N17 sequence has CRM1-dependent
nuclear export activity in the context of the huntingtin protein.

Modifying the ran gradient disrupts localization
of endogenous huntingtin

Many proteins can artifactually localize to compartments upon
over-expression beyond endogenous levels. Transient ex-
pression experiments often ignore the effects of altering
the stoichiometry of a protein of interest to levels that are
not physiologically relevant. To address this, we tested the
effect of RanQ69L expression on the localization of endogen-
ous huntingtin. Cells expressing Flag-RanQ69L had reduced
nuclear huntingtin staining compared with untransfected
cells (Fig. 6A, panel c versus d). This effect was specific to
RanQ69L, as transfection of a Flag-tagged control protein
did not cause redistribution of endogenous huntingtin
(Fig. 6A, panels a, c, e). These observations indicate that hun-
tingtin nuclear localization is regulated by the RanGTP gradi-
ent across the nuclear pore complex.

N17 regulates huntingtin localization at the cilia

Huntingtin has recently been shown to regulate the formation
of cilia, the sensory or motile organelles that project from
many mammalian cell types, and many pathological aspects
of an HD mouse model indicate a ciliopathy (42). Additional-
ly, roles for CRM1 and RanGTP in the recruitment and entry
of centrosomal and ciliary proteins are rapidly emerging (43–
49). The role of huntingtin in cilia function and the effect of
N17 phosphorylation on N17-CRM1-RanGTP interaction
led us to examine the cilial localization of endogenous
huntingtin in its phosphorylated and unmodified states. Cilia
projecting from STHdh cells were identified by immunofluor-
escence against acetylated tubulin (Fig. 7, panels a and d).
Cells were co-stained with antibodies against either unmodi-
fied N17 (Fig. 7, panels a–c) or phosphorylated N17 (Fig. 7,
panels d–f). The results revealed markedly distinct localiza-
tion patterns, whereby unmodified huntingtin was found
within cilia and N17-phosphorylated huntingtin accumulated

at the ciliary base/centrosome. These data indicated that N17
dephosphorylation corresponded to cilial huntingtin, and/or
that N17 phosphorylation could take place after cilial export.

DISCUSSION

In this study, we propose an additional role for the N17 domain in
the regulation of huntingtin subcellular localization, once
released from the ER. Previous work in our laboratory has estab-
lished N17 as a membrane-binding domain mediating ER local-
ization (4), and has revealed that N17 residues S13 and S16
undergo CK2-dependent phosphorylation upon cell stress
leading to the release of huntingtin from the ER and its accumu-
lation in the nucleus (3,4). The observations described here indi-
cate that N17 also acts as an NES in a manner dependent on its
alpha-helical content and the hydrophobicity of its NES consen-
sus residues, and interacts with the nuclear exporter CRM1 in a
Ran-dependent manner. This gives rise to a mechanism by
which stress-mediated post-translational modification of N17
not only allows its release from the ER, but also promotes
nuclear retention of huntingtin by preventing its interaction
with CRM1 (see model Fig. 8). This would transiently increase
nuclear huntingtin levels to allow huntingtin activity on transcrip-
tion modulation related to a transient stress response. Post-stress,
de-phosphorylation of N17 would presumably be required to
allow CRM1 interaction, hence nuclear export and the restoration
of huntingtin nuclear levels to steady state. The inability to
recover the phospho-mimetic mutant N17-S13D/S16D-YFP in
Flag-CRM1 co-immunoprecipitations is consistent with this
hypothesis. Additionally, the sensitivity of N17-S13A/
S16A-YFP to leptomycin B indicates that N17-mediated hunting-
tin ER localization can be affected by other factors, and that while
N17 phosphorylation may promote ER disengagement, it may not
be the only way to trigger ER release.

Post-translational modifications or mutations affecting N17
alpha-helical content, which regulate nuclear-cytoplasmic
shuttling (Figs 2 and 5A) (4), also impinge on the toxicity
of mutant huntingtin. Recent research suggests that phosphor-
ylation of S13 and S16 leads to increased nuclear localization
of huntingtin and concomitant decreased toxicity of the
polyglutamine-expanded form (3,10,11). This appears to be
at odds with the extensive evidence of increased levels of
nuclear mutant huntingtin compared with wild-type huntingtin
in HD mouse models (24,50). The selective appearance of
nuclear mutant huntingtin in the specific subset of neurons
affected in HD strongly implicates the nucleus as a site of
mutant huntingtin toxicity. This is supported by the opposing
effects of nuclear targeting versus nuclear exclusion of
polyglutamine-expanded huntingtin in cell-based and trans-
genic mouse models (18–21).

In light of these results, how do we reconcile the concurrent
increased nuclear localization and decreased toxicity upon
phosphorylation of serines 13 and 16? The most parsimonious
explanation is that phosphorylation of N17 confers on hunting-
tin a nontoxic conformation within the nucleus. In contrast, the
alpha helix-disrupting mutation M8P, which also leads to
nuclear accumulation, likely, confers a toxic conformation (4).

Mutant huntingtin has lower levels of N17 phosphorylation
than wild-type huntingtin (3). Based on the current work,

Figure 3. Leptomycin B does not cause the ER UPR. The indicated cell types
were treated with either 2 mg/ml tunicamycin or 10 ng/ml leptomycin B for 0–
8 h prior to lysis. Equal amounts of protein were separated by SDS–PAGE
and immunoblotted with anti-XBP1 antibody. ∗Non-specific bands.
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mutant huntingtin would therefore be predicted to interact
more strongly with CRM1 and display decreased nuclear lo-
calization due to more nuclear export. This too is at odds
with the historically observed increased relative levels of
nuclear mutant huntingtin. It is possible that while mutant hun-
tingtin can interact better with CRM1, the inherent reduced
solubility of polyglutamine-expanded huntingtin prevents
proper nuclear export. Alternatively, as N17 phosphorylation
is likely sterically hindered by the polyglutamine expansion
only two amino acids away on the alpha carbon backbone,
so may be the de-phosphorylation of polyglutamine-expanded
huntingtin in subnuclear puncta, thus whatever small amount
of mutant huntingtin that does get signaled to the nucleus
may not be properly de-phosphorylated, and thus progressive-
ly accumulates in the nucleus, to potentially nucleate aggrega-
tion. Further experiments are required to determine whether
polyglutamine expansion affects CRM1 interaction and
whether the resulting altered nuclear-cytoplasmic distribution
affects the toxicity of the mutant form. What we suggest
from this and prior work is that the conformation(s) and result-
ing activity of the subnuclear population of mutant huntingtin
may be of greater importance than the nuclear–cytoplasmic
distribution of the entire huntingtin population.

Previously published work from others concluded that the
huntingtin N17 domain had an NES activity that was both
CRM1 and Ran independent (13). However, in the 6 years
since that study was published, the role of TPR has been
shown to be increasingly important for mRNA export (51),
and knock down of TPR has been shown to cause cell senes-
cence (52). Unlike our study, the previous study did not use
leptomycin B treatment, but like our study, did use Ran
Q69L expression in HEK 293 cells, however at times and
levels that resulted in dead cells in our hands. Additionally,
no N17 mutants or critical residues were defined, and no
attempt was made to validate the proposed mechanism to full-
length huntingtin. Additionally, TPR has been shown by
others to be a critical interactor of CRM1 for nuclear export,
but in a classical Ran-dependent manner (53).

In addition to their well-known roles in nuclear–cytoplas-
mic transport, RanGTP and CRM1 control the spatial coordin-
ation of proteins to specific loci during mitosis (54). CRM1

has also been identified at centrosomes in a number of
model systems and its interaction with specific NES-
containing proteins can regulate their impact on centrosome
duplication (43,55,56). CRM1 NES binding is required for
the proper localization of centrosomal proteins centrin and
pericentrin (57) and breast cancer 2 susceptibility protein
(BRCA2) (58,59). In these cases, this requirement was not ne-
cessarily distinguished from CRM1’s nuclear export function.
An additional layer of complexity has emerged, however, with
the evidence that centrosomally located Crm1 directly recruits
nucleophosmin (43) and BRCA1 (55) proteins via their NESs.
Two independent groups, including ours, have identified en-
dogenous huntingtin at centrosomes, on chromatin undergoing
condensation, and on tubulin spindle fibers during mitotic
spindle formation and huntingtin has an essential role in
spindle orientation during mitosis (3,60). N17-mediated
CRM1/RanGTP interaction may play a role in the recruitment
of huntingtin to these mitotic structures. Since the huntingtin
we detect at these structures is predominantly phosphorylated
at serines 13 and 16, it is possible that N17 phosphorylation
affects the dissociation of huntingtin from the CRM1/
RanGTP complex following its recruitment. It is also possible
that the huntingtin carboxyl-terminal NES may play a role in
its recruitment to these structures. Some large scaffolding pro-
teins can contain multiple nuclear import and export signals,
such as the 100 kDa alpha catenin protein, and one of these
export signals can be inhibited by protein–protein interactions
to regulate the rate of dynamics between organelles (61).

Huntingtin has been shown to play a role in the regulation
of cilia, organelles projected from specialized centrosomes
that have sensory or motile functions. HD knock-in mice
and HD patient samples display abnormal ciliation of brain
ventricles, and in mice this is associated with asynchronous
beating of the cilia and abnormal flow of the cerebrospinal
fluid (42). However, striking similarities between the physical
and molecular nature of nuclear and ciliary transport machin-
ery are emerging (49). RanGTP accumulation at basal bodies
is linked to ciliogenesis through the targeting of certain ciliary
proteins and RanGTP has been proposed to regulate the re-
cruitment and release of binding partners to ciliary elements
(45–48).

Figure 4. N17 can bind CRM1 in the presence of RanGTP. Human HEK 293 cells were transiently transfected with the indicated YFP fusion proteins and either
empty vector (2) or Flag-CRM1 and RanQ69L (+). Cell lysates were incubated with anti-Flag affinity gel (a-Flag IP). After washing, resin-associated proteins
were separated by SDS–PAGE and immunoblotted with anti-YFP antibody.
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Recently, we have described the presence of a karyopherin
beta2 or transportin-dependent ‘PY-NLS’ in huntingtin
between amino acids 172 and 202 (62). This NLS has the
ability to mediate nuclear entry by either the importin/kary-
pherin beta1 or the transportin/karyopherin beta2 pathways.
The karyopherin beta2 nuclear transport factor is known
to be able to mediate the entry of the retinitis pigmentosa 2
(48) and KIF17 proteins (45) across the primary cilial
barrier into the primary cilium. Cilial entry of KIF17 requires
a nuclear localization sequence and another undefined domain
(45), our data indicate that the huntingtin NLS/CLS at 172-202
is regulated by N17 phosphorylation for both nuclear and cilial
entry. The role of the Ran gradient across the cilial barrier
and the use of nuclear import factors (45) and nucleoporins
to mediate cilial entry (32) suggest that nuclear export
factors like CRM1 may also be used in cilia to mediate
cilial export and that the two organelles share a common

mechanism of localization and regulation, as recently sug-
gested by others (63).

In summary, the N17 domain of huntingtin is a multifunc-
tional localization signal that regulates the subcellular local-
ization of huntingtin, is regulated by post-translational
modification and contributes to the pathogenic mechanism
by which the mutant protein causes disease. Huntingtin is
now seen as a dynamic scaffolding protein that can be signaled
to the nucleus, cytoplasm or motor protein complexes in the
cytoplasm and the primary cilium. All of these locations are
critical to the normal biology of a striatal neuron for inter-
neuronal communication, and thus mislocalization may
explain the specificity of neuronal pathology in HD. This
current work extends our understanding of the factors contrib-
uting to this complex process and ultimately directs our focus
toward N17 as a viable target in the pursuit of the development
of effective treatments for HD.

Figure 5. N17 functions as an NES in the context of a huntingtin fragment. (A) STHdh Q7/Q7 cells transiently transfected with the indicated constructs were
imaged after treatment with either vehicle or 10 ng/ml leptomycin B for 60 min. The mean percentage nuclear fluorescence was calculated for each condition.
Error bars ¼ standard error of the mean for three experiments (n ¼ 50–100 cells per condition). ∗P , 0.005; ∗∗P , 0.001. Scale bar ¼ 10 mm. (B) Human HEK
293 cells were transiently transfected with the indicated YFP fusion proteins and co-immunoprecipitation with Flag-CRM1 was performed as in Figure 4.
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MATERIALS AND METHODS

Antibodies and imaging reagents

Leptomycin B, anti-Flag M2 antibody and affinity gel, GTP,
GTP-g-S, tunicamycin, puromycin, Hoechst stain, paraformal-
dehyde, NP40, fetal bovine serum (FBS) and cloning discs
were from Sigma-Aldrich. Sodium dodecyl sulfate (SDS)
loading buffer and Turbofect transfection reagent were from
Fermentas. Anti-XBP1 antibody was from Santa Cruz Bio-
technology Inc (sc-7160), anti-YFP antibody from Clontech,
anti-N17 antibody was prepared as previously published (3)
and AlexaFluor secondary antibodies were from Molecular
Probes. Protease inhibitor cocktail was from Roche.

Plasmid expression constructs

peYFPN1-htt1-586, peYFPN1-N17 and M8P, S13D/S16D and
S13A/S16A mutants have been previously described (3,4).
peYFPN1-N17-L4A and L4A/K15L, L4A/S16L and L4A/
F11A/S16L mutants were generated by inverse PCR amplifi-
cation of the peYFPN1-N17 plasmid with primers encoding
the appropriate mutations and subsequent ligation. peYFPC1-
PKI NES and peYFPC1-PKI NES-L38A/L42A were generated
by annealing synthetic oligos (PKI NES: CCGGAAGCAAT
GAATTAGCCTTGAAATTAGCAGGTCTTGATATCTAG
and GTACCTAGATATCAAGACCTGCTAATTTCAAGGC
TAATTCATTGCTT; PKI NES-L38A/L42A: CCGGAAG
CAATGAAGCAGCCTTGAAAGCAGCAGGTCTTGATAT
CTAG and GTACCTAGATATCAAGACCTGCTGCTTT
CAAGGCTGCTTCATTGCTT) and ligation into the peYFPC1
vector (Clontech). p3XFlagCMV10-hCRM1 is Addgene
plasmid 17647 (43). Untagged RanQ69L used in CRM1 co-
immunoprecipitations was generated by PCR amplification of
the RanQ69L cDNA, including stop codon, from pGEX-
5X1-RanQ69L (64) and ligation into peYFPN1 (Clontech) to
give RanQ69L-stop-YFP. Flag-RanQ69L was generated by
PCR amplification of the RanQ69L cDNA from pGEX-
5X1-RanQ69L (64) and ligation into p3XFlag-CMV10 vector
(Sigma). mCer-4G-YFP, mCer-htt-1-81-YFP and mCer-htt-
1-81(M8P)-YFP are described elsewhere (Caron et al., 2012,
manuscript in preparation). The Flag-RERE (481-1566) vector
is described elsewhere (65).

Cell culture and transfection

HEK 293 cells were cultured in alpha-minimal essential media
containing 10% FBS at 378C with 5% CO2. STHdh striatal
cells were cultured as described previously (66). STHdh cell
lines stably expressing PKI-YFP, PKI-L38A/L42A-YFP,
N17-YFP, N17-M8P-YFP, N17-S13D/S16D-YFP and
N17-S13A/S16A-YFP were generated by co-transfecting the
respective plasmids and the Puro1 plasmid conferring puro-
mycin resistance at a 10:1 molar ratio using Turbofect accord-
ing to manufacturer’s directions. Transfected cells were grown
in media containing 10 mg/ml puromycin and single colonies
transferred to individual plates with cloning discs. Multiple
clones were used in experiments to ensure phenotypic consist-
ency. Transient transfection of HEK 293 and STHdh cells was
by Turbofect according to manufacturer’s directions.

Cell fixation and immunofluorescence

Cells expressing YFP fusion proteins were fixed with freshly
prepared 4% (w/v) paraformaldehyde in PBS at room tempera-
ture for 15 min and nuclei counterstained with Hoechst dye for
15 min at room temperature prior to imaging in PBS. For im-
munofluorescence, cells were fixed with freshly prepared 4%
(w/v) paraformaldehyde in PBS at room temperature for
15 min, permeabilized with 0.5% Triton X-100 and 1% FBS
in PBS at 48C for 12 min and non-specific binding was
blocked with 2% FBS in PBS for 1 h at room temperature.
Antibodies were diluted in antibody dilution buffer (1% FBS
and 0.02% Tween-20 in PBS) and incubated with cells as
follows: anti-Flag (1:1000) 2 h at room temperature,

Figure 6. Disrupting the Ran gradient affects the nuclear localization of en-
dogenous full-length huntingtin. (A) STHdh cells were transiently transfected
with Flag-RERE or Flag-RanQ69L and immunofluorescence performed
against the Flag epitope tag (a-flag, red) and endogenous huntingtin
(a-N17, green). Scale bar ¼ 10 mm. (B) The mean percentage nuclear fluores-
cence was calculated for untransfected and transfected cells. Error bars ¼
standard error of the mean for three experiments (n ¼ 50–100 cells per con-
dition). ∗∗∗P , 0.00002.
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AlexaFluor 594 goat a-mouse (1:1000) 1 h at room tempera-
ture, anti-N17 (1:500) overnight at 48C, AlexaFluor 488
donkey a-rabbit (1:1000) 1 h at room temperature. Cells
were washed three times with PBS between each antibody in-
cubation and nuclei counterstained with Hoechst dye for
15 min at room temperature prior to imaging in PBS.

Imaging and calculation of percentage nuclear
fluorescence

Imaging was performed using a Nikon TE200 inverted wide-
field epifluorescence microscope and plan apochromat ×60
oil immersion objective (Nikon, Japan). The imaging platform
controlling the scope was NIS elements 3.1. All filter sets and

dichroic filters were from Semrock (Rochester, NY, USA) and
the filter wheel was from Sutter Instruments (Novato, CA,
USA). The light source was a 175 W Xenon lap (Sutter Instru-
ments), with ND2 or ND4 filters. Images were acquired using
a Hamamatsu Orca ER digital camera (Hamamatsu Photonics,
Japan).

For cells expressing YFP fusion proteins, percentage
nuclear fluorescence was calculated using Cell Profiler
(www.cellprofiler.org) (67). Briefly, images of Hoechst-
stained nuclei were used to define nuclear area and corre-
sponding cell area identified in YFP images. YFP fluorescence
intensity was calculated for nuclear and whole cell area and
the percentage nuclear fluorescence calculated using the equa-
tion: percentage nuclear fluorescence ¼ (nuclear intensity/

Figure 7. N17 phosphorylation specifies huntingtin localization between the base and stalk of the primary cilium. Co-immunofluorescence on STHdh Q7/Q7 cells
was performed against acetylated tubulin to locate cilia (magenta; a, d, g, j) and either unmodified N17 (b and e) or phosphorylated N17 endogenous huntingtin
(h and k). Magnified inset images show localization of unmodified N17 primarily to the cilia stalk (d–f) and phosphorylated N17 huntingtin to the basal body
(j–l). White scale bars are 10 mm. Black scale bars are 2 mm. Merged magenta–green signal appears as white in (c, f, i, l).
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whole cell intensity) × 100. For cells analyzed by anti-Flag/
anti-N17 immunofluorescence, the percentage nuclear fluores-
cence of untransfected and transfected cells was quantified
using Simple PCI (Compix). Briefly, nuclear and whole cell
intensities were collected by manually defining the nuclear
and whole cell regions in each image, then collecting blank
areas of equal size to represent the image background. The in-
tensities of the defined regions were then measured using the
Simple PCI measurement tool. The percentage nuclear fluores-
cence was calculated using the equation: percentage nuclear
fluorescence ¼ [(nuclear intensity-background)/(whole cell
intensity-background)] × 100.

CRM1 co-immunoprecipitation

HEK 293 cells were co-transfected with YFP fusion
proteins, Flag-CRM1 and untagged RanQ69L as indicated
in figure legends. Seventy-two hours post-transfection,
cells were lysed in NP40 lysis buffer (50 mM Tris–HCl,
pH 8.0, 150 mM NaCl, 1% NP40, protease inhibitor cocktail)

containing 2 mM GTP-g-S for 15 min on ice and lysates
cleared by centrifugation. Supernatants were incubated with
anti-Flag affinity beads in NP40 lysis buffer containing
10 mM GTP for 30 min with rotation at 48C. Affinity beads
were washed three times with ice-cold PBS containing 2 mM

GTP. Purified proteins were eluted with SDS loading buffer
at 958C for 10 min prior to separation by SDS–PAGE and
immunoblotting.
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Figure 8. Model of the role of the multifunctional N17 in huntingtin stress response. Upon ER stress or other signaling, huntingtin N17 is phosphorylated and this
allows release from the ER to enter the nucleus or primary cilium via karyopherin beta2. Once in the nucleus, phospho-N17 huntingtin localizes to huntingtin
chromatin-dependent nuclear puncta, where the interaction of the N17 NES with CRM1/RanGTP is occluded by phosphorylation. Upon de-phosphorylation
post-stress, the NES is exposed to the CRM1/RanGTP complex and huntingtin is exported out of the nucleus. With mutant huntingtin, N17 is sterically hindered
by the polyglutamine expansion, causing either poor phosphorylation of N17 to inhibit the stress response, and/or poor de-phosphorylation of nuclear mutant
huntingtin resulting in nuclear accumulation and lack of proper control of the stress response. Phospho-N17 huntingtin is seen at the basal body, but not
within the cilium, suggesting that a complex with CRM1 and RanGTP can mediate huntingtin export from the cilium in a mechanism identical to nuclear export.
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