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Evidence for both the nucleus and cytoplasm
as subcellular sites of pathogenesis in
Huntington’s disease in cell culture and in
transgenic mice expressing mutant huntingtin
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A unifying feature of the CAG expansion diseases is the formation of intracellular aggregates composed
of the mutant polyglutamine-expanded protein. Despite the presence of aggregates in affected patients,
the precise relationship between aggregates and disease pathogenesis is unresolved. Results from in vivo
and n vitro studies of mutant huntingtin have led to the hypothesis that nuclear localization of aggregates
is critical for the pathology of Huntington’s disease (HD). We tested this hypothesis using a 293T cell
culture model system by comparing the frequency and toxicity of cytoplasmic and nuclear huntingtin
aggregates. Insertion of nuclear import or export sequences into huntingtin fragments containing 548 or
151 amino acids was used to reverse the normal localization of these proteins. Changing the subcellular
localization of the fragments did not influence their total aggregate frequency. There were also no
significant differences in toxicity associated with the presence of nuclear compared with cytoplasmic
aggregates. These studies, together with findings in transgenic mice, suggest two phases for the
pathogenesis of HD, with the initial toxicity in the cytoplasm followed by proteolytic processing of
huntingtin, nuclear translocation with increased nuclear concentration of N-terminal fragments, seeding
of aggregates and resultant apoptotic death. These findings support the nucleus and cytosol as subcellular
sites for pathogenesis in HD.

Keywords: Huntington’s disease; aggregates; pathogenesis; in vitro; animal model

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

1. INTRODUCTION

The expansion of a polymorphic CAG tract encoding
glutamine is the causative mutation in eight human
neurodegenerative  diseases, including Huntington’s
disease (HD), dentatorubral—pallidoluysian atrophy
(DRPLA), spinal and bulbar muscular atrophy (SBMA),
and spinocerebellar ataxia (SCA) types 1, 2, 3, 6 and 7
(Ross 1997; Andrew et al. 1997). Each disease affects
specific populations of neurons and results in a character-
istic clinical phenotype. Additionally, the mutant genes
responsible for these diseases have no sequence similarity
except for the CAG tracts. However, there may be a
common step in the pathogenic pathways of the diseases
that involve novel properties of the expanded CAG tract.

Several reports in the past year have described intra-
cellular protein inclusions, or aggregates, within and
outside the nuclei of cells expressing proteins with
expanded polyglutamine tracts (reviewed in Ross 1997)
(Lunkes & Mandel 1997, Hackam et al. 19985). Several
lines of evidence from patient samples, transgenic mice
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and cell culture models suggest that the aggregates are
associated with the pathology of CAG expansion diseases.
First, the inclusions are only observed in the brains of
individuals carrying the disease allele, and are present
predominantly in regions and neuronal populations
affected by the disease (DiFiglia et al. 1997; Gourfinkel-
An et al. 1998; Sapp et al. 1997; Paulson et al. 1997; Igarashi
et al. 1998; Skinner et al. 1997; Becher et al. 1998; Li et al.
1998). Second, have also been
observed in mice transgenic for genes with expanded
CAG tracts, which develop inclusions prior to the onset of
neurological symptoms (Davies et al. 1997, Ordway et al.
1997; Skinner et al. 1997). Third, increasing frequency of
aggregates 1s associated with increasing toxicity in w vilro
models of HD, DRPLA and SBMA (Ellerby et al. 1999;
Hackam et al. 1998a; Igarashi et al. 1998). TFurther,
decreasing the frequency of aggregates in vitro results in
reduced toxicity (Ellerby et al. 1999; Igarashi et al. 1998).
However, despite these data suggesting a causal relation-
ship, none can differentiate between aggregates as being
crucial to pathogenesis, from being markers of pathology.
Recent attention has focused on the nucleus as the
primary site of pathogenic changes in polyglutamine

neuronal inclusions
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expansion diseases. One line of evidence for nuclear
involvement is the exclusive nuclear localization of
aggregates in post-mortem brains in SCA-1 (Skinner et al.
1997), SCA-3 (Paulson et al. 1997), SCA-7 (Holmberg et al.
1998) and DRPLA (Igarashi et al. 1998; Becher et al.
1998). Intranuclear aggregates were also observed in mice
transgenic for a hypoxanthine phosphoribosyl transferase
(HPRT) gene containing an expanded polyglutamine
stretch and in mice expressing exon 1 of the HD gene
(Davies et al. 1997; Ordway et al. 1997). Unusual nuclear
morphology, including irregular indentation of the nuclear
membrane, increased pore density and chromatin conden-
sation have also been described in transgenic mice (Davies
et al. 1997; Skinner et al. 1997) and patient brains (Tellez-
Nagel et al. 1974; Bots & Bruyn 1981).

Aggregates were found to be exclusively nuclear in one
study of adult and juvenile HD patients (Becher et al.
1998). However, other studies using different antibodies
have identified both intranuclear and cytosolic accu-
mulations of huntingtin in brain tissue of HD patients
(DiFigha et al. 1997; Gourfinkel-An et al. 1998). In brains
of severely affected juvenile HD patients, huntingtin-
containing inclusions were identified within the nuclei of
neurons in the cortex and striatum (DiFiglia et al. 1997).
Adult HD patients also displayed extranuclear accumula-
tions of huntingtin in dystrophic neurites and perikarya
(DiFiglia et al. 1997; Gourfinkel-An et al. 1998). Neurons
containing cytoplasmic accumulation were more frequent
in adult patients than neurons with nuclear inclusions
(DiFiglia et al. 1997), indicating that cytoplasmic aggre-
gates can also be cytotoxic. Therefore, whether the specific
subcellular localization of the huntingtin aggregates is a
contributing factor to the pathology in HD is not clear.

In vitro studies have demonstrated that nuclear localiza-
tion of huntingtin aggregates 1s influenced by the length
of the protein (Hackam e al. 19984; Cooper et al. 1998).
Small huntingtin proteins are both nuclear and cyto-
plasmic whereas larger proteins are only cytoplasmic,
suggesting that passive diffusion plays a role in intracel-
lular localization. Proteolytic cleavage would therefore be
necessary to reduce the large full-length huntingtin
protein to a fragment that is capable of diffusion through
the nuclear pores (< 60kDa) (Gorlich & Mattaj 1996).
However, we also identified a basic amino-acid-rich
sequence within the N-terminus of huntingtin with
significant homology to a functional nuclear localization
sequence (NLS) (Hackam et al. 19984), which suggested
that huntingtin may also enter the nucleus by active
transport. In order to determine the mode of nuclear
transport, we assessed the ability of the predicted NLS
to transport mutant huntingtin into the nucleus.

The predominance of nuclear aggregates has led us and
others to postulate the nucleus as the site of pathology in
HD (Ross 1997, Hackam et al. 19984; Lunkes & Mandel
1997; Davies et al. 1997; Paulson et al. 1997; DiFiglia et al.
1997). This would suggest that a key event in the pathogen-
esis of HD is the translocation of truncated mutant
huntingtin to the nucleus, where it exerts its toxic effect. An
unanswered question is whether these aggregates may be
similarly toxic outside the nucleus. Additionally, toxicity
could be mediated by cell-specific vulnerability to mutant
huntingtin and aggregate formation in the nucleus, or by
interaction with specific nuclear proteins.

Phil. Trans. R. Soc. Lond. B (1999)
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Figure 1. ¢cDNA constructs used in this study. The 771 bp
(1-151 amino acids) and 1955 bp (1-548 amino acids)
constructs are represented. The position of the polyglutamine
tract, either 15 or 128 units, is indicated by the letter Q. The
position of the first huntingtin residue is indicated by the
number 1. An NLS or mutant NLS (dashed box) was ligated
into the 5’-end of the 1955-15 and 1955-128 constructs. An
NES or mutant NES (filled box) was ligated into the 5'-end of
the 771-15 and 771-128 constructs.

In this study we have designed experiments to specifi-
cally investigate the subcellular sites of toxicity in HD.
Our results indicate both the nucleus and cytoplasm
represent sites of toxicity of huntingtin.

2. RESULTS

(a) Altering the location of aggregates formed by the
1955-128 protein does not influence toxicity

To assess whether the subcellular site of aggregation
influences toxicity, we altered the localization of aggregates
formed by the 1955-128 protein and compared their toxi-
city in different subcellular locations. The 1955-128
huntingtin fragment includes amino acids 1 to 548, corre-
sponding in size to the fragment produced by caspase 3
cleavage (Goldberg et al. 1996; Wellington et al. 1998), and
contains 128 polyglutamines. This fragment has been
consistently identified in transfected cells undergoing stress
(Martindale et al. 1998), suggesting that it may be a stable
fragment produced from full-length huntingtin.

The cytoplasmic perinuclear location of 1955-128
aggregates was changed to a nuclear location by the addi-
tion of an NLS. The NLS from the SV40 large T antigen
(PKKKRKYV) was inserted into the N-terminus of 1955-
128, forming 1955-128-NLS (figure 1). Immunofluores-
cence of cells transfected with the 1955-128 constructs was
used to quantify their subcellular localization (table 1). In
several cell types and using multiple anti-huntingtin anti-
bodies, the 1955-128 protein is exclusively cytoplasmic
(Martindale et al. 1998) (figure 2). The 1955-128 protein
has a predicted molecular mass of 73 kDa, which is too
large to enter the nucleus by passive diffusion.

In contrast to 1955-128, 100% of cells expressing 1955-
128-NLS protein had nuclear huntingtin stain (figure 2),
indicating that the ectopic NLS is functional when intro-
duced into huntingtin. The total frequency of aggregates
was similar between the 1955-128 and 1955-128-NLS
proteins (table 1). However, the proportion of aggregates
in the nucleus differed between the proteins, with 0%
nuclear aggregates for 1955-128 and 100% for 1955-128-
NLS, in parallel with the total nuclear stain.
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Table 1. Frequency and subcellular localization of huntingtin aggregates

construct nuclear aggregates (%) cytoplasmic aggregates (%) total number of cells with aggregates (%)*
1955-128 0£0 100£0 7.84£2.6

1955-128-NLS 1000 0+0 54+1.7
1955-128-mNLS 0£0 100£0 2.7+1.5

771-128 49.2+15.7 50.8+15.7 75.44+10.7

771-128-NES 2.0£2.0 98.0£2.0 51.3+16.5
771-128-mNES 51.6£18.0 48.4£18.0 68.4£19.0

*There were no significant differences between the total aggregate frequency between the different 1955 proteins or 771 proteins, except
between 1955-128 and the control protein 1955-128-mNLS (p < 0.01).
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A mutant NLS (PAAAAAV) was also inserted into 1955-
128 (forming 1955-128-mNLS), to control for any effect of
an introduced peptide on toxicity and aggregate formation.
Immunofluorescence on transfected cells showed that the
1955-128-mNLS protein had 0% nuclear stain (figure 3).
Despite the differences in subcellular localization of 1955-
128-mNLS and 1955-128-NLS proteins, there was no signif-
icant difference in the frequency of aggregates (table 1).

In the 2937 cell model, expression of proteins with an
expanded polyglutamine tract results in an increase in
susceptibility to apoptotic stress from treatment with a
sub-lethal concentration of tamoxifen (Ellerby et al.
19995; Hackam et al. 1998a; Martindale et al. 1998;
Ellerby et al. submitted). The resultant cell death is quan-
tified by a monotetrazolium (MTT) assay, a standard
apoptosis assay (Carmichael et al. 1987) that is a sensitive
indicator of cell viability. Mock-transfection cells and
LacZ-transfected cells, both treated with tamoxifen, are
used as controls. 1o compare the toxicity of aggregates
from the same sized huntingtin proteins in different
cellular compartments, 293T cells were transfected with
the 1955-128 constructs containing the functional and
mutant NLS sequences. As shown in table 2, there was
no significant difference in cell death due to expression of
the 1955-128 and 1955-128-NLS proteins (n = 5), indicating
that the toxicity of nuclear aggregates was the same as that
of cytoplasmic aggregates. The control, 1955-128-mNLS,
which forms cytoplasmic aggregates, also had the same
toxicity as 1955-128 (table 2), indicating that addition of a
peptide had no influence on toxicity. Western blotting
demonstrated equivalent expression levels for each
construct (data not shown). Therefore, aggregates gener-
ated by 1955-128 proteins have similar toxicity regardless
of their localization.

(b) Moving 771-128 aggregates out of the nucleus does
not change their toxicity

The 771-128 protein has the highest frequency of aggre-
gates in the nucleus, compared with other huntingtin
fragments assessed (Hackam et al. 19984). The 771-128
protein is also extremely toxic to cells in the presence of
an apoptotic stress. 1o assess further the influence of
subcellular localization of huntingtin on toxicity, we
created a construct that brought the 771-128 protein out
of the nucleus, and compared the toxicity of nuclear and
cytoplasmic aggregates.

A nine-residue nuclear export sequence (NES: LALK-
LAGLDI) from the cAMP-dependent protein kinase

Phil. Trans. R. Soc. Lond. B (1999)

inhibitor was inserted into 771-128, forming 771-128-NES
(figure 1). Immunofluorescence studies on 293T cells
expressing the 771-128 proteins are shown in figure 3. At
36 h post-transfection the per cent of cells expressing 771-
128 with nuclear aggregates was 49%. In contrast, the
per cent of nuclear aggregates of the 771-128-NES protein
was < 2% (table 1), indicating that the NES is functional
when inserted into huntingtin. The total frequency of
aggregates formed by 771-128 and 771-128-NES was not
significantly different (table 1).

At 48h post-transfection, the proportion of nuclear
aggregates was higher for the 771-128-NES protein than
at 36 h, most likely because passive diffusion into the
nucleus occurred at a greater rate than the energy-
dependent active transport out of the nucleus using the
NES. A time-course assessment of aggregate formation
determined that the highest proportion of cytoplasmic
aggregates formed by 771-128-NES occurred at 36 h post-
transfection (data not shown). Therefore, toxicity studies
for this set of experiments were performed at 36 h post-
transfection. Since the analysis of 771-128 was performed
at 36 h, while the analysis of the 1955-128 proteins was at
48 h, the aggregate frequency and cell viabilities between
these experiments cannot be compared.

To control for addition of a peptide, a 771-128-mNES
construct was created with a mutant NES, AAAKAA-
GADA. Immunofluorescence studies demonstrated that
the proportion of aggregates in the nucleus was 52% for
771-128-mNES, which is similar to that of the 771-128
protein, but differs substantially from the 771-128-NES
protein. The total frequency of aggregates formed by the
771-128-mNES protein was not statistically different from
either the 771-128 or 771-128-NES protein (table 1).

The toxicity of aggregates formed by the 771-128
proteins in different subcellular locations was compared
at 36 h (table 3). There was no significant difference in
toxicity between aggregates formed by 771-128 and 771-
128-NES proteins (=1>5). In addition, there was no differ-
ence in toxicity between aggregates formed by 771-128
and 771-128-mNES, indicating that addition of a peptide
had no effect (e =5). There was also no difference in toxi-
city between the 771 proteins at 48h, although overall
toxicity at 48 h was greater than at 36 h due to higher
protein expression (data not shown; Hackam et al. 1998aq).
Western blotting confirmed equivalent expression levels
(data not shown). These results show that the 771-128
aggregates in the nucleus were associated with levels of
toxicity similar to those of aggregates outside the nucleus.


http://rstb.royalsocietypublishing.org/

Downloaded from rstb.royalsocietypublishing.org

1050 A.S. Hackam and others  Subcellular sites of pathogenesis in Huntington’s disease

Figure 2. The localization of huntingtin is altered by the addition of an active NLS sequence. Huntingtin, detected by MAb
2166, appears as red stain, the nucleus is counter-stained in blue. Nuclear huntingtin stain is pink when the red stain is over-
lapped with blue. The huntingtin aggregates appear as large clumped masses, easily differentiated from normal diffuse stain. The
size of the aggregates varied from cell to cell, but there was no consistent size difference between aggregates formed by the
protein products of the three 1955-128 constructs. The aggregates formed by the 1955-128 protein are cytoplasmic (a), by the
1955-128-NLS protein, with an active NLS, are nuclear (), and by the 1955-128-mNLS control protein, containing a mutant

NLS, are cytoplasmic (¢ ) The protein product of the 1955-15 construct is cytoplasmic (d), the 1955-15-NLS protein, with an
active NLS, is nuclear (¢), and the 1955-15-mNLS control protein, containing a mutant NLS, is cytoplasmic (f).

Figure 3. The localization of huntingtin is altered by the addition of an active NES sequence. Huntingtin is shown in red, the
nucleus is counter-stained in blue, and nuclear huntingtin stain is pink when the red stain is overlapped with blue. The size of the
aggregates varied from cell to cell, but there was no consistent size difference between aggregates formed by the three 771-128
proteins. 771-128 protein forms nuclear aggregates (a), 771-128-NES protein, containing an active NES, forms predominantly
cytoplasmic aggregates (4), and the 771-128-mNES control protein, containing a mutant NES, forms nuclear aggregates (¢). In
contrast, 771-15 protein is nuclear (), 771-15-NES protein, containing an active NES, is cytoplasmic (¢), and the 771-15-mNES
control protein, containing a mutant NES, is nuclear (f).
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Table 2. Importing huntingtin into the nucleus does not change
its toxicily
(Apoptosis assessed at 48h post-transfection. The 1955-128

proteins are significantly more toxic than the 1955-15 proteins
atp < 0.001 (n=3).)

protein toxicity relative to LacZ (%)
1955-128 71.88+1.36
1955-128-NLS 72.66 £1.37
1955-128-mNLS 72.70 £0.67
1955-15 92.60+0.91
1955-15-NLS 92.30+0.53
1955-15-mNLS 92.00+1.05

Table 3. Exporting huntingtin from the nucleus does not change
ils toxicity

(Apoptosis was assessed for the 771 constructs at 36h post-
transfection instead of 48 h to maximize the proportion of 771-
128-NES in the cytoplasm. The 771-128 proteins are significantly
more toxic than the 771-15 proteins at p < 0.001 (n=13).)

protein toxicity relative to LacZ (%)
771-128 72.134+0.95
771-128-NES 72.06+1.03
771-128-mNES 71.814+0.53
771-15 90.244+0.85
771-15-NES 90.67 £0.99
771-15-mNES 90.41 £0.68

Therefore, the subcellular localization of 771-128 aggre-
gates does not influence susceptibility to cell death.

(c) The subcellular localization of huntingtin
Sfragments with wild-type polyglutamine tracts
does not influence toxicity

In the 293T cell model, huntingtin with longer CAG
tracts (128 glutamines) has significantly higher toxicity
than that with shorter tracts (15 glutamines) (Hackam et
al. 1998a; Martindale et al. 1998). This repeat-length
dependence on toxicity occurs for both full-length
huntingtin and truncated huntingtin fragments (Hackam
et al. 1998a). However, it has been noted previously that
cells expressing truncated huntingtin containing 15 poly-
glutamines have an increased susceptibility to cell death
(albeit less than seen with mutant huntingtin), which may
represent a role for wild-type huntingtin in the regulation
of cell viability (Hackam et al. 1998a; Martindale et al.
1998). Similar findings of toxic effects for other wild-type
truncated polyglutamine-containing proteins have been
observed (Ellerby et al. 1999a).

In 293T cells, the small 771-15 protein has been shown
to be more toxic than the 1955-15 protein (Hackam e/ al.
19984). The 771-15 is predominantly nuclear in trans-
fected cells, whereas 1955-15 is exclusively cytoplasmic.
Unlike their counterparts with 128 glutamines, the wild-
type proteins do not form aggregates. Therefore, the
greater toxicity of 771-15 over 1955-15 is not due to aggre-
gate formation but could be associated with its nuclear
localization. 1o test the influence of subcellular location

Phil. Trans. R. Soc. Lond. B (1999)

Table 4. The proportion of cells with nuclear or cytoplasmic
huntingtin is presented as a per cent of the total number of cells
expressing huntingtin

construct nuclear localization  cytoplasmic localization
(%) (%)

1955-15 0£0 1000

1955-15-NLS 100+0 040

1955-15-mNLS 040 100+0

771-15 76.0+8.6 24.0+8.6

771-15-NES 58.0+12.5 42.0+£12.5

771-15-mNES 75.04+9.2 25.3+£9.2

on the toxicity of the wild-type huntingtin fragments, we
altered the normal localization of 771-15 and 1955-15.

To alter the localization of the 1955-15 protein, the
SV40 NLS sequence was inserted into 1955-15, forming
1955-15-NLS (figure 1). Immunofluorescence of the 1955-
15 and 1955-15-NLS i1s shown in figure 2. At 48 h post-
transfection, the per cent of cells with nuclear stain was
0% for 1955-15 and 100% for 1955-15-NLS (table 4). The
control peptide, encoding a non-functional NLS, was also
inserted into 1955-15, forming 1955-15-mNLS. The 1955-
15-mNLS protein had 0% nuclear stain (figure 2,
table 4). Although the subcellular localizations were
obviously different, when tested for toxicity there was no
significant difference between the 1955-15, 1955-15-NLS
and 1955-15-mNLS proteins (table 2). Therefore, for the
same sized proteins, the wild-type huntingtin fragments
in the cytoplasm have the same susceptibility to cell death
as nuclear huntingtin.

However, the toxicity associated with the 1955-128
proteins was significantly greater than that seen with the
1955-15 proteins (p < 0.00], n=5 ANOVA and
Newman—Keuls test) (table 2). This result demonstrates
the potent influence of increasing CAG repeat length on
susceptibility to cell death, as shown previously (Hackam
et al. 1998a; Martindale et al. 1998).

To change the predominantly nuclear 771-15 to a
predominantly cytoplasmic protein, the NES sequence
was inserted into 771-15, forming 771-15-NES (figure 1).
At 36 h post-transfection the per cent of cells with 771-15
in the nucleus was 76%. The number of cells with nuclear
protein was reduced to 58% for 771-15-NES. The control
peptide encoding a non-functional NES was also inserted
into 771-15, to create 771-15-mNES. The per cent of
nuclear stain for 771-15-mNES was 75%, similar to that
with the parental protein 771-15 (figure 3, table 4).
Consistent with the experiments described above, altering
the localization of the 771-15 proteins also did not result
in significant differences in toxicity (table 3). The 771-15
protein, which is predominantly nuclear, had similar toxi-
city as the 771-15-NES protein, which is predominantly in
the cytosol. Furthermore, the 771-15-NES protein had
similar toxicity to that of the product of the control
construct, 771-15-mNES, with predominantly nuclear
localization. Therefore, the subcellular localization of the
771-15 proteins does not influence their toxicity. In
addition, there was a significant decrease in cell death
associated with expression of the 771-15 proteins
compared with the 771-128 proteins (p < 0.001, n=15), as
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described for the 1955 proteins. Since the assessment of
viabilities of the products of the 771-15 constructs was
performed at 36 h, and the 1955-15 analysis was at 48 h,
the values cannot be compared between experiments.

3. DISCUSSION

(a) The subcellular localization of huntingtin
aggregates does not influence toxicity

Several lines of evidence have suggested that HD is a
disease of the nucleus. Intranuclear inclusions are the
predominant marker in affected patients (DilFiglia et al.
1997; Becher et al. 1998; Gourfinkel-An e/ al. 1998), and
mice transgenic for huntingtin exon 1 develop nuclear
aggregates prior to the onset of debilitating neurological
symptoms (Davies et al. 1997). Furthermore, increasing
toxicity of successively smaller huntingtin fragments in
our cell culture model was associated with the formation
of nuclear aggregates (Hackam et al. 1998a). Increasing
toxicity n vitro was also associated with increased aggre-
gate frequency (Hackam et al. 1998a). In this study, we
have directly addressed the questions of whether the site
of huntingtin influences its toxicity, and how huntingtin
enters the nucleus.

We altered the subcellular localizations of huntingtin
protein fragments with the addition of NLS and NES
peptides, while the frequency of aggregates remained
equivalent. The cytoplasmic protein 1955-128 was
changed to a protein that forms nuclear aggregates. The
771-128 protein, which forms predominantly nuclear
aggregates, was altered to form predominantly cyto-
plasmic aggregates. Our results in this cell culture model
indicate that toxicity is not dependent on the subcellular
localization of aggregates, but toxicity is associated with
the frequency of aggregate formation.

(b) The cell culture model can mimic in vivo events
Despite the fact that HD is a disease of selective
neuronal death, this 293T in vitro model (Martindale et al.
1998) has previously been shown to recapitulate several
features of HD. As observed in vivo, mutant huntingtin
and other disease proteins containing expanded poly-
glutamine tracts form aggregates in vitro, whereas wild-
type proteins with a normal tract do not (Lunkes &
Mandel 1998; Igarashi et al. 1998; Skinner et al. 1997
Ellerby et al. 1999a; Hackam et al. 1998a; Cooper et al.
1998; Butler et al. 1998; Merry et al. 1998; Li & Li 1998).
Aggregates formed n vivo and i vitro are frequently
ubiquitinated (Lunkes & Mandel 1998; Cooper et al. 1998;
Igarashi et al. 1998; Cummings et al. 1998; A. S. Hackam,
unpublished observations). Furthermore, as observed in
post-mortem neocortical tissue (Becher et al. 1998),
increasing polyglutamine length is associated with an
increased frequency of aggregates in vitro (Martindale et
al. 1998; Li & Li 1998; Lunkes & Mandel 1998). More
severe grades of HD have a higher frequency of cortical
(Becher et al. 1998). Similarly,
huntingtin fragments that are more toxic  vitro form
aggregates with higher frequency (Hackam et al. 1998q;
Cooper et al. 1998). The formation of huntingtin cleavage
fragments is observed both in viwvo and in cell culture
(DiFiglia et al. 1997; Martindale et al. 1998; Lunkes &
Mandel 1998). Finally, the selective vulnerability of

nuclear inclusions
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affected neurons in HD 1s mimicked by increased suscept-
ibility to apoptotic stress of cultured cells expressing
mutant huntingtin (Hackam et al. 1998a; Cooper et al.
1998; Martindale et al. 1998). Therefore, it is plausible that
these in vitro data, which recapitulate the i vivo situation
to a significant extent, are relevant, suggesting that
nuclear and cytoplasmic aggregates may also have
equivalent toxicity in humans.

(c) Aggregates are not the sole contributors to
toxicity

Intracellular aggregates, regardless of their cellular
compartment, are associated with toxicity. Therefore,
reducing aggregate frequency remains an important ther-
apeutic target for CAG expansion diseases. At the present
time, it is unclear whether aggregates are the primary
cause of neurodegeneration, or whether they are formed
as an early secondary response to cell injury. The obser-
vation that the development of aggregates precedes cell
death in vivo and in vitro does not distinguish between
aggregate formation as a causal event, or aggregates as a
by-product of other cytotoxic events that lead to death.
Aggregates could theoretically even serve a protective
role by sequestering toxic polyglutamine-containing frag-
ments.

There is increasing evidence that aggregates are not
the sole contributors to toxicity. Although the majority of
inclusions have been identified in neuronal populations
that degenerate during disease progression, several studies
have shown that the concordance between nuclear inclu-
sions and neurodegeneration is not absolute (Becher et al.
1998; Hodgson et al. 1999; Holmberg et al. 1998; Li et al.
1998; Warrick et al. 1998). There are several examples in
which inclusions have been identified in cells not destined
to die. Aggregates were present in the dentate nucleus of
the cerebellum in HD patients (Becher et al. 1998), an
area that does not frequently exhibit neurodegeneration.
Intranuclear inclusions were also identified in SCA-7
(Holmberg et al. 1998) and DRPLA (Becher et al. 1998)
patients in regions of the brain not affected by the
disease. Ubiquitinated intranuclear inclusions formed by
mutant androgen receptor aggregates were observed in
SMBA patients in peripheral tissues (Li et al. 1998). In
addition, mice transgenic for mutant huntingtin exon 1
(Davies et al. 1997) and a Drosophila model of SCA-3
(Warrick et al. 1998), contained aggregates in regions that
do not exhibit cell death. Finally, the presence of selective
medium spiny degeneration in the absence of macro- or
micro-aggregates clearly indicates that aggregates are not
essential for initiation of cell death (Hodgson et al. 1999).
These observations suggest that aggregate formation is
associated, but is clearly not necessary to cause cell death.

There are also reports in which nuclear inclusions were
not observed in affected tissues. Neurodegeneration of
Purkinje cells in SCA-7 and juvenile HD patients
occurred in the absence of aggregates (Holmberg et al.
1998; Becher et al. 1998). Further, there is no apparent
correlation of nuclear inclusion frequency with length of
the CAG tract and Vonsattel grade in the striatum of HD
patients (Becher e al. 1998).

These observations argue against a role of aggregates
as a direct cause of neurodegeneration. However,
aggregates may result in deficiencies in neuronal function
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(Davies et al. 1997; Lunkes & Mandel 1997; Ross 1997)
and additional events may be required to lead to neuro-
degeneration subsequent to the formation of aggregates.
For example, although neurons may initially form
aggregates as a result of stress-induced protein cleavage, a
particular cellular environment may be required for cyto-
toxicity, analogous to the tamoxifen-induced stress in our
293T cell model. In neurons, this ‘toxic environment’,
possibly resulting from expression of certain glutamate
receptors leading to uncontrolled excitotoxicity, may be
the stimulus needed for aggregate-containing cells to die.
The cells in non-affected tissues that form aggregates
could be more resistant to toxicity if they have a higher
threshold of injury needed for death. The threshold could
be set by the particular repertoire of glutamate receptors,
by the cell’s ability to deal with metabolic stress, or by
levels of anti-apoptotic factors. Thus, aggregates alone are
insufficient for cell death, but selective populations of
vulnerable neurons may be more susceptible to a ‘toxic
environment’ when their viability is compromised by the
presence of aggregates.

(d) Huntingtin is toxic in both the nucleus
and cytoplasm of 293T cells

Determining the primary site of pathology of the CAG
diseases is important for designing therapeutic inter-
ventions. Nuclear inclusions are associated with disease in
the other CAG diseases studied so far (Skinner et al. 1997),
whereas for HD both nuclear and extranuclear aggregates
are seen i vivo and in vitro (DiFiglia et al. 1997).

The different localization of aggregates in HD
compared with other expansion diseases may depend on
several factors. First, the size of a protein influences
nuclear entry (Gorlich & Mattaj 1996). Thus, the ability
of the protein to be cleaved into fragments small enough
to enter the nucleus is important. Ataxin-3 is small
enough to diffuse into the nucleus. The mutant exon 1
fragment in the HD mice forms nuclear inclusions since it
1s also small enough to diffuse into the nucleus. Only anti-
bodies against N-terminal epitopes recognize nuclear
inclusions in HD post-mortem tissue, suggesting proteo-
lytic processing of full-length huntingtin (DiFiglia et al.
1997; Becher et al. 1998).

Second, the polyglutamine-containing proteins may
usually reside in the nucleus as part of their normal
function. For example, ataxin-l1 (Skinner et al. 1997) is
predominantly normally localized in the nucleus of
neurons affected in SCA-1. Thus, nuclear entry is not a
feature of this disease. In addition, ataxin-3 (Tait et al.
1998; Paulson et al. 1997), ataxin-7 (Stevanin et al. 1996;
Trottier et al. 1995), the androgen receptor (Li et al. 1998)
and atrophin-1 (Miyashita et al. 1997) have putative
nuclear localization sequences and have been identified in
the nucleus. By contrast, we have not found an active
NLS in the N-terminus of huntingtin. Third, there may
be inherent differences in the pathogenesis of these
discases due to differences in functional properties or
protein partners of the respective proteins. For example,
androgen receptor toxicity is influenced by ligand concen-
tration in 293 T cells (Ellerby et al. 19994), and huntingtin
assoclates with several proteins that have altered inter-
actions with increased polyglutamine length (Li et al.
1995; Burke et al. 1996; Kalchman et al. 1997). Ataxin-1
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and ataxin-3 associate with the nuclear matrix (Matilla ez
al. 1997; Tait et al. 1998) and may interfere with essential
nuclear events as part of their toxicity. Indeed, recent
results from ataxin-1 transgenic mouse lines by Klement
et al. (1998) indicate that nuclear localization of ataxin-1
is critical for SCA-1 pathology. Finally, detection of the
localization of a particular protein could vary with tissue
preparation and the antisera used.

There is clearly in vivo evidence for extranuclear aggre-
gates being toxic (DiFiglia et al. 1997). While this paper
was under review Saudou ef al. (1998) presented data that
indicated that nuclear localization was required for cyto-
toxicity of huntingtin in a striatal neuronal line. There
are several methodological differences that could account
for the discordant conclusions between the present paper
and the work of Saudou et al. In this study, we have
assessed the total frequency of aggregates, including cyto-
plasmic aggregates, which allowed direct comparison of
the influence of total cellular aggregates on toxicity in
293T cells. Additionally, there are differences in sensitiv-
ities and timing of the cell viability assays used. The
MTT assay quantifies mitochondrial changes, which are
considered as earlier indicators of apoptosis than nuclear
morphological changes (Green & Reed 1998). Mito-
chondrial markers of apoptosis may record early subtle
alterations of cell viability caused by cytoplasmic
huntingtin. In addition, further studies are needed to
determine whether cell line-specific factors may contri-
bute to the differences in these findings.

(e) YAC transgenic mice expressing mutant
huntingtin have cytoplasmic and nuclear changes
We have produced yeast artificial chromosome (YAC)
transgenic mice expressing normal
huntingtin that is expressed in a developmentally regu-
lated and cell-specific manner essentially identical to that
seen with endogenous huntingtin. The YAC transgenic
mice expressing mutant huntingtin with 46 repeats do not
have a clinical phenotype as evidenced by detailed neuro-
logical and behavioural assessment up until the latest
stage of assessment at 24 months. However, mild electro-
physiological abnormalities do become evident in these
mice at six months of age. These abnormalities become
more obvious and are readily apparent at ten months of
age when diminished hippocampal long-term potentia-
tion in the CAl neurons is evident. This is also associated
with an increase in intracellular calcium stores. At ten
months of age detailed assessment using electron micro-
sopy and immunogold labelling has failed to reveal any
evidence for nuclear translocation of huntingtin aggre-
gates or evidence for neurodegeneration. However,
further examination of these mice at approximately two
years of age has revealed evidence for labelling of N-term-
inal huntingtin, which is seen traversing the nuclear pore,
and also seen in the nucleus of selected neurons. This
indicates that nuclear translocation of huntingtin occurs
after some cellular abnormalities are apparent in these
mice. Furthermore, these mice have no evidence for a
clinical phenotype, also indicating that nuclear transloca-
tion of huntingtin occurs prior to evidence for a clinical
phenotype.
Mice expressing huntingtin with 72 glutamines at
levels less than endogenous levels showed a clinical

and mutant
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phenotype at nine months. Detailed pathological exami-
nation has revealed evidence for increased cellular
staining and medium spiny neuronal loss in the lateral
striatum. The examination of a founder mouse with 72
repeats that had increased copy number of the YACs with
evidence for increased expression, had an obvious clinical
phenotype by six weeks of age and when examined patho-
logically at one year of age had obvious evidence for
proteolytic processing of huntingtin with some N-terminal
labelled huntingtin present in the cytoplasm, some label-
ling being seen in the nuclear pores, and other neurons
with clear evidence of significant seeding into the nucleus
of this huntingtin fragment. These N-terminal huntingtin
fragments coalesced with a few N-terminal
huntingtin fragments interacting with each other, and
then in some cells this was associated with evidence for
large numbers of N-terminal fragments coalescing into
microaggregates, and in other cells with a development of
obvious aggregates seen at light microscopy (Hodgson et
al. 1999).

These studies give some indication of the process for
the development of aggregates with initial proteolytic
processing of huntingtin in the cytoplasm, liberation of an
N-terminal fragment which traverses the nuclear pore
and enters into the nucleus. Within the nucleus there is
initial seeding of huntingtin with other N-terminal
huntingtin fragments over time, and as the protein
concentration within the nucleus of internal huntingtin
increases, this allows N-terminal huntingtin fragments to
interact with each other with eventual production of
aggregates associated with neurodegeneration.

The YAC transgenic mice expressing 46 repeats
demonstrated some cytoplasmic toxicity with increased
calcium concentration and obvious electrophysiological
abnormalities. The earlier presentation of a neurological
phenotype associated with neurodegeneration by one year
of age of the YAC-72 mice is compatible with the acceler-
ated disease seen in patients who manifest with juvenile
HD associated with polyglutamine expansion in a similar
repeat range. Polyglutamine expansion of this range is
associated with presentation by ten years of age and
clearly i1s compatible with a highly accelerated disease
process. In juvenile onset, the cytoplasmic phase of this
illness may be shorter, associated with the accelerated
development of intranuclear aggregates occurring at a
much earlier stage than seen, for example, in the mice
with 46 repeats when N-terminal translocation of
huntingtin was only first seen by two years of age. This
would suggest that in patients with 46 repeats the cyto-
plasmic phase of the illness with some evidence for toxi-
city may occur for a longer period and that only much
closer to, but prior to, onset of the clinical illness would
this be associated with nuclear translocation of huntingtin
as seen in the YAC transgenic mice expressing 46 gluta-
mines. These data provide further iz vivo evidence for the
nucleus and cytoplasm as sites of pathogenesis in HD.
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