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Abstract It has been postulated that neuronal inclusions
composed of mutant huntingtin may play a causative role in the
pathogenesis of Huntington's disease. To study the putative role
of aggregates in modulating apoptotic vulnerability, SH-SY5Y
cell lines stably expressing truncated huntingtin with 18 (wild-
type) (N63^18Q) or 82 (mutant) (N63^82Q) glutamine repeats
were established. Aggregates were observed in VV13% of the
N63^82Q cells ; no aggregates were observed in the N63^18Q
cells. In response to apoptotic stimuli such as staurosporine or
hyperosmotic stress, caspase-3 activity was significantly greater
in the N63^82Q cells compared to the N63^18Q cells. However,
double immunostaining for huntingtin and active caspase-3
revealed that the presence of aggregates did not correlate with
the presence of active caspase-3, indicating that aggregates do not
contribute to the increase in apoptosis in the N63^82Q
cells. ß 2002 Federation of European Biochemical Societies.
Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

While an abnormal expansion of the polyglutamine se-
quence in the N-terminal region of huntingtin causes Hunting-
ton's disease (HD), the pathogenic mechanisms involved have
not been fully elucidated. A possible clue to the pathogenesis
of HD came with the discovery of neuronal inclusions com-
posed of mutant huntingtin in HD brain [1^3], as well as in
transgenic mice [4,5] and transfected cell models [6^8]. These
¢ndings led to the hypothesis that the etiology of HD was at
least in part due to the formation of these inclusions [9,10],
perhaps due to the sequestration of certain cell survival pro-
teins into the aggregates [11,12]. In support of this hypothesis,
the formation of polyglutamine aggregates appeared to in-
crease susceptibility to cell death following apoptotic stimuli
[13,14]. However, it has also been suggested that although a
conformational change in mutant huntingtin due to the poly-
glutamine expansion may cause both aggregation and patho-
genicity, they occur separately and independently [15^17].
Consistent with this view, studies that uncouple polyglut-
amine-induced aggregate formation and toxicity have been
published [16,17]. In a YAC transgenic mouse model of
HD, expression of high levels of mutant huntingtin results

in neuropathology and inclusions. Interestingly, lower levels
of mutant huntingtin expression also produced HD-like neu-
ropathology but in the absence of inclusions, even at the elec-
tron microscopic level [18]. Further, in vitro cell models have
shown a reduction of polyglutamine aggregate formation re-
sults in greater cell death [15,17,19], suggesting that rather
than being pathogenic, the inclusions may actually be protec-
tive [15,17].

There is a growing body of evidence that apoptotic process-
es contribute to the neuronal loss in HD brain. For example,
treatment of mice that overexpress a mutant huntingtin trans-
gene with minocycline, which inhibits both caspases-1 and -3,
delays the death of the animals [20]. Lymphoblasts from HD
patients show increased caspase-9 and caspase-3 activation in
response to the apoptotic stressor staurosporine, compared to
lymphoblasts from controls [21]. Further, in cell culture mod-
els inhibition of caspase cleavage of mutant huntingtin re-
duces toxicity [14,22]. These and other studies indicate the
likely involvement of apoptosis or apoptotic-like processes
in the neurodegeneration observed in HD. However, the rela-
tionship between the presence of neuronal aggregates and
sensitivity to apoptotic stimuli in HD remains unclear.

To examine the relationship between mutant huntingtin ag-
gregates and apoptotic cell death, human neuroblastoma SH-
SY5Y cells that stably express N-terminal fragments (N63) of
wild-type (N63^18Q) or mutant huntingtin (N63^82Q) protein
were established. In this study, we demonstrate that the ex-
pression of mutant truncated huntingtin facilitates staurospo-
rine and hyperosmotic stress-induced apoptosis, however, the
presence of mutant huntingtin aggregates does not correlate
with the presence of active caspase-3. These results suggest
that truncated mutant huntingtin sensitizes cells to apoptotic
stimuli independently of aggregate formation.

2. Materials and methods

Human SH-SY5Y neuroblastoma cell lines stably expressing myc-
tagged N63 wild-type (N63^18Q) and N63 mutant (N63^82Q) hun-
tingtin have been described previously [23]. All experiments were car-
ried out on sub-con£uent cultures. Under these conditions, the fre-
quency of cells bearing aggregates was V13% in N63^82Q cells; no
aggregates were observed in the N63^18Q cells.

To measure caspase-3 activity, cells were grown on 60 mm dishes
and then incubated with 0.5 M sorbitol for the indicated time periods,
or with staurosporine at the indicated concentrations for 3 h. At the
appropriate time, cells were harvested in cold phosphate-bu¡ered sa-
line (PBS), collected by centrifugation, resuspended in a homogenizing
bu¡er (50 mM Tris^HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.5%
NP40, 0.1 mM phenylmethylsulfonyl £uoride, and a 10 Wg/ml concen-
tration each of aprotinin, leupeptin, and pepstatin) and sonicated on
ice. Protein concentrations were determined using the BCA assay
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(Pierce). Caspase-3 activity was measured in the cell lysates using a
£uorometric assay as described previously [24].

For immunoblotting cells were incubated with 0.5 M sorbitol for
the indicated time periods, harvested in cold PBS, collected by cen-
trifugation, resuspended in a homogenizing bu¡er (50 mM Tris^HCl,
pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.5% NP40, 0.1 mM phenyl-
methylsulfonyl £uoride, and a 10 Wg/ml concentration each of apro-
tinin, leupeptin, and pepstatin) and sonicated on ice. Protein concen-
trations of the homogenates were determined using the BCA method
(Pierce) and diluted to a ¢nal concentration of 2 Wg/Wl with 2U re-
ducing stop bu¡er (0.25 M Tris^HCl, pH 6.8, 5 mM EDTA, 5 mM
EGTA, 25 mM dithiothreitol, 2% SDS, 10% glycerol and bromophe-
nol blue as the tracking dye). Samples (20 Wg of protein) were resolved
on SDS^polyacrylamide gels, and transferred to nitrocellulose. Blots
were blocked in 5% non-fat dry milk in TBST (20 mM Tris^HCl, pH
7.6, 137 mM NaCl, 0.05% Tween 20) and probed for active caspase-3
(1:500) (Cell Signaling Technology) or the classic caspase-3 substrate
poly ADP-ribose polymerase (PARP) (1:2500) (Pharmingen) in the
same bu¡er overnight at 4³C. The membranes were then washed
and probed with appropriate horseradish peroxidase-conjugated sec-
ondary antibody for 2 h at room temperature. The membranes were
then rinsed and developed with the enhanced chemiluminescence
method (ECL, Amersham).

For immunocytochemistry cells were seeded on poly-D-lysine-coated
cover slips in 24-well plates. After treatment cells were ¢xed and
stained with a monoclonal C-myc antibody (1:200, Zymed) and Texas
Red-conjugated anti-mouse IgG (1:200, Jackson Labs) as described
previously [23]. To determine the co-localization between huntingtin
aggregates and caspase-3 activation, cells were stained with the poly-
clonal active caspase-3 antibody (1:100, Cell Signaling Technology)
and the monoclonal C-myc antibody (1:200), followed by incubation
with Texas Red-conjugated anti-mouse IgG (1:100) for huntingtin
and FITC-conjugated anti-rabbit IgG (1:200, Jackson Labs) for ac-
tive caspase-3. Nuclei were counterstained with Hoechst. Cells were
viewed using confocal microscopy (Leica) and images were acquired
by sequential scanning at the appropriate wavelengths. The cellular
distribution of N63^82Q aggregates and caspase-3 activation was as-
sessed by random sweeps at 10U (Nikon). Each cell in a ¢eld was
scored as having either di¡use or aggregated huntingtin immunoreac-
tivity, and as either negative or positive for active caspase-3 immuno-
staining. Data are from three independent experiments and values are
expressed as mean þ S.E.M.; V6000 cells were counted for each ex-
periment. Statistical comparisons were made by Student's t-test;
P6 0.05 was considered signi¢cant.

3. Results

As previously reported [7,23,25,26], mutant truncated hun-
tingtin (N63^82Q) forms SDS-insoluble aggregates (Fig. 1),
which are ubiquitinated and co-localize with heat shock pro-
teins [23], whereas wild-type truncated huntingtin (N63^18Q)
is di¡use in cytoplasm with no visible aggregates (Fig. 1). The
aggregates in the N63^82Q cells are both nuclear and cyto-
plasmic, although the majority of the aggregates are found in
the cytoplasm. Under basal conditions 13% of the cells have
aggregates, and 2% of the N63^82Q cells have nuclear aggre-
gates [23].

Although the level of total caspase-3 expression is not sig-
ni¢cantly di¡erent between the two cell lines, and basal cas-
pase-3 activity is low and equivalent in both cell lines (data
not shown), mutant truncated huntingtin expressing cells
showed a signi¢cantly greater increase in caspase-3 activity
compared to wild-type huntingtin expressing cells, when the
cells were exposed to apoptotic stressors such as staurosporine
(Fig. 2A) or 0.5 M sorbitol (Fig. 2B). Further, the increase in
caspase-3 activity in response to staurosporine or 0.5 M sor-
bitol treatment was concentration- or time-dependent (Fig. 2),
respectively. Caspase-3 exists as a pro-enzyme. Cleavage of
the pro-form of caspase-3 by activating caspases such as cas-
pases-8 or -9 converts caspase-3 to its active form [27,28].

Immunoblot analysis revealed that the appearance of active
(cleaved) caspase-3 occurred earlier in the N63^82Q cells com-
pared to the N63^18Q cells in response to sorbitol stress (Fig.
3). In response to sorbitol stress there was also an earlier
increase in the appearance of the 85 kDa PARP proteolytic
product, which is a classic indicator of caspase-3 activation, in
the mutant truncated huntingtin expressing cells compared to
wild-type huntingtin expressing cells (Fig. 3). Further, in the
N63^82Q cells no intact PARP was detectable after 60 min of
sorbitol stress, while in the N63^18Q cells intact PARP was
still present after 120 min of hyperosmotic stress (Fig. 3).

Although it was clear that cells expressing N63^82Q were
signi¢cantly more sensitive to apoptotic stressors, the relation-
ship between the presence of aggregates in a cell and caspase-3
activation needed to be established. Therefore co-immuno-
£uorescence studies that examined the presence of active cas-
pase-3 and aggregates were carried out. Incubation of N63^
82Q cells with increasing concentrations of staurosporine in-
creased the number of active caspase-3 positive cells accord-
ingly. However, the presence of aggregates did not `predis-
pose' the cells to caspase-3 activation, in that the percentage
of aggregate-bearing and non-aggregate-bearing N63^82Q
cells that were positive for active caspase-3 was the same
(Fig. 4A). These ¢ndings suggest that mutant huntingtin ag-
gregates do not facilitate staurosporine-induced apoptosis in
this cell model. Similar results were obtained with hyperos-
motic stress, in that active caspase-3 was not preferentially
located in aggregate-bearing cells (Fig. 4B).

4. Discussion

In this study, stress-induced apoptotic cell death (caspase-3
activation) in cells stably expressing N63^82Q was signi¢-
cantly greater than in cells stably expressing N63^18Q. How-
ever, in the absence of stressors, the two cell lines did not
di¡er in viability [23]. In support of these results, selective
vulnerability of mutant huntingtin expressing cells to stressors
has been reported in lymphoblasts derived from HD patients
[21] and in transient transfection studies [7]. Indeed, in tran-
sient transfection studies using N2A cells, expression of
N171^82Q sensitized cells to staurosporine-induced cell death
compared to N171^18Q expression. In these studies V38% of
the cells expressing mutant truncated huntingtin were dead
after a 4 h treatment with 0.5 WM staurosporine, while only
V19% of the cells expressing wild-type truncated huntingtin
were no longer viable [7]. These studies clearly indicate that
expression of mutant huntingtin can sensitize cells to apopto-
tic stressors. Although the N-terminal fragment of huntingtin
used in this study (N63^82Q) has no caspase cleavage sites
[22], it may enhance susceptibility to stress-induced apoptotic
cell death. For example, expressing a dominant negative cas-
pase-1 in the R6/2 mice (which express exon 1 of huntingtin
with V150 glutamines and develop a pronounced neurolog-
ical phenotype) delays disease progression [29]. In addition,
treatment with minocycline inhibits caspase-1 and -3 expres-
sion in the R6/2 mice and delays mortality [20]. The hunting-
tin construct expressed in the R6/2 mice is approximately the
same fragment used in the present study, and thus contains no
caspase cleavage sites [5,7,22]. Indeed, in the current study
both caspase-8 and caspase-9, as well as caspase-3 were acti-
vated to a greater extent in N63^82Q cells compared to N63^
18Q cells in response to staurosporine or hyperosmotic stress
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(data not shown). It has also been demonstrated that the
cytotoxicity induced by mutant huntingtin can be inhibited
by the anti-apoptotic protein Bcl-X1 and caspase inhibitors

in primary striatal neurons [17]. These results suggest that
highly truncated mutant huntingtin sensitizes cells to speci¢c
stressors resulting in apoptotic cell death.

Although aggregate formation of mutant huntingtin is a
characteristic hallmark of the disease [1,4,26], the pathological
role of aggregates is still highly controversial. It is not clear
whether these aggregates play a causative, protective or just
an epiphenomenal role. Originally it was suggested that ag-
gregates cause neurodegeneration [9,30^32]. However, further
studies suggested that the conformational change in the pro-
tein due to the polyglutamine expansion may result in both
aggregation and pathogenicity of the mutant huntingtin, but
they are separate and independent events [16^18]. Further
several studies have presented data suggesting that the inclu-
sions may actually play a protective role [15,17,19]. In the
present study, we found that in response to apoptotic stres-
sors, the percentage of non-aggregate-bearing cells and aggre-

Fig. 1. Huntingtin immunostaining in cells stably transfected with N63^18Q or N63^82Q. Huntingtin was detected with the C-myc monoclonal
antibody and nuclei were counterstained with Hoechst. In the N63^18Q cells, huntingtin immunostaining was di¡use throughout the cytoplasm.
In contrast, in the N63^82Q cells, huntingtin formed aggregates in cells. Although di¡use mutant huntingtin immunostaining was also present
in N63^82Q cells, the intense immunostaining of the aggregates prevented the capture of images showing both aggregates and di¡use staining
in the same ¢eld.

  

Fig. 2. Potentiation of apoptotic death induced by staurosporine
and hyperosmotic stress in mutant huntingtin expressing cells. Cells
were incubated with 0.1, 0.25, 0.5, or 1.0 WM staurosporine for 3 h
(A) or with 0.5 M sorbitol for 0^120 min (B) and caspase-3 activity
was measured. Values are expressed as a percent of basal caspase-3
activity of N63^18Q cells. Data represent three independent experi-
ments and values were expressed as mean percent þ S.E.M.;
*P6 0.05, **P6 0.01.

Fig. 3. Caspase-3 activation and PARP cleavage in response to hy-
perosmotic stress occurs earlier in N63^82Q cells compared to N63^
18Q cells. Cells were incubated with 0.5 M sorbitol for 0^120 min,
samples were collected at the times indicated and probed for active
caspase-3, or the caspase-3 substrate PARP. No active caspase-3 is
present in either cell line prior to treatment (0 time). However, in
the N62^82Q cells active caspase is present 30 min after sorbitol
stress, while in the N63^18Q cells the active caspase-3 is not de-
tected until 60 min after the initiation of treatment. Further the in-
crease in active caspase-3 is more robust in the N63^82Q cells com-
pared to the N63^18Q cells. Both the 17 kDa and 19 kDa
immunoreactive bands are active caspase-3. Although the levels of
PARP are equivalent in the two cell lines, there is an earlier and
more extensive caspase-3-mediated proteolysis of the intact PARP
into the 85 kDa breakdown product in the N63^82Q cells compared
to the N63^18Q cells in response to sorbitol treatment.
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gate-bearing cells that were immunopositive for active cas-
pase-3 was similar. These data suggest that in this model,
aggregates neither contribute to the apoptotic vulnerability
of cells expressing mutant truncated huntingtin, nor play a
protective role. Recent data have suggested that protein ag-
gregation impairs the proteasome system [33], and that poly-
glutamine aggregates sequester CREB binding protein (CBP),
an essential transcription co-activator [11]. These previous
¢ndings would suggest that aggregates are toxic to cells, in
contrast to what was observed in our model system. However,
it is important to note that in the present study we are ana-
lyzing the e¡ects of `macroaggregates' on cell death, i.e. ag-
gregates that can be detected at the light microscopic level.
Under basal conditions in the N63^82Q cells only V13% of
the cells have these visible macroaggregates. However, if ag-
gregate formation is a nucleation process as it has been hy-
pothesized [34^36], it is likely that abnormal protein^protein

interactions are occurring in almost all the cells expressing the
N63^82Q construct. These abnormal interactions of N63^82Q
with itself and other proteins may be su¤cient to impair pro-
teasome function and/or interfere CBP-mediated transcription
and thus sensitize the cells to apoptotic stressors [11,12,33].
This would explain why the entire population of N63^82Q
cells was more sensitive than the N63^18Q cells to apoptotic
stimuli, independent of the presence of visible aggregates. Fur-
ther, lymphoblasts from HD patients (which do not contain
aggregates) show increased apoptotic cell death compared to
lymphoblasts from control subjects. HD lymphoblasts also
exhibited a signi¢cant increase in mitochondrial depolariza-
tion in response to stressors compared to controls, which cor-
related with increased glutamine repeats [21]. These ¢ndings
would also suggest that mutant polyglutamine containing pro-
teins might facilitate the apoptotic process independent of the
formation of visible aggregates.
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