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Abstract Huntington’s Disease (HD) is caused by trinu-
cleotide CAG repeat expansion >36 in huntingtin (htt), a
protein with several documented functions. The elongated
polyglutamine (polyQ) stretch in the N-terminal region of
htt leads to dysfunctional and degenerative events in neu-
rons and peripheral tissues. In this study, by extending the
analysis to several caspase activities (i.e. caspase 2, 3, 6, 8
and 9), we describe genotype- and time- dependent caspase
activity abnormalities, decreased cell viability and a large
set of alterations in mitochondria morphology, in cultured
blood cells from HD patients. Patients homozygous for
CAG repeat mutations and heterozygous with high size
mutations causing juvenile onset (JHD) presented signifi-
cantly increased caspase 2, 3, 6, 8 and 9 activities,
decreased cell viability and pronounced morphological
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abnormalities, compared with cells carrying low mutation
size and controls. After cyanide treatment, all caspases
increased their activities in homozygous and highly
expanded heterozygous cells, caspase 8 and 9 increased
also in those cells carrying low-size mutations, remarking
their key role as ‘caspase initiators’ in HD. The remarkable
ageing-dependent abnormalities in peripheral cells carrying
particularly toxic mutations (i.e. homozygotes’ and JHD’s
blood cells) points out the potential dependence of clinical
HD development and progression on either mutated htt
dosage or missing wild type htt. Peripheral tissues (i.e.
blood cells) may theoretically represent an important tool
for studying HD mechanisms and searching for new bio-
markers, according to the patients’ genotype.

Keywords Caspase activities - Juvenile Huntington
disease (JHD) - Homozygous CAG mutations - Abnormal
mitochondria - Huntingtin (htt) dosage effect

Introduction

Huntingtin (htt), the protein whose elongated poly(Q) in
Huntington disease (HD) has gain of toxic effects, has also
beneficial anti-apoptotic effects by its wild type form
(Borrell-Pages et al. 2006; Cattaneo et al. 2001; Li and Li
2004). Missing wild-type htt or increasing levels of muta-
ted htt represent both toxic events for cells, as described in
vitro (Graham et al. 2006; Maglione et al. 2006; Rigamonti
et al. 2000) and in vivo in both animal models (Leavitt
et al. 2001) and patients (Squitieri et al. 2003). Patients
missing wild-type htt and possessing a double dose
(homozygous patients) of mutated protein (i.e. rare subjects
homozygous for CAG repeat expansion mutation), mani-
fest a more severe clinical and neuropathological course
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and morphological mitochondria abnormalities than het-
erozygotes with similar mutation length (Mormone et al.
2006; Squitieri et al. 2003, 2006). Similarly, patients with
very long mutations in htt, thus manifesting juvenile HD
(JHD), show a severe phenotype, with atypical and severe
clinical manifestations and progression rate (Quarrell et al.
2009). Mitochondria from both homozygous (Squitieri
et al. 2006) and JHD (Sawa et al. 1999) patients also show
increased depolarization and possess severe morphological
alterations. Caspase activity 3 and 9 are increased in
lymphoblasts from homozygous (Maglione et al. 2006) and
JHD patients (Sawa et al. 1999), caspase 8 also increased in
homozygous subjects’ lymphobalsts (Maglione et al.
2006).

In this study, we simulated in vitro HD ageing- and
toxic-input- related changes of caspase activities and ana-
lyzed their overtime changes and cell line viability in
peripheral cultured cells from patients with different
genotypes, including homozygotes for CAG mutation, JHD
with long toxic mutations, adult HD with usually occurring
CAG mutations, and controls.

Materials and methods
Cell cultures

Cell lines were obtained from patients and stored in bank,
as we previously described (Maglione et al. 2006) and after
requiring informed consent, in accordance to the Declara-
tion of Helsinki (Br Med J 1991; 302; 1194) and to ethical
approval of the local committee. Clinical characteristics
and data are currently stored in a data bank. Cell lines
included two unexpanded normal controls (ctrl), four het-
erozygotes, two with usually expected length (lowHD,
range of expanded CAG repeats: 41-48) and two with
highly expanded alleles (highHD, range of expanded CAG
repeats: 70—120), and two homozygotes for the expanded

Table 1 Clinical, genetic and demographic data

allele (homoHD, genotypes: 42/44 and 40/46 CAG
expanded repeats) (Table 1). These cells were used to
compare controls. Heterozygous and homozygous patients.
In order to validate the consistency of data obtained in a
small (N = 2) cohort of lowHD and highHD cells we also
report as electronic supporting files analogous data
obtained from additional heterozygous patients. For this
purpose, we report data from 4 additional cell lines from
each cohort of heterozygous HD (lowHD and highHD)
along with 4 additional control cell lines (Supplementary
Figs. 1, 2). Cells were maintained in suspension in 25 cm?
flasks in RPMI 1640 (Gibco/Invitrogen, San Diego, CA,
USA), supplemented with 10% fetal bovine serum (FBS),
penicillin/streptomycin (Gibco/Invitrogen, San Diego, CA,
USA), and L-glutamine (Gibco/Invitrogen, San Diego, CA,
USA). For the longitudinal studies cells were serially
passaged and kept in culture for 6 months as previously
described (Cannella et al. 2009; Maglione et al. 2006;
Squitieri et al. 2006). At each passage (twice per week),
3 x 10° cells were transferred to 8 ml fresh medium after
thorough re-suspension. After 8-10 similar passages
(15-20 doublings) indicated as “time”, a portion of the
cells was used for the analysis. In total, these cells under-
went about 60 passages during a 6-month culture.

To test the effect of ageing on cell viability, we designed
the experiment in presence or absence of glucose without
any medium refreshment for 4-6 days in non-6-month-
passaged cell cultures. We measured live cells, at indicated
time, by trypan blue exclusion test. Only cells that exclu-
ded the blue dye and had a well-defined cellular outline
were scored as live. Data were plotted as percentage of
viable cells relative to the total number of cells. Each
experiment was performed in triplicate.

Measurement of caspase activities

Caspase activities were analyzed by commercial kits as
described (Maglione et al. 2006). Briefly, cells were plated

Cell lines Subjects Gender Expanded Age at onset Age at blood sampling
CAG repeats (years) for cell lines (years)
Control Unexpanded normals M 16/17 - 52
F 1717 - 54
lowHD Heterozygotes M 26/41 56 61
F 28/48 37 53
highHD Heterozygotes F 17/70 18 22
M 17/120 5 10
homoHD Homozygotes M 42/44 57 59
F 40/46 57 67

lowHD usually expanded allele, highHD highly expanded allele, homoHD homozygote for the expanded allele
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at a density of 1 x 10° cells per ml and then exposed to
1 mM cyanide (CN) (Fluka) for different times: 10 h for
Caspase-8 activity, 12 h for Caspase-2, -6 and -9 activities
and 20 h for Caspase-3 activity. We tested the longitudinal
changes of caspase-2, -3, -6, and -8 activity at time O (after
2 weeks culture), 3 (after 3 months of culture) and 6 (after
6 months of culture). Caspase-3 activity in the wild type
and R6/2 mouse brains, were analyzed at 4 and 12 weeks
of age.

The brains were quickly removed on an ice-cold plate
and they were homogenized in RIPA buffer (Maglione
et al. 2006).

Huntingtin fragmentation

To analyze the level of the htt fragmentation, the cells were
homogenized in lysis buffer containing 20 mM Tris—HCl
pH 7.2, 150 mM NaCl, 1% NP40 and protease inhibitors
(Sigma, St Louis, MO, USA). Identical protein concen-
tration of each sample was assessed by Bradford method.
Protein extracts were separated on SDS-PAGE gel and
electrophoretically transferred on nitrocellulose membrane.
Two independent antibodies against N-terminal Htt (MAB
2,166 for amino acids 414-503; Chemicon) and C-terminal
domain (MAB 2,168 residues 2,146-2,541; Chemicon)
were used for western blotting and provided closely similar
results. Protein bands were visualized by enhanced
chemiluminescence (ECL kit, Amersham Pharmacia) and
exposed to Hyperfilm (Amersham Pharmacia).

Transmission electron microscopy (TEM)

For TEM examination, cells were fixed in 2% parafor-
maldehyde/3% glutaraldehyde in 0.1 M PBS (pH 7.4) and
processed as previously described (Squitieri et al. 2006,
2010). Cells were selected by a double-blind method by
an operator other than the one who carried out the
morphometric analysis. Cell images were analyzed for
area of mitochondria. For each cell line, we randomly
chose two blocks (1,000 cells per block) that we further
cut to obtain matched sections each containing about 100
detectable cells. Altered mitochondria, calculated over the
total number of mitochondria in the average of 2,000
cells.

Statistical analyses

For statistical analysis, we used a nonparametric test
(Mann—Whitney U) to study differences among the groups
of cell lines according to different genotypes in cell via-
bility, caspase activities and in the number of mitochondria
and area. Significance at p < 0.05.

Results

Nutrient exhaustion and glucose deprivation induces
reduction in cell viability in homo- and highHD cell
lines

We plated cells in regular medium for 6 days and in glu-
cose deprived medium for 4 days. During this time course,
we never refreshed or changed the cell culture medium in
order to induce a possible stress condition. At fixed time
points, we counted viable cells by trypan blue exclusion
method. We found a significant decrease in cell viability
either in homo- and in highHD cell lines after 6 days
culture in regular medium and 4 days culture in glucose
deprived medium (Fig. 1a, b), indicating a genotype-
related altered response to nutrient exhaustion, including
glucose deprivation condition.
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Fig. 1 Cell viability. Two cell lines for each genotype were used and
cultured in nutrient exhaustion for 2 and 6 days (a) and in absence of
glucose for 2 and 4 days (b). The percentage of viable cells was
measured by trypan blue exclusion test. Cell viability was reduced in
highHD, homoHD and lowHD cell lines compare to controls,
* p < 0.05 (2 days). Cell viability was reduced in both highHD and
homoHD cell lines compare to lowHDs and controls, * p < 0.05
(6 and 4 days)
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Cyanide administration increases caspase activities
in HD cells

After treatment with 1 mM cyanide, caspase-3 activity was
significantly increased in both homoHD and highHD cell
lines compared to lowHDs and controls (Fig. 2a). We also
found caspase-2 and caspase-6 activities significantly
higher in homoHD and highHD cells than lowHD and
control cell lines (Fig. 2b, c), whilst caspase-8 and caspase-
9 activities were increased in all HD cell lines (Fig. 2d, e).
Although in a less extend than in homoHD and highHD
cell lines, lowHD cells showed increased cyanide-sensitive
caspase-8 activation versus controls, while caspase-9
increased similarly according to a genotype-independent
fashion in all HD cell lines (Fig. 2e). Conversely, lowHD
cells never showed any significantly increased activation in
caspase-3, -2 and -6 (Fig. 2a, c).
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Data obtained in lowHD and highHD cell lines com-
pared with controls were replicated in larger cohorts of
patients (Supplementary Fig. 1).

Caspase activities increase in serially passaged HD
cells and R6/2 HD mouse brain

We tested the caspase-2, -3, -6 and -8 activities in serially
passaged lymphoblasts after 2 weeks (time 0), after
3 months (time 3), and after 6 months (time 6) in culture.
For each caspase, we found a significant increase in
highHD and homoHD compared to lowHD and controls at
time 6 (Fig. 3a, d) and in particular, caspase 3 and 8
showed the most prominent increase (Fig. 3b, d). Inter-
estingly the caspase-2 and -6 activities were already
increased in high-and homoHD cell lines at time 0. We
confirmed the effect of ageing on increased caspase-3
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Fig. 2 In vitro caspase activity following cyanide administration.
Caspase activation after | mM cyanide (CN) administration. Two cell
lines for each genotype were used, caspase -2, -3, -6, -8 and -9
activities were measured by colorimetric kit. (a) Caspase-3 activity
was increased, in both homoHD and highHD cell lines compared with
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lowHDs and controls. (b, ¢) Caspase-2 and -6 activities were
increased in homoHD and highHD cell lines compared with lowHDs
and controls. (d, e) Caspase-8 and -9 activities were increased in all
HD cell lines as compared with controls. * p < 0.05, ** p < 0.005,
##% p < 0.0005
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Fig. 4 Brain caspase activity. Caspase-3 activation in WT and R6/2
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Fig. 3 In vitro caspase activity over time. Caspase activation in
serially passaged cell lines. Two cell lines for each genotype were
used, caspase-2, -3, -6, and -8 activities were measured after 0, 3 and
6 months in culture by colorimetric kit. (a) Caspase-2 activity was
increased in highHD and homoHD cell lines compared to lowHDs
and controls. (b) Caspase-3 activity was increased in highHD and
homoHD cell lines compared to lowHDs and controls. (¢) Caspase-6
was increased in highHD and homoHD cell lines compared to
lowHDs and controls. (d) Caspase-8 activity was increased in highHD
and homoHD cell lines compared to lowHDs and controls. * p < 0.05

activity in the brain of old transgenic R6/2 mice at
advanced HD stage (Fig. 4).

For what concern data obtained in lowHD and highHD
cell lines compared with controls these were validated in
larger cohorts of patients (Supplementary Fig. 2).

extracts from 4- and 12-week-old animals by colorimetric Kkit.
Caspase-3 activity was increased in 12-week-old R6/2 mice as
compared with age-matched controls and in 12-week-old R6/2 mice
as compared to 4-week-old R6/2 mice. * p < 0.05
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Fig. 5 Huntingtin (htt) fragmentation. Huntingtin (htt) fragmentation
in Juvenile HD blood cells. NH, terminal htt fragments were
visualized by immunoblot using MAB 2166 monoclonal antibody.
C-terminal domain were visualized using MAB 2168 (residues
2,146-2,541) (only MAB 2166 shown). The htt fragmentation was
increased in highHD at time 6 as indicated by the rows

Increased htt fragmentation in highHD cell lines
as a consequence of increased caspase activity

We analyzed the pattern of htt fragmentation in non-
passaged cell lines at 2 weeks (time 0) and in passaged cell
lines after 6 months (time 6) culture. Cell lines with low-
HD genotype did not show evidence of increased frag-
mentation even after many passages and long-term culture,
whilst highHD cells showed a typical pattern of multiple
bands, some with increased mutation size (Fig. 5).

Mitochondrial size is altered in highHD and homoHD
cell lines

We examined the number and size of mitochondria in non-
passaged and in serially passaged lymphoblasts at time O
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and at time 6. Coherently with previous results (Mormone
et al. 2006; Squitieri et al. 2006, 2010) we did not find any
alteration in mitochondrial size and/or morphology in
control and lowHD cell lines either at basal level or after
6 months in culture. HighHD showed a significant increase
in summed total area of mitochondria per cell after
6 months in culture as compared to controls and lowHD
cells (Figs. 6, 7a), while the homoHD cell line showed
increased mitochondrial area since time 0. Such significant
increase persisted at time 6 (Fig. 6a). Conversely, we failed
to find any significant difference in the number of organ-
elles among the different groups of cell lines (Fig. 7b).
TEM showed a visible abnormal morphology of mito-
chondria and material accumulation in the cytoplasm of
homoHD cells. Such abnormalities greatly increased in
passaged cells after a 6-month culture (Fig. 7) with evi-
dence of vacuoles and organelle cannibalism. HighHD
cells also showed abnormalities in mitochondrial size and
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Fig. 6 Mitochondrial area. Mitochondrial area is increased in serially
passaged HD cell lines. Two cell lines for each genotype were used,
total and maximum mitochondrial area per cell were measured after 0
(time 0) and 6 (time 6) months in culture. (a) Total area was increased
in homoHD cell lines at time 0, and in highHD at time 6 compared to
lowHDs and controls (ctrl) cell lines. Results are expressed as the
mean + SEM of mitochondrial area of a total of 2,000 cells per group
(see “Materials and methods”) (b) Maximum mitochondrial area was
increased in homoHD at time 0, and in highHD at time 6 compared to
lowHDs and controls (ctrl). * p < 0.05, ** p < 0.01
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morphology (swelling mitochondria) with particularly
altered organelle distribution (mitochondrial coalescence),
compared to lowHD and controls (data not shown).

Discussion

In this study, we describe aging-related biochemical and
ultrastructural changes in cultured peripheral cells from
HD patients with different genotype and CAG mutation
size. Our strategy aimed to mirror the pathological process
occurring in the nervous system of HD patients in the
attempt to search for peripheral, easy-to-get, markers
reflecting the apoptotic pathway occurring in HD. We
therefore analyzed peripheral patients’ and control sub-
jects’ cells (i.e. blood cells) whose culture can easily sur-
vive for long times. Biochemical, biophysical and
morphological changes of HD lymphoblasts and their
organelles have been widely described (Almeida et al.
2008; Maglione et al. 2006; Mormone et al. 2006; Nagata
et al. 2004; Panov et al. 2002; Sawa et al. 1999; Squitieri
et al. 2006; Toneff et al. 2002) and, recently, also con-
firmed in primary patients’ cell cultured with a genotype
dependent pattern (Squitieri et al. 2010). On the other hand,
the proteolytic cleavage of htt and the caspase-dependent
proapoptotic pathway represent key mechanisms in the
pathogenesis of HD (Goldberg et al. 1996; Wellington
et al. 1998) and other neurodegenerative diseases (Gervais
et al. 1999). Such biological processes occur early in HD

time 6

time 0

Fig. 7 Morphological alterations. Representative micrographs of
morphological alteration in serially passaged HD cell lines. Mito-
chondrial clustering was visible in highHD cell lines after 6 months in
cultures (time 6) compared with the beginning of cell culture (time 0).
Each micrograph report an insert at higher magnification showing the
cluster of mitochondria
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(Wellington et al. 2002) and could therefore potentially
offer clues to early preventive therapies to slow down the
HD progression (Graham et al. 2006; Ona et al. 1999;
Wellington et al. 2000).

In our study, patients cell cultures showed different
viability according to their genotype, cells with high toxic
CAG repeat expansions and homozygotes for mutations
showing increased rate of cell death compared to controls
and to cell lines with usually occurring mutation sizes
(Fig. 1). This is in accordance with the clinical observa-
tions on more severe disease course in these patients
(Cannella et al. 2004; Squitieri et al. 2003) and with a
protective role of wild-type htt in HD (Cattaneo et al.
2001). To test caspase activities changes in these cells, we
treated them by cyanide, a toxic drug acting against
mitochondrial function (Sawa et al. 1999) and analyzing
the different caspase pattern activation according to their
genotype. Interestingly, we noticed an increased caspase 2,
3, 6, 8 and 9 activity after treatment in homoHD and
highHD cells compared to control. Caspase 8 and 9 were
also up-regulated in low mutated cell lines compared to
controls, coherently with the hypothesis that they represent
‘initiator caspases’ in the HD pathological process (Kiechle
et al. 2002; Sanchez et al. 1999; Vis et al. 2005).
Accordingly, in our model, even cells carrying mutations
with low CAG size show increased activities of caspase
initiators, after a toxic input. Coherently we may postulate
that our model reflects at least partially in periphery,
although after artificial toxic stimulus, what documented in
the central nervous system (Sanchez Mejia and Friedlander
2001). The demonstration of htt fragment accumulation is
suggestive of a consequential effect of the increased cas-
pase activation on protein cleavage also in peripheral cells
as already described (Maglione et al. 2006; Toneff et al.
2002) and in a different fashion according to the patients’
genotype. The selective increase of caspase 2, 3 and 6
observed in high and homoHD lymphoblasts also showing
the most remarkable protein fragmentation (Fig. 5) may
offer clues to further study the different behaviour of such
proteases in HD.

One interesting finding shows a progressive increase of
all tested caspase activities in cells with particularly toxic
genetic conditions (high and homoHD cells) reflecting the
increased rate of cell death observed in these cells after
glucose deprivation, the increased protein fragmentation
during time in the same cells and, conclusively, the
remarkable clinical severity expressed by these particular
patients (Gutekunst et al. 1999; Hackam et al. 1998;
Scherzinger et al. 1999; Squitieri et al. 2003; Zeron et al.
2001). The progressive increased caspase-3 activity we
document in a mouse model typically showing features of
JHD fits perfectly with our findings and with the hypothesis
that the proteolytic HD process is a biological dynamic

event progressively affecting life span (Chen et al. 2000;
Ona et al. 1999; Kiechle et al. 2002) (Fig. 4).

TEM confirmed a more evident basal toxic condition in
homoHD and highHD cell lines showing increased mito-
chondrial area (swelling mitochondria) together with
impressive morphological changes. Specifically high HD
cell lines showed an aberrant nuclear mitochondria clus-
tering likely derived from altered mitochondrial metabo-
lism and potentially associated with the increased protease
activities. This observation is in line with it has been
described in other peripheral tissues, i.e. muscular system
(Chaturvedi et al. 2009) and in primary cell culture from
patients (Squitieri et al. 2010).

Our study highlights, to our knowledge for first time in a
HD peripheral tissue, a possible relationship between the
increasing time dependent caspase activities (Fig. 3) and
the increasing time dependent sub-cellular morphological
abnormalities (Fig. 7). Interestingly, such changes depen-
ded on genotype, thus giving further strength to the
intriguing hypothesis that additional/different mechanisms
may contribute to HD, according to specific rare genotypes
(i.e. homozygotes for CAG mutation and highly expanded
mutation carriers). This adds on previous evidence we
obtained showing analogous results for dose-dependency
of HD alteration in mitochondrial size (Squitieri et al.
20006).

Our study show obvious limitations. First, this is an
artificial in vitro model and cannot perfectly replicate what
is occurring in vivo in a longer life span time. Second, we
are here testing just some of the cleavage protease events
specifically related to caspase activities, which only in part
contribute to htt fragmentation. Further experiments testing
the contribution of proteases, other than caspases, to the htt
fragmentation, would be required to elucidate this point.
However, notwithstanding these obvious limitations, we
are here describing longitudinal progressive time depen-
dent pathological phenomena in a model showing the toxic
effects of CAG mutation in its physiological context.
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