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Huntington’s disease (HD), spinocerebellar ataxias types 1 and 3
(SCA1, SCA3), and spinobulbar muscular atrophy (SBMA) are
caused by CAG/polyglutamine expansion mutations. A feature of
these diseases is ubiquitinated intraneuronal inclusions derived
from the mutant proteins, which colocalize with heat shock pro-
teins (HSPs) in SCA1 and SBMA and proteasomal components in
SCA1, SCA3, and SBMA. Previous studies suggested that HSPs
might protect against inclusion formation, because overexpression
of HDJ-2/HSDJ (a human HSP40 homologue) reduced ataxin-1
(SCA1) and androgen receptor (SBMA) aggregate formation in
Hela cells. We investigated these phenomena by transiently trans-
fecting part of huntingtin exon 1in COS-7, PC12, and SH-SY5Y cells.
Inclusion formation was not seen with constructs expressing 23
glutamines but was repeat length and time dependent for mutant
constructs with 43-74 repeats. HSP70, HSP40, the 20S proteasome
and ubiquitin colocalized with inclusions. Treatment with heat
shock and lactacystin, a proteasome inhibitor, increased the pro-
portion of mutant huntingtin exon 1-expressing cells with inclu-
sions. Thus, inclusion formation may be enhanced in polyglutamine
diseases, if the pathological process results in proteasome inhibi-
tion or a heat-shock response. Overexpression of HDJ-2/HSDJ did
not modify inclusion formation in PC12 and SH-SY5Y cells but
increased inclusion formation in COS-7 cells. To our knowledge,
this is the first report of an HSP increasing aggregation of an
abnormally folded protein in mammalian cells and expands the
current understanding of the roles of HDJ-2/HSDJ in protein
folding.

H untington’s disease (HD) is an autosomal dominant neu-
rodegenerative condition characterized by chorea, demen-
tia, and psychiatric symptoms. The causative mutation is a CAG
trinucleotide repeat expansion in exon 1 of huntingtin. Normal
chromosomes have 35 or fewer repeats, whereas disease is
associated with 36 or more repeats. The age at onset of symptoms
is inversely correlated with the repeat number (reviewed in refs.
1 and 2).

HD is a member of a family of CAG trinucleotide repeat
diseases, where the repeats are translated into an expanded
polyglutamine (polyQ) that confers deleterious novel functions
on the mutant proteins (reviewed in refs. 1 and 2). A hallmark
of many of these diseases, including HD (3), spinobulbar mus-
cular atrophy (SBMA) (4), dentatorubral-pallidoluysian atrophy
(DRPLA) (5), and spinocerebellar ataxias (SCA) types 1 (6), 3
(7), and 7 (8), is the development of intracellular protein
aggregates (inclusions) in the vulnerable neurons.

A pathological role for inclusions is suggested by the corre-
lation of inclusion counts in the cortex of HD patients with CAG
repeat number, which reflects disease severity (9). Inclusion
formation precedes neurological dysfunction in some HD trans-
genic mice (10) and is associated with predisposition to cell death
in in vitro models of HD (11, 12), DRPLA (13), SBMA (14), and
SCA3 (7). The causal role for inclusions in these diseases has
been challenged by experiments reporting a dissociation be-
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tween cell death and inclusion formation in primary cell cultures
(15). These findings were not straightforward and may be
compatible with a pathogenic role for huntingtin polymerization
(1, 2). Klement et al. deleted the self-association domain from a
SCAI transgene with expanded repeats preventing inclusion
formation, but this transgene caused a SCA-like phenotype in
transgenic mice (16). These mice do not show the progressive
disease seen in mice expressing SCA! transgenes with expanded
repeats including the self-association domain (17). Because the
latter mice develop inclusions, these aggregates may be neces-
sary for disease progression.

Aggregates found in polyQ diseases are ubiquitinated in vivo
and in vitro (7, 9, 10, 18, 19) and sequester proteasomal com-
ponents in SCA1, SCA3, and SBMA (19-21). Ubiquitinated
proteins are targeted to the 26S proteasome for degradation
(22). Cummings et al. hypothesized that polyQ-containing in-
clusions may resist degradation, prevent ubiquitin recycling, and
disrupt proteasome function (19). Because the ubiquitin—
proteasome pathway is essential for the rapid degradation of
many critical regulatory proteins (23), its disruption is fatal for
a cell.

Heat shock proteins (HSPs) are expected to play protective
roles in polyQ diseases, because they assist the folding of proteins
into appropriate conformations, refold abnormally folded pro-
teins, and rescue previously aggregated proteins (24-260).
Ataxin-1 aggregates sequester HSP40 and HSP70 (in vitro) and
inclusions formed by the androgen receptor with expanded
repeats colocalize with HSP40, HSP70, and HSP90 (19, 20).
Cummings et al. (19) and Stenoinen et al. (21) suggested that
HSPs may play a protective role in SCA1 and SBMA, because the
chaperone HDJ-2/HSDJ (a human homologue of the Dnal or
HSP40 family) reduced inclusion formation in HeLa cells.
However, these experiments were not performed in other cell
lines.

These findings suggest that it is necessary to understand the
roles of HSPs and the proteasome in polyQ diseases. HDJ-2/
HSDJ is a cochaperone and regulates the activity of members of
the DnaK (HSP70) family (25, 26). Therefore, we investigated
the effect of HDJ-2/HSDJ overexpression on polyQ-induced
aggregation in models of HD by using three different cell types.
We also examined the effects of nonspecific HSP induction (heat
shock) and proteasome inhibition on inclusion formation.

Materials and Methods

Plasmid Construction. HD exon 1 pEGFP-C1 (enhanced green
fluorescent protein) constructs: genomic DNA from individuals

Abbreviations: HD, Huntington’s disease; HSP, heat shock protein; polyQ, polyglutamine;
HA, hemagglutinin; EGFP, enhanced green fluorescent protein; wt, wild type; OR, odds
ratios.
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with 21, 41, 51, 66, or 72 HD CAG repeats was used to amplify
codons 8 to 57 inclusive of HD exon 1 (numbering applies to
huntingtin with 23 Q residues—equivalent to 21 uninterrupted
CAG repeats). We used primers HDF 5'-ATG AAG GCC TTC
GAG TCC CTC AAG TCC TTC-3' and HU3 5'-GGC GGC
TGA GGA AGC TGA GAA-3'. Aliquots of these PCR products
were reamplified with primers HM1 (5'-G CGC AGA TCT ATG
AAG GCCTTC GAG TCCCTCAAG TCCTTC-3") and HM3
(5'-G CGC GAA TTC GGC GGC TGA GGA AGC TGA
GGA-3'"), which have Bg/II and EcoRI restriction sites incorpo-
rated to allow cloning into pEGFP-C1 (CLONTECH).

HD pHM6 [hemagglutinin (HA)-tagged] constructs: the HD
PEGFP constructs were used as templates for amplification with
primers HDF-HindIII (5'-A CTG AAG CTT ATG AAG GCC
TTC GAG TCC CTC AAG TCC TTC-3") and HM3, to enable
cloning into the HindIIl and EcoRI sites of pHM6 (Roche
Diagnostics, Lewes, U.K.). All constructs were validated by
sequencing. DNA concentrations were determined spectropho-
tometrically and compared with gel estimates. HSP40/70 con-
structs were gifts from Huda Zoghbi and Chris Cummings
(Baylor College of Medicine, Houston, TX) (19).

Cell Culture, Transfection Experiments, and FACS Analysis. African
green monkey kidney cells (COS-7) were grown in DMEM
(Sigma) with 100 units/ml penicillin/streptomycin/2 mM L-
glutamine/1 mM sodium pyruvate/10% FBS at 37°C, 5% CO..
Human neuroblastoma cells (SH-SY5Y) were grown in the same
conditions, but in low glucose DMEM/HAM F-12 (1:1) (Sigma)
with heat inactivated FBS. Rat pheochromocytoma cells (PC12
Tet-On) (CLONTECH) were cultured in DMEM with 100
units/ml penicillin/streptomycin/2 mM L-glutamine/10% heat-
inactivated horse serum/5% FBS/100 pug/ml G418 at 37°C, 10%
COa. For transfection, cells were grown to 60-80% confluency
on coverslips for 24 h, exposed to a mixture of 10 ul of
Lipofect AMINE Reagent (Life Technologies, Paisley, U.K.),
and 2 pg of plasmid DNA for 5 h in serum-free medium, after
which culture medium was added.

In cotransfection experiments, we used empty vector
(pFLAG-CMV-2) (Sigma) and pFLAG-CMV-2 constructs ex-
pressing full-length human HDJ-2/HSDJ, the HDJ-2/HSDJ
mutants A250 and A450 (see Results) (19) in combination with
HD exon 1 constructs. We used a 3:1 ratio of HDJ-2/HSDJ
construct to HD exon 1 construct DNA, to ensure that all cells
expressing HD exon 1 constructs also expressed the appropriate
HDJ-2/HSDJ construct. In all such experiments we used a total
of 2 pug of DNA per 3.5-cm dish. At 24, 48, and 72 h after
transfection, cells on coverslips were washed with 1X PBS, fixed
with 4% paraformaldehyde in 1X PBS for 30 min, and mounted
in antifadent supplemented with 4’,6-diamidino-2-phenylindole
(3 pg/ml) to allow visualization of nuclear morphology.

Quantitative flow cytometry was performed by using a FAC-
Sort flow cytometer (Becton Dickinson). Cells, 10,000-20,000
per sample, were examined, and the data were analyzed by using
LysIs II software.

Heat Shock and Proteasome Inhibition Experiments. Cells were heat
shocked by incubation at 45°C for 30 min at 5, 20, and 30 h after
transfection. Control cells were incubated at 37°C throughout.
In proteasome inhibition experiments, we added 10 uM lac-
tacystin (Affiniti, Exeter, U.K.) to the medium 24 h after
transfection for 24 h, a concentration that effectively inhibits
the proteasome (20).

Immunocytochemistry and Western Blotting. Forty-eight hours after
transfection, cells were washed and fixed with ice-cold methanol
for 5-10 min. Alternatively, cells were fixed with 4% parafor-
maldehyde for 20 min, washed twice, and permeabilized (0.2%
Triton X-100 in 1X PBS) for 15 min. After three wash steps, cells
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were incubated in blocking buffer (5% FBS) for 30 min at room
temperature (RT), exposed to primary antibody (mouse anti-
HA.11 monoclonal (Babco, Richmond, CA), rabbit anti-Hsp40
polyclonal (SPA-400), mouse anti-Hsp70 monoclonal (SPA810)
(Stressgene, Victoria, CA), rabbit anti-20S proteasome poly-
clonal (Affiniti), mouse antiubiquitin monoclonal (Chemicon) at
1:100 or 1:200 for 1 h at RT and washed three times. Then cells
were incubated with either goat anti-mouse IgG or goat anti-
rabbit IgG conjugated to Texas red (Molecular Probes) for 1 h
in the dark at RT (1:200 or 1:400; 1:1,000 for HA-tagged
constructs), washed three times, dried, and mounted (see above).
All wash steps were performed in 1X PBS.

For Western blotting, cell lysates were electrophoresed on
15% resolving gels, and primary antibodies were used at 1:2,000
(HSP70) and 1:3,000 (actin, Sigma). Blots were probed with
peroxidase-labeled anti-mouse (HSP70) and anti-rabbit (actin)
antibodies at 1:3,000 (Amersham). Bands were detected with the
ECC detection reagent (Amersham). Protein loading was con-
trolled by actin.

Statistical Analysis. We counted between 250 and 600 EGFP- or
HA-expressing cells per slide (blinded) in multiple random
visual fields. The proportion of HD exon 1-expressing cells with
one or more inclusions was used as a measure for inclusion
formation, following the precedent of Cummings er al. (19).
Pooled estimates for the changes in inclusion formation resulting
from perturbations assessed in multiple experiments were cal-
culated as odds ratios (OR) with 95% confidence intervals [(%
cells expressing construct with inclusions in perturbation con-
ditions/% cells expressing construct without inclusions in per-
turbation conditions)/(% cells expressing construct with inclu-
sions in control conditions/% cells expressing construct without
inclusions in control conditions)]. OR and P-values were deter-
mined by unconditional logistical regression analysis, by using
the general loglinear analysis option of SPSS Ver. 6.1 software
(SPSS, Chicago). Similarly, we determined the proportion of
cells with multiple inclusions by counting 50-100 cells per slide.
By focusing through each single cell, the number of inclusions
was determined. To simplify statistical analysis, we determined
the proportion of treated vs. untreated cells with more than eight
inclusions in all experiments, except for proteasome inhibition
experiments (>9). These arbitrary cutoff points were chosen in
favor of qualitative analyses.

Results

HD Exon 1 Aggregation Is polyQ Length Dependent. Inclusions Colo-
calize with Ubiquitin, 20S Proteasome, HSP40, and HSP70. Human
neuroblastoma (SH-SYS5Y), rat phaeochromocytoma (PC12),
and African green monkey (COS-7) cells were transiently trans-
fected with constructs comprising EGFP at the N terminus,
fused to an exon 1 fragment of huntingtin containing different
polyQ repeat lengths (see Materials and Methods). No aggregates
were seen in any of the three cell lines expressing this construct
with 23 glutamines (EGFP-HDQ33) at 24, 48, and 72 h after
transfection (data not shown). However, aggregates were present
in these cells transfected with EGFP-HDQy3, -Qs3, -Qes, and
-Q74 (Fig. 1). The proportion of EGFP-positive cells containing
aggregates increased with time after transfection and was cor-
related with the length of the polyQ expansion in all cell lines
(Fig. 1). The high rate of inclusion formation in PC12 cells,
compared with the COS-7 and SH-SYSY lines, was not simply a
function of expression level, because the mean fluorescence of
cells 48 h after a typical transfection with empty pEGFP vector
was determined by quantitative flow cytometry as 43.7 arbitrary
units (A.U.) in COS-7, 6.2 A.U. in SH-SYSY, and 4.7 A.U. in
PC12 cells.

Inclusion formation was associated with weaker EGFP stain-
ing in the cytoplasm, compared with cells without inclusions
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Fig. 1. Time and polyQ repeat dependency of inclusion formation. (a)
SH-SY5Y (human neuroblastoma cells; *, inclusions are occasionally present
(<1% of EGFP-positive cells). The decrease of FP-positive cells showing inclu-
sions is possibly because of cell death for EGFP-HDQ74 at 72 h. (b) COS-7
(African green monkey cells). (c) PC12 (rat pheochromocytoma cells).

(Fig. 2a). Inclusions generated by pEGFP constructs were star
like and either cytoplasmic, perinuclear, or intranuclear in all cell
lines (data not shown). To ensure that our interpretations were
not confounded by the EGFP tag, we made a second set of
vectors (pHMO6) comprising the same HD exon 1 fragment
tagged with an influenza HA epitope at the N terminus and a 6X
His tag at the C terminus. We observed ring-like aggregates with
constructs containing 74 glutamines (HA-HDQ74) in COS-7
cells (Fig. 2b) and all other cell types, whereas HA-HDQ,; did
not form aggregates (data not shown).

Aggregates in SH-SYSY (Fig. 3 a-h), COS-7, and PC12 cells
(data not shown) were ubiquitinated and sequestered components
of the 20S proteasome, HSP40 and HSP70. Cells with 20S protea-
some-containing inclusions showed a deficiency in 20S proteasome
staining in the rest of the cell compared with cells without inclusions
(Fig. 3h), as described by Cummings et al. (19).

Effects of HDJ-2/HSDJ Overexpression. We coexpressed EGFP-
HDQ74 with wild-type (wt) HDJ-2/HSDJ, two J-domain mu-
tants of HDJ-2/HSDJ with impaired activity (19) (A250: dele-
tion of amino acids 9-46 and A450: deletion of amino acids
9-107) or empty vector control (pFlag-CMV2). To ensure that
cells expressing the HD exon 1 construct also overexpressed
HDJ-2/HSDIJ or its mutants, we used a 3:1 ratio of HDJ-2/
HSDJ to EGFP-HDQ7,. Data in Table 1 are expressed as OR,
which summarize a series of experiments comparing the pro-
portions of EGFP-expressing cells with inclusions when cotrans-
fected with wt HDJ-2/HSDJ, to the proportions observed when
cotransfected with control vectors. OR were considered to be the

Fig.2. HDexon 1 protein aggregatesin SH-SY5Y and COS-7 cells. (a) SH-SY5Y
cells expressing EGFP-HDQ74 (green). Note that the cell with multiple inclu-
sions shows weak EGFP staining in the cytoplasm compared with the other
transfected cells. Nuclei were stained with 4’,6-diamidino-2-phenylindole. (b)
COS-7 cell transfected with HA-HDQ74 showing a single inclusion.
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Fig. 3.  Ubiquitin, HSP40, HSP70, and the 20S proteasome colocalize with
inclusions. Colocalization was determined by using confocal image analysis.
SH-SY5Y cells were transfected with EGFP-HDQya. In a, ¢, e, and g, the cells
were microphotographed by using the FITC filter to show the inclusions
formed by HD exon 1 constructs. In b, d, f, and h, the same cells are shown by
using the Texas red filter to detect the other proteins sequestered into the
inclusions. Cells were analyzed with specific antibodies: (a and b) anti-
ubiquitin; (c and d) anti-HSP40 (HDJ-2/HSDJ); (e and f) anti-HSP70; (g and h)
anti-20S proteasome.

most appropriate summary statistic, because the percentage of
cells with inclusions under specified conditions varies between
experiments on different days, whereas the relative change in the
proportion of cells with inclusions induced by an experimental
perturbation is expected to be more constant. For example, in
line 1 of Table 1, cotransfection of wt HDJ-2/HSDJ with
EGFP-HDQ74 resulted in a 1.59-fold increase in the proportion
of cells with inclusions vs. HD exon 1-expressing cells without
inclusions, compared with cells cotransfected with EGFP-
HDQ74 and the empty pFLAG vector (OR = 1.59; P < 0.001).
This increase in the proportion of cells with inclusions was
confirmed at 24, 48, and 72 h after transfection (Table 1) and was
also seen in most experiments when the wt HDJ-2/HSDJ was
compared with HDJ-2/HSDJA450 and HDJ-2/HSDJA250. In-
creased aggregation was also observed in COS-7 cells coexpress-
ing wt HDJ-2/HSDJ and HA-HDQ74, suggesting that the ob-
served effects were not a function of the EGFP tag. (Table 1).
Coexpression of wt HDJ-2/HSDJ and EGFP-HDQ374 in COS-7
cells was generally associated with a higher proportion of cells
showing multiple (>8) inclusions per cell, compared with mutant
and empty vector controls (Table 1, Fig. 4 a and b). Coexpression
of wt HDJ-2/HSDJ and EGFP-HDQ,; did not result in aggre-
gation formation.

Because a large molar excess of DnalJ proteins is required to
suppress protein aggregation in vitro (in yeast) (27), we tested
whether a larger molar ratio of HDJ-2/HSDJ could decrease
aggregate formation. However, we still observed increased ag-
gregate formation when we coexpressed wt HDJ-2/HSDJ with
EGFP-HDQ~,4 in a 7:1 ratio (Table 1).

The aggregation-enhancing effects of wt HDJ-2/HSDJ were
not observed in SH-SYS5Y and PC12 cells (Table 1). This could
not be explained by saturation of inclusion formation, because in
these cotransfection experiments <30% of EGFP-expressing
SH-SYSY cells showed aggregates up to 72 h after transfection,
and <55% of PC12 showed aggregates up to 72 h after trans-
fection. In contrast to COS-7 cells, the multiple-inclusion phe-
notype was not a typical response to wt HDJ-2/HSDJ overex-
pression in SH-SYSY and PCI12 cells (Table 1). Because wt
HDJ-2/HSDJ reduced aggregation formation in SCA1 and
SBMA in HelLa cells (19, 21), we transfected HeLa cells with
EGFP-HDQ74. Despite a high transfection efficiency (=40%),
the number of EGFP-HDQ7s-positive HeLa cells containing
inclusions was very low (<1%), and we did not use HeLa cells
for further experiments. Analysis of COS-7, PC12 and SH-SYS5Y
cells coexpressing HSP70 with EGFP-HDQ74 (3:1 ratio) for 24
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Table 1. Comparison of the number of cells with intracellular
inclusions after cotransfection experiments with
HDJ-2/HSDJ (HSP40)

Test Control Time,
constructs constructs h OR 95% Cl for OR Mi
COsS-7
HDJ-2 pFLAG 24 1.59 1.23-2.05*** *
48 1.57 1.43-3.49%** i
72 1.58 1.35-1.85%** i
HDJ-2* PFLAG? 48 2.27 1.86-2.77*** NS
HDJ-2* pFLAG 48 1.92 1.55-2.37%** ND
HDJ-2 A250 24 1.20 0.94-1.53 *
48 1.38 1.24-1.54%** *
72 1.33 1.14-1.55%** i
HDJ-2* A2507 48 1.05 0.88-1.26 *
HDJ-2* A250 48 1.75 1.41-2.15%** ND
HDJ-2 A450 24 1.36 1.06-1.74* *
48 1.56 1.42-1.74%** NS
72 1.25 1.07-1.46** i
HDJ-2* A450f 48 2.24 1.82-2.77%** e
HDJ-2* A450 48 2.80 2.13-3.68*** ND
SH-SY5Y
HDJ-2 pFLAG 48 0.82 0.60-1.12 NS
72 1.51 1.14-2.01%* NS
A250 48 1.04 0.83-1.32 NS
72 0.94 0.72-1.22 NS
A450 48 1.09 0.79-1.51 NS
72 1.20 0.91-1.57 NS
PC-12
HDJ-2 pFLAG 24 1.21 0.96-1.52 *
48 1.31 1.05-1.63* ND
A250 24 1.04 0.83-1.32 NS
48 1.17 0.94-1.46 ND
A450 24 1.10 0.88-1.39 NS
48 1.27 1.02-1.58 ND

We used a 3:1 ratio of HDJ-2/HSDJ to huntingtin (EGFP-HDQy74) construct
in all experiments except where marked with T, where we used a 7:1 ratio.
An HA-tagged huntingtin construct (HA-HDQy74) was used where indicated
by *. pFLAG, empty vector; HDJ-2/HSDJ-A250 (A250) and HDJ-2/HSDJ-A450
(A450) are deletion mutants of HDJ-2/HSDJ (see Results). Time, length of
experiment, hours. OR with 95% confidence intervals (Cl) are presented (see
Materials and Methods); MI, multiple inclusion phenotype; P-values are
represented as follows: *, P < 0.05, **, P<0.01, ***, P<0.001; P-values for
MI reflect whether there are significantly more cells with >8 inclusions in
perturbation vs. control conditions. NS, not significant; ND, not done. All
experiments were performed at least three times.

and 48 h suggested that this HSP did not modulate inclusion
formation (at least four experiments in each case; data not
shown).

Heat-Shock and Proteasome Inhibition Enhance Aggregation Forma-
tion. To explore further the effects of HSPs on inclusion forma-
tion, we exposed COS-7 and SH-SYS5Y cells to elevated tem-
peratures to induce HSP expression (28). Heat shock (see
Materials and Methods) resulted in an induction of HSP70
protein levels: in all cell lines, endogenous HSP70 was not
detected in untreated cells by Western blot analysis but gave a
strong signal in heat-shocked cells (data not shown). Heat shock
increased the proportion of EGFP-HDQq4-expressing cells with
inclusions (SH-SYSY, 24 and 48 h; COS-7, 24 h) and also
increased the proportions of cells containing multiple inclusions
(Table 2 and Fig. 4c), similar to COS-7 cells overexpressing wt
HDJ-2/HSDJ (Table 1; Fig. 4b). These results cannot be ex-
plained simply by increased pEGFP-HD exon 1 synthesis, be-
cause heat shock did not increase the mean fluorescence per cell
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Fig.4. Cells expressing pEGFP-HDQ74 develop multiple inclusions when they
coexpress HDJ-2/HSDJ, when treated with heat shock or lactacystin. Compar-
isons of typical inclusion phenotypes of COS-7 cells expressing pEGFP-HD74
when (a) cotransfected with pFLAG-CMV-2 (empty vector); (b) cotransfected
with wt HDJ-2/HSDJ; (c) treated with heat shock; (d) treated with lactacystin
(10 pM).

in COS-7 cells transfected with the empty pEGFP vector (as
determined by quantitative flow cytometry) (data not shown).
Heat shock did not induce inclusion formation by EGFP-HD Q3
(data not shown).

Lactacystin, a specific, irreversible proteasome inhibitor,
caused a significant increase in the proportion of HD exon
1-expressing cells with inclusions, and these cells had a multiple
inclusion phenotype (Table 2; Fig. 4d). The 10 uM lactacystin
dose, which effectively inhibits the proteasome (21), resulted in
an induction of HSP70 protein levels consistent with previous
data (29-31): by using Western blotting, a strong signal was
detected in lactacystin-treated cells, compared with no signal for
untreated cells of all cell types (data not shown). By contrast,
HDJ-2/HSDJ gave a strong signal on Western blots in untreated
cells and was not obviously induced by heat shock and lactacystin
treatment (data not shown). Lactacystin did not induce inclusion
formation by EGFP-HDQ>3 (data not shown).

€O0S-7 Cells with Inclusions Are Susceptible to Death. If polyQs are
less toxic in an inclusion than when free (15), then inclusion-
containing cells may preferentially survive heat shock, HDJ-2/
HSDJ transfection, and lactacystin treatment, compared with
cells without inclusions. This preferential survival could account
for the increased proportion of EGFP-HDQ7-expressing cells

Table 2. Effect of heat shock or lactacystin treatment on the
number of cells expressing EGFP-HDQ74 containing
intracellular inclusions

Time, 95% ClI
Treatment h OR for OR n Mi
COS-7
Heat shock 24 2.63 2.03-3.40%** 5 xHE
48 0.94 0.78-1.13 5 Hxx
Lactacystin 48 2.27 1.11-1.92%** 4 *x
SH-SY5Y
Heat shock 24 2.95 2.18-3.97*** 4 NS
48 2.58 2.03-3.25*%** 4 *x
Lactacystin 48 2.33 1.73-3.13%** 3 *

Time, length of experiment. OR with 95% confidence intervals (Cl) (see
Materials and Methods). n, no. of experiments. MI, multiple inclusion pheno-
type. P-values are represented as follows: *, P < 0.05, **, P < 0.01, *#*, P <
0.001. P-values for Ml reflect whether there are significantly more cells with
>8 or 9 inclusions in heat shock or proteasome inhibition vs. control condi-
tions. NS, not significant.

PNAS | March 14,2000 | vol.97 | no.6 | 2901

NEUROBIOLOGY



50
= O EGFP-HDQ23
SECIN
v 2 ]
z § EGFP-HDQ74
'g T 30 no inclusions
- m EGFP-HDQ74
E; a 204 with inclusions
2
sz 10
®E

0

24 48 72

Hours (post transfection)

Fig. 5. Proportion of COS-7 cells showing nuclear fragmentation in EGFP-
HDQys-expressing cells and EGFP-HDQy4-expressing cells with or without in-
clusions (n = 50). These data are from one experiment that was representative
of three independent experiments.

with inclusions after these treatments. Because all three manip-
ulations caused an increase in inclusion formation in COS-7 cells
(see above), we analyzed nuclear fragmentation in cells express-
ing EGFP-HDQ,3; and EGFP-HDQ74 at 24, 48, and 72 h after
transfection (Fig. 5). EGFP-HDQ74-expressing cells with inclu-
sions showed significantly more nuclear fragmentation at all time
points compared with either EGFP-HDQ»3-expressing cells or
EGFP-HDQ74-expressing cells without inclusions (P < 0.02 for
all comparisons by using x? tests). Treatment of cells with 100
uM Z-VAD-FMK (inhibitor of caspase-1-like proteases) re-
duced nuclear fragmentation in inclusion-containing cells to
levels similar to those in noninclusion-containing cells (data not
shown). Thus, inclusion formation is associated with cell death
and not with preferential survival.

We also dismissed the possibility that our findings were
because of the heat shock, HDJ-2/HSDJ transfection, and
lactacystin treatments increasing survival of EGFP-HDQq4-
expressing cells. Triplicate experiments, which showed increased
inclusion formation with these treatments, showed no significant
decrease in nuclear fragmentation in test vs. control conditions
for all EGFP-containing cells or for inclusion-containing cells
(data not shown).

Discussion

We have developed an in vitro model to study inclusion forma-
tion in polyQ diseases by using a fragment of exon 1 of
huntingtin, because large fragments of the HD, SCA3, and
DRPLA gene products do not show inclusion formation/cell
death in cell lines (5, 7, 11, 12, 18, 32). Only a small N-terminal
polyQ-containing part(s) of huntingtin is found in inclusions in
vivo (3), and the exact nature of this fragment(s) is unclear.
Although exon 1 models may not be specific for HD, they are
powerful tools to study inclusion formation in relation to cell
death/dysfunction in polyQ diseases and have been extensively
studied in transgenic mice (10, 33) and cell models (e.g., ref. 12).
In our model, inclusion formation was CAG-length- and time-
dependent in the three cell lines studied (Fig. 1). Our data
provide preliminary evidence suggesting that different cell types
may show varying susceptibilities to inclusion formation, which
cannot be accounted for by differential HD exon 1 expression
levels. For instance, PC12 cells showed a higher rate of inclusion
formation than COS-7 cells (Fig. 1), whereas the latter cells
appear to have about nine times higher mean levels of pEGFP
expression per cell (see Results). It is likely that the higher
expression in COS-7 cells arises because they contain the SV40
large T antigen that allows for episomal replication of all the
expression vectors we used (as they contain the SV40 ori).
However, we cannot exclude the possibility that the lower levels
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of inclusions in COS-7 cells are because of greater toxicity in this
cell type vs. PC12 and SH-SYS5Y cells.

HDJ-2/HSDJ (HSP40) and HSP70 colocalized with HD exon
1 inclusions in neuronal (SH-SY5Y, PC12) and nonneuronal
cells (COS-7), consistent with previous reports for ataxin-1 and
androgen receptor in HeLa cells (19, 21). HSPs acting as
molecular chaperones mediate appropriate folding of target
proteins by controlled binding and release (25). The failure of
release of HSPs from their substrate in polyQ diseases is
abnormal. As Cummings et al. pointed out, HSP40 and HSP70
are inducible forms, and their presence in aggregates suggests
that polyQ proteins may induce a heat-shock response (19).

We have made the observation that overexpression of a wt
HSP can increase the aggregation of an abnormally folded
protein in mammalian cells, because wt HDJ-2/HSDJ increased
the proportion of HD exon 1-expressing COS-7 cells with
inclusions. However, no increase or decrease in inclusion for-
mation was seen in PC12 and SH-SYSY cells. Previous studies
with ataxin-1 and the androgen receptor have reported that
HDJ-2/HSDJ reduced the proportion of cells with inclusions
and suggested that molecular chaperones may have a protective
role in polyQ diseases (19, 21). There are several possible
explanations for the discrepancies between our data and previ-
ous reports. First, the protein sequences outside the polyQ tract
may mediate different responses for huntingtin exon 1, the
androgen receptor and ataxin-1. Second, both previous studies
used HeLa cells (19, 21), whereas we analyzed three different
cell lines; the process of inclusion formation may vary in different
cell lines. Third, HD exon 1 and HDJ-2/HSDJ constructs may
be expressed at higher levels in COS-7 cells. The expression
levels of other HSPs in the relevant cell lines may also be
important, because HDJ-2/HSDJ acts as a cochaperone with
other HSPs, like HSP70, and some HSP70 family members have
comparatively low expression in brain and “neuronal” cell lines
(34). Recent findings of antagonistic interactions between the
yeast chaperones HSP104 and HSP70 in prion curing (35)
suggest that the net effect of HSPs on polyQ aggregation in
humans may depend on the overall balance of different HSPs.
Thus, the apparent contradiction between our HDJ-2/HSDJ
data and previous reports may reflect a dual role for HSPs in
polyQ aggregation formation.

HDJ-2/HSDJ cooperates with HSP70 by stimulating its low
intrinsic rate of ATP hydrolysis, which is thought to be regulated
by the J-domain (36). J-domain mutants of HDJ-2/HSDJ were
unable to suppress ataxin-1 (19) and androgen receptor aggre-
gation (21). wt HDJ-2/HSDJ resulted in significantly more HD
exon 1 aggregation in COS-7 cells compared with J-domain
mutants. Thus, HDJ-2/HSDJ may modulate aggregation for-
mation by stimulating ATPase activity of endogenous HSP70.

Ubiquitin and the 20S component of the proteasome are
sequestered by aggregates in all three cell lines (Fig. 3), consis-
tent with in vivo and in vitro data from other polyQ diseases
(19-21). Cells with 20S proteasome-containing inclusions
showed a deficiency in 20S proteasome staining in the rest of the
cell compared with cells without inclusions (Fig. 3k), as observed
by Cummings et al. (19), who suggested that the ubiquitin—
proteasome pathway may be disrupted in cells with aggregates.
Our data are consistent with those for ataxin-3, where protea-
some inhibitors caused an increase in aggregate formation. As
Chai et al. (20) suggested, the simplest model to explain these
results is that the proteasome reduces the concentration of polyQ
aggregation-prone polypeptides under normal conditions. When
this function is blocked, the level of misfolded polyQ proteins
increases favoring nucleation and aggregation.

Alternatively, proteasome inhibition could increase polyQ
aggregation indirectly. We have confirmed previous data show-
ing that proteasome inhibition induces HSPs (refs. 29-31; this
study). Lactacystin and heat-shock treatment resulted in similar

Wyttenbach et al.



cellular phenotypes: an increased proportion of HD exon 1-ex-
pressing cells with inclusions and more inclusions per inclusion-
containing cell. Thus, we cannot rule out the possibility that
these perturbations may be because of induction of HSPs.

In summary, our data suggest that proteasome inhibitors and
heat shock increase the proportion of HD exon 1-expressing cells
with inclusions. Thus, inclusion formation may be enhanced in
polyQ diseases, if the pathological process results in inhibition of
the proteasome or a heat-shock response. In COS-7 cells, which
had the highest expression of our constructs, we unexpectedly
observed an increased proportion of HD exon 1-expressing cells
with inclusions as a consequence of overexpression of wt HDJ-
2/HSDJ. To our knowledge, this is the first report of an HSP
acting to increase aggregation of an abnormally folded protein
in mammalian cells. This finding may be important, irrespective
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