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We studied the ability of heat shock, DnaJ-like-1 (HSJ1) 
proteins (which contain DnaJ and ubiquitin-interacting 
motifs) to reduce polyglutamine-mediated inclusion for-
mation. The experiments demonstrated that expression 
of heat shock protein 70 (hsp70), hsp40, HSJ1a, and 
HSJ1b significantly reduced protein inclusion formation in 
a model of spinal and bulbar muscular atrophy (SBMA). 
HSJ1a also mediated a significant decrease in the number 
of inclusions formed in a primary neuronal model of pro-
tein aggregation. Studies to elucidate the mechanisms 
underlying these reductions showed that hsp70 and 
hsp40 increased chaperone-mediated refolding. In con-
trast, expression of HSJ1 proteins did not promote chap-
erone activity but caused an increase in ubiquitylation. 
Furthermore, HSJ1a was associated with a ubiquitylated 
luciferase complex, and in the presence of HSJ1a but not 
an HSJ1a UIM mutant (HSJ1a- UIM) there was a reduc-
tion in luciferase protein levels. Together these results 
show that HSJ1 proteins mediated an increase in target 
protein degradation via the ubiquitin-proteasome system 
(UPS). We also found that the expression of HSJ1a sig-
nificantly decreased the number of neurons containing 
inclusions in an in vivo model of polyglutamine disease. 
These findings indicate that targeted modification of the 
UPS to facilitate degradation of misfolded proteins may 
represent a highly effective therapeutic avenue for the 
treatment of polyglutamine disease.
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INTRODUCTION
The polyglutamine disorders, such as spinal and bulbar muscu-
lar atrophy (SBMA) and Huntington’s disease, are characterized 
by the inexorable dysfunction and death of neurons. The disor-
ders are caused by an expansion in the unstable glutamine tri- 
nucleotide (CAG) repeat region of affected genes.1,2 It is known that 
the CAG expansion confers a toxic gain-of-function and results  

in the translation of a mutant protein that aggregates to form 
inclusions within the affected neurons.3–5 Importantly, an early 
age of disease onset and increased disease severity are directly 
correlated with increasing length of the polyglutamine expansion 
and hence increased propensity of the mutant protein to aggre-
gate. The mechanism by which the mutant protein mediates neu-
ronal cell death remains uncertain, however. Insoluble nuclear or 
cytoplasmic protein aggregates and/or inclusions were initially 
thought to activate apoptotic pathways and/or alter patterns of 
gene transcription,6–12 but it has been suggested that monomeric 
or small oligomers of mutant protein may be responsible for  
neuronal toxicity and that insoluble inclusions may be protective 
as they sequester the deleterious forms of mutant protein.13–16

Intracellular polyglutamine-containing inclusions have been 
found to be associated with small heat shock protein (hsp), ubiq-
uitin, and hsp70. These observations suggest that hsps are associ-
ated with the etiology of these diseases, or more likely that their 
presence represents an attempt to refold or remove the abnormal 
protein aggregates. Consistent with this hypothesis is the find-
ing that the over-expression of chaperones suppresses inclusion 
formation and cell death.17–19 Typically, studies have investi-
gated the actions of hsp70 and its co-chaperone hsp40. Hsp40 
co-chaperones are positive regulators that facilitate refolding 
of substrate proteins by enhancing the adenosine triphospha-
tase activity of hsp70 family members.20,21 In contrast, nega-
tive regulators compete with co-chaperones and consequently 
convert hsp70 from a protein-refolding machine into a factor 
that targets the substrate protein to the ubiquitin-proteasome 
system (UPS).22 Bcl-2-associated athanogene-1 (Bag-1)23 pro-
teins and the E3 ligase carboxyl-terminus of hsp70-interacting 
protein (CHIP)24 are examples of negative regulators, and they 
form an important link between the chaperone and ubiquitin-
protein degradation systems.25–30 Importantly, recent studies 
have shown that Bag-1 and CHIP associate with polyglutamine  
aggregates31–33 and assist in their degradation.

Recently, two neuronally enriched members of the hsp40 
family termed HSJ1a and HSJ1b, which may act as another link 
between the molecular chaperone system and the UPS, were 
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identified.34 HSJ1 proteins have distinct intracellular localiza-
tions: HSJ1a is cytoplasmic, whereas the larger HSJ1b isoform 
is targeted to the cytoplasmic face of intracellular membranes.35 
Both proteins can regulate the adenosine triphosphatase activ-
ity and substrate binding of hsp70. Moreover, HSJ1a and HSJ1b 
contain ubiquitin-interacting motifs (UIMs) that bind ubiquity-
lated proteins and target them to the proteasome.31 At present, 
it is not known under what circumstances these proteins act as 
co-chaperones or mediate proteasomal sorting.

In this study we have used adenoviral (Ad) gene delivery sys-
tems with in vitro and in vivo models of SBMA and polyglutamine 
expansion diseases to study the function of HSJ1 proteins. The 
results show that in our models HSJ1 proteins did not promote 
hsp70 chaperone activity but were highly effective at reducing 
aggregation in vitro by increasing protein ubiquitylation and tar-
geting to the UPS. Furthermore, polyglutamine-mediated inclu-
sion formation in vivo was dramatically reduced when neurons 
were transduced with a lentivirus expressing HSJ1a.

RESULTS
Studying chaperone function using an SBMA  
neuronal cell culture model
Experiments were conducted in N2a cells transfected with con-
structs that contained the ligand binding domain of human 
androgen receptor (hAR) and a glutamine repeat fragment of 
either 20 or 51 repeats.36,37 Cells were treated with testosterone 
and an antibody against the androgen receptor used to detect the 
expression of wild-type hAR (containing a 20-glutamine repeat 
fragment) and “expanded” hAR knock-in (hARk) (containing 51 
repeats). Immunofluorescence showed that hAR was localized 
within the nucleus of N2a cells, whereas hARk formed inclusions 
that accumulated within the cytoplasm (Figure 1a). To investigate 
the ability of chaperone molecules to reduce inclusion formation, 
advectors were used to express hsp70i, hsp40, HSJ1a, and HSJ1b 
in N2a cells. Western blots confirmed Ad-mediated expression of 
each chaperone (Figure 1b), and cells transduced with an Ad con-
trol vector (Ad0) showed no chaperone expression above back-
ground. Ad-mediated expression of the inducible form of hsp70 
(hsp70i) was found to mediate a significant decrease (P < 0.01) in 
the percentage of cells containing cytosolic polyglutamine inclu-
sions (Figure 1c). Expression of hsp40/Hdj1 alone also mediated a 
significant decrease (P < 0.001) in the percentage of cells contain-
ing polyglutamine inclusions; however, co-expression with hsp70 
did not result in a further reduction in inclusions (Figure 1c). The 
Ad-mediated expression of both HSJ1a and HSJ1b also brought 
about a statistically significant decrease (P < 0.001) in the percent-
age of cells containing polyglutamine inclusions (Figure 1c).

Estimating chaperone activity using  
luciferase-refolding assays
To obtain a quantitative measure of chaperone activity, luciferase-
refolding assays were used. N2a cells were transduced with Ad 
vectors expressing luciferase and chaperone molecules, and after  
3 days the cells were heat-shocked to mediate thermal denatur-
ation of the luciferase. The results showed that when expressed 
alone, hsp70 moderately increased denatured luciferase activity, 
whereas hsp40 had no detectable effect (Figure 2a); however, 

expression of HSJ1a and HSJ1b caused a reduction in luciferase 
activity. When cells were simultaneously transduced with hsp70 
and hsp40, a statistically significant increase in luciferase activity 
was observed. In contrast, transduction with Ad vectors mediat-
ing the simultaneous expression of hsp70 plus HSJ1a or hsp70 
plus HSJ1b did not facilitate the recovery of denatured luciferase 
activity (Figure 2b). When luciferase activity was measured after 
transduction with the Ad HSJ1a-ΔUIM vector (which cannot 
mediate proteasomal sorting34), no recovery in luciferase activity 
was seen following denaturation. Expression of HSJ1a-ΔUIM plus 
hsp70 mediated a small but non-significant increase in luciferase 
activity, whereas expression of hsp70 plus hsp40 again mediated a 
significant recovery in luciferase activity (Figure 2c).

HSJ1 proteins mediate protein-ubiquitylation  
of luciferase
Experiments to investigate steady-state luciferase activity in 
the presence of molecular chaperones showed that the over-
 expression of HSJ1a and HSJ1b caused a highly significant 
decrease in the steady state of luciferase activity in the N2a cells 
(Figure 3a). However, transduction with an Ad vector express-
ing HSJ1a with deletions in the UIM (Ad-HSJ1a-ΔUIM) did not 
mediate a decrease in steady-state luciferase activity. In addition, 
the over-expression of hsp40 and hsp70i (either alone or in 
combination) did not reduce steady-state luciferase activity. To 

Figure 1 Studying inclusion formation in a spinal and bulbar muscu-
lar atrophy neuronal cell culture model. (a) N2a cells were transfected 
with wild-type human androgen receptor (hAR) or “expanded” human 
androgen receptor knock-in (hARk) constructs, and the formation of cyto-
plasmic inclusions after the administration of testosterone was observed 
by immunofluorescence light microscopy. (b) Cells were transduced with 
adenoviral (Ad) vectors, and the expression of heat shock protein 70 
(hsp70), hsp40, heat shock, DnaJ-like-1a (HSJ1a), and HSJ1b was verified 
by western blotting (lane 3 in each blot). Lanes 1 and 2 are untransduced 
cells and cells transduced with an adenoviral control vector (Ad0), respec-
tively. (c) Cells were transfected with the hARk constructs, and the number 
of cells containing cytosolic polyQ aggregates was counted after transduc-
tion with vectors expressing hsp70, hsp40, HSJ1a, or HSJ1b. The results 
are represented as the percentage of cells containing aggregates relative 
to the untreated control + SEM (n = 12). Chaperone-transduced cells were 
compared with the hARk control, and statistical analysis was carried out by 
analysis of variance followed by post hoc t-tests. ***P < 0.001, **P < 0.01.
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investigate whether HSJ1a was mediating a decrease in luciferase 
levels rather than activity, western blots of luciferase and HSJ1a– 
transduced cells were carried out (Figure 3b). The results showed 
that luciferase protein was detected after transduction with Ad-
cytomegalovirus luciferase; however, the simultaneous expres-
sion of HSJ1a resulted in luciferase protein being undetectable. 
Further blot analysis of luciferase pull-down assays showed that 
ubiquitin was immunoprecipitated with luciferase and that HSJ1a 
was associated with this complex (Figure 3c). Western blots were 
then carried out on N2a cells that had been transfected with hAR 
and hARk plasmids and transduced with Ad vectors expressing 
chaperone molecules. These experiments showed that transduc-
tion with HSJ1a or HSJ1b, but not other chaperone molecules, led 
to a shift in ubiquitin staining. After the expression of the HSJ1 
proteins, ubiquitin was bound to high-molecular-weight proteins, 
as demonstrated by the retardation of ubiquitin at the top of the 
gel, presumably bound to large protein complexes or insoluble 
protein inclusions (Figure 3d). The level of free mono-ubiquitin 
(approximately 8.5 kd) was also lower in these cells than in con-
trol cells and cells transfected with hsp70. Further experiments 
using Ad vectors expressing HSJ1a and HSJ1a-ΔUIM showed 
that the increase in ubiquitylation in hARk-transfected cells was  
mediated via the UIM domains (Figure 3e).

Effect of HSJ1a and HSJ1b expression on Q80EGFP 
aggregation in primary cortical neurons
Neurons were transduced with Ad vectors expressing Q19EGFP 
and Q80EGFP fusion proteins under the control of a neuron-
 specific promoter (Figure 4a). Transduction of cortical neu-
rons with an Ad vector expressing Q19EGFP caused diffuse 
enhanced green fluorescent protein (EGFP) staining throughout 
neurons, whereas the Ad vector expressing Q80EGFP produced 

distinct nuclear inclusions (Figure 4b). In addition, transduc-
tion of primary cortical neurons expressing the polyQ expan-
sion with HSJ1a led to a highly significant decrease (P < 0.001) 
in insoluble Q80EGFP (Figure 4c). HSJ1b also mediated a sig-
nificant but smaller decrease in insoluble Q80EGFP. In com-
parison, transduction with hsp70 or hsp40 did not mediate 
a significant decrease in the presence of insoluble aggregates  
(Figure 4c).

HSJ1a prevents polyglutamine-mediated  
aggregation in the striatum
Lentiviral vectors expressing Q19EGFP and Q80EGFP fusion pro-
teins under the control of the neuron-specific synapsin promoter 
were injected into the striatum, and the formation of inclusions 
was monitored. The injection of the control vector (HIV-1-Syn1-
Q19EGFP-WPRE) did not result in the formation of EGFP-
 positive inclusions, but produced very faint, diffuse EGFP staining 
throughout the whole cell (Figure 5a). In contrast, intrastriatal 
injection of the “expanded” vector (HIV-1-Syn1-Q80EGFP-
WPRE) led to the widespread formation of nuclear inclusions.  
Statistical analysis of these data demonstrated that there were more 
cells containing EGFP-positive inclusions at 21 (P < 0.05) and 35 
days (P < 0.01) than at 7 days (Figure 5b). However, there was 

Figure 2 Luciferase refolding mediated by chaperones and co-
 chaperone molecules. N2a cells were transduced with an adenoviral 
(Ad) vector expressing luciferase and luciferase activity following a heat 
stress measured in the presence of (a) heat shock protein 70 (hsp70), 
heat shock, DnaJ-like-1a (HSJ1a), HSJ1b, and hsp40; (b) hsp70 co-
expressed with HSJ1b, HSJ1a, or hsp40; or (c) hsp70 co-expressed with 
hsp40 or a mutant HSJ1a (HSJ1a- UIM) that contained deletions in the 
UIMs making them non-functional. **P < 0.01 when compared by analy-
sis of variance followed by post-hoc t-tests with controls (n > 3). RLU, 
relative light unit.
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transduced with HSJ1a and luciferase and probed with anti-ubiquitin, 
anti-luciferase, and anti-HSJ1a antibodies. (c) Luciferase co-immunopre-
cipitation assays in the presence of HSJ1a showing that ubiquitin and 
HSJ1a are bound with luciferase. (d) Western blots of ubiquitin in human 
androgen receptor knock-in (hARk)–expressing N2a cells transduced 
with hsp70, hsp40, HSJ1a, or HSJ1b. The black arrow indicates the retar-
dation of the ubiquitin-labeled species at the top of the gel. α-tubulin 
was used as a loading control. (e) Western blots of hARk-transfected N2a 
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G; RLU, relative light unit.
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no significant difference between the numbers of cells containing 
inclusions at 21 and 35 days. When a lentivirus expressing HSJ1a 
was injected simultaneously with Q80EGFP, a dramatic decrease 
in cells containing EGFP-positive inclusions at both 21 (P < 0.05) 
and 35 days (P < 0.05) was observed (Figure 5a and c).

DISCUSSION
Our results show that when expressed alone, hsp70, hsp40, HSJ1a, 
and HSJ1b were effective at preventing the accumulation of 
inclusions in an in vitro model of SBMA. An additional, simpli-
fied polyglutamine expansion model, using the viral expression 
of EGFP fused to polyQ repeat tracts of 19 or 80 CAG repeats, 
showed that these chaperone molecules mediated the same effects 
in primary neurons. We also demonstrated that a significant 
reduction in inclusion formation was mediated by the expres-
sion of HSJ1 proteins, whereas hsp40 expression mediated a small 
but non-significant reduction in inclusion levels. Luciferase- 
refolding assays conducted in N2a and primary cortical neu-
rons (data not shown) showed that hsp70 and hsp40 significantly 
increased chaperone-mediated luciferase refolding. However, the 
increased expression of HSJ1 proteins or HSJ1a-ΔUIM proteins 
(containing mutated and non-functional UIM domains) did not 
increase luciferase refolding. Indeed, the expression of HSJ1a 
and HSJ1b actually caused a dramatic reduction in steady-state  
(non-denatured) luciferase activity together with increased pro-
tein ubiquitylation within cells. In contrast, no reduction in lucif-
erase activity and increased protein ubiquitylation was observed 
with the HSJ1a-ΔUIM construct. Experiments also showed that 

the reduction in luciferase activity was associated with a reduction 
in its protein levels and that luciferase was found with an HSJ1a–
ubiquitin complex. Neither HSJ1a nor the DnaJ-containing UIM-
mutated HSJ1a mediated significant refolding activity.

Together these results show that within neuronal cells HSJ1 
proteins do not reduce inclusion formation by facilitating the fold-
ing function of hsp70. Instead, we showed that HSJ1a mediated 
increased ubiquitylation and a reduction in (luciferase) protein 
and polyglutamine-mediated inclusion levels. These findings 
strongly suggest that HSJ1a is mediating increased polyglutamine 
protein ubiquitylation and targeting to the UPS. Importantly, 
in vivo studies also showed that the lentiviral-mediated expres-
sion of HSJ1a dramatically decreased polyglutamine-mediated  
inclusion formation in the striatum.

Studies have shown that the increased expression of protein 
chaperones can decrease the neuronal toxicity and/or accumu-
lation of protein inclusions associated with polyglutamine dis-
ease.17–19 In this study we have investigated the ability of the human 
HSJ1a and HSJ1b proteins to reduce inclusion formation in two 
models of polyglutamine expansion diseases. Both proteins are 
 preferentially expressed in neurons and display distinct intracel-
lular localizations. HSJ1a is cytoplasmic and nuclear, whereas the 
larger HSJ1b isoform is normally targeted to the cytoplasmic face 
of the endoplasmic reticulum by C-terminal geranylgeranylation. 
HSJ1a and HSJ1b both contain UIMs and also belong to the fam-
ily of J-proteins that stimulate adenosine triphosphate hydroly-
sis by heat shock cognate 70 (hsc70). UIMs play an important 
role in mediating ubiquitylation and in binding mono- and/or 
polyubiquitylated proteins and targeting to the UPS. In recent 
years it has become apparent that the UPS plays a pivotal role 
in regulating and maintaining protein homeostasis in cells and 
that under some circumstances molecular chaperones can tar-
get substrate proteins to the UPS for degradation.28 An example 
of chaperone-mediated targeting is provided by CHIP that uses 
hsp70 and hsp90 family members to recognize misfolded protein 
substrates, which it then directs for degradation via the UPS. The 
function of CHIP is enhanced by Bag-1, another co-chaperone 

Figure 5 Heat shock, DnaJ-like-1a (HSJ1a) reduced polyglutamine-medi-
ated inclusion formation in the striatum. (a) Lentiviral vectors expressing 
Q19EGFP, Q80EGFP, and Q80EGFP plus HSJ1A were injected into the stria-
tum, and hematoxylin and eosin–stained sections were probed with an anti–
enhanced green fluorescent protein (EGFP) Ab. Images were taken at 200 
and the scale bar represents 20 μm. (b) Counts of EGFP-positive aggregates 
in the striatum 7, 21, and 35 days after the injection of a lentivirus expressing 
Q80EGFP, and (c) on animals injected with vectors expressing HSJ1a and 
Q80EGFP 21 and 35 days after injection. Statistical analysis was carried out 
by one-way analysis of variance and post hoc t-tests. Error bars are SEM.  
n = 5. *P < 0.05, **P < 0.01 when compared with controls.
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that simultaneously associates with hsc70.27 On formation of the 
Bag-1/hsc70/CHIP complex, CHIP mediates the attachment of 
ubiquitin moieties to the ubiquitin-like domain found on all Bag-
1 isoforms.25,38 This domain enables Bag-1 to function as a physi-
cal link (or coupling factor) between the hsc70/hsp70 chaperone 
system and the proteasome.

As HSJ1 proteins contain DnaJ and UIMs, they could act to 
mediate chaperone function or fulfill a similar role to Bag-1 pro-
teins (acting as a switch between chaperone refolding activities of 
hsc70 and its targeting to the UPS).

In this study we have shown that in the presence of insoluble 
polyglutamine inclusions, HSJ1a acts via its UIM domains to ini-
tiate degradation of abnormal proteins rather than their refold-
ing. Indeed, even when the UIM domain was deleted there was no 
significant increase in chaperone activity. Hence, these findings 
show that DnaJ/hsp40 proteins (e.g., hsp40 and HSJ1 molecules) 
can be used to reduce the level of polyglutamine-mediated aggre-
gation by enhancing refolding and by increasing ubiquitylation 
of the substrate protein. The effectiveness of HSJ1a in preventing 
inclusion formation in models of neuronal polyglutamine expan-
sion diseases suggests that targeting to the UPS may be a highly 
therapeutic strategy.

MATERIALS AND METHODS
Transfection of androgen receptor. Mouse neuroblastoma (N2a) cells 
were grown in Dulbecco’s minimum essential medium with 5,000 mg/
l glucose (Sigma, Dorset, UK), supplemented with 10% (vol/vol) heat-
inactivated fetal calf serum (Gibco-Invitrogen, Karlsruhe, Germany), 
100 U/ml penicillin, 0.1 mg/ml streptomycin, and 2 mmol/l l-glutamine 
(both Sigma, Dorset, UK) in a humidified 5% CO2 atmosphere at 37 °C. 
Cells were seeded at a density of 5,000–20,000 cells per well onto pre-
sterilized glass coverslips. After 48 hours cells were transfected with 
pCMVneo-based expression vectors containing either a 20-glutamine 
repeat fragment (wild-type, hAR) or an expanded polyglutamine coding 
region with 51 repeats (hARk), using lipofectamine reagent (Invitrogen, 
Karlsruhe, Germany).37 Cells were transduced with virus 12 hours after 
transfection (as described in the Results), and after a further 12 hours, 
cells were transferred to phenol red–free medium supplemented with 
10% dextran-coated, charcoal-stripped fetal calf serum (Hyclone, Perbio 
Science, Cheshire, UK), before incubation with 50 nmol/l testosterone 
and subsequent assays.

Primary cortical neuron cultures. Primary cortical tissue was dissected 
from Wistar rat embryos at embryonic day 18 and placed into Hanks’ bal-
anced salt solution without calcium and magnesium (Gibco-Invitrogen, 
Karlsruhe, Germany) with 10 mg/ml trypsin (Sigma, Dorset, UK) for 30 
minutes at 37 °C. The cells were then washed three times in Hanks’ balanced 
salt solution without Ca2+ and Mg2+ and triturated gently in Neurobasal 
medium (Gibco-Invitrogen, Karlsruhe, Germany) supplemented with 
2% (vol/vol) B-27 supplement (Gibco-Invitrogen, Karlsruhe, Germany), 
glutamic acid (25 μmol/l), l-glutamine (0.5 mmol/l), streptomycin  
(100 μg/ml), and penicillin (100 U/ml) (all from Sigma, Dorset, UK) using 
a glass pipette with a fire-polished tip. Cells were plated at a density of 
170,000 cells into each well of a 24-well plate (Nalge Nunc International, 
UK) that had previously been coated with poly-l-lysine (1 mg/ml; Sigma, 
Dorset, UK). After 3 days one-third of the culture medium was replaced 
with Neurobasal medium supplemented with B-27, penicillin, and strep-
tomycin. Cultures were transduced with Ad vectors after 5 days, with  
further medium changes every 3 days. All animal work was performed 
under a Home Office license and under the supervision of staff at the central 
animal facility, University of Bristol.

Virus production. E1-deleted Ad vectors expressing various hsps and 
co-chaperones were produced by homologous recombination in HEK 
293 cells according to standard techniques.39,40 Expression was driven by 
the human cytomegalovirus promoter and enhanced by the woodchuck 
hepatitis virus post-transcriptional regulatory element. These viruses were 
used to transduce N2a cells expressing the hARk plasmid. Additional Ad 
vectors expressing CAG repeat fragments tagged with GFP (QnEGFP) 
from the neuron-specific synapsin promoter were also used to transduce 
primary cortical neuron cultures. Vesicular somatitis virus-glycoprotein–
pseudotyped lentiviral vectors expressing Q19EGFP, 80EGFP, HSJ1a, and 
HSJ1b were prepared using the HEK 293T transient system previously 
described,41 and viral titer was determined by reverse-transcriptase poly-
merase chain reaction.

Stereotactic injection. Intrastriatal injections were performed bilaterally 
on isofluorane-anesthetized adult male Sprague-Dawley rats (300–380 g) 
that had been placed in a stereotactic frame (David Kopf Instuments, CA). 
The stereotactic coordinates for all intra–central nervous system injec-
tions were derived from Paxinos and Watson42 and were from bregma: 
anterior–posterior, 0 mm; medial–lateral, ±3.0 mm; and dorsal–ventral, 
–4–5 mm. Generally, 1.5 × 106 transforming units in a total volume of 1 μl 
of each lentiviral vector were slowly infused into the striatum, with ratios 
kept constant. Thus, approximately equal numbers of Q80 and HSJ1a 
viral particles were injected. At the times indicated after injection, the 
brains were embedded in paraffin and sectioned at 7 μm on a microtome  
(Leica Microsystems, Wetzlar, Germany).

Immunohistochemistry on wax-embedded sections. After dehydration 
of the sections in alcohols, antigenic site retrieval was achieved by micro-
waving them in citric acid buffer (pH 6.0) before washing with 1× phos-
phate-buffered saline supplemented with 0.5% Trition X-100 and 1% H2O2 
in phosphate-buffered saline. Sections were then blocked with normal 
horse serum (VectorLabs, UK), and incubated with anti-GFP antibody 
(Roche) at 4 °C overnight. Sections were then incubated with biotinylated 
anti-mouse IgG secondary antibody (VectorLabs) and streptavidin/bio-
tin/peroxidase conjugate (ABC Elite; VectorLabs, UK). Nova Red stain 
(VectorLabs) was used to visualize positive cells. Sections were counter-
stained with hematoxylin and eosin, and images were taken using a Leica 
upright microscope (Leica Microsystems, Wetzlar, Germany). Microsoft 
Office Document Imaging software (Microsoft Corporation) was used to 
count cells that contained EGFP-positive inclusions. All cell counts were 
performed blind.

Immunofluoresence microscopy. After fixation in methanol, transfected 
cells were incubated with anti-androgen receptor antibody, AR N20 
(1:150; Santa Cruz Biotechnology, CA). Fluorescein isothiocyanate–
 conjugated anti-rabbit antibody diluted 1:200 was then used to visualize 
inclusions within the cells. Cells were mounted with non-quenching 
medium (Vectashield; Vectorlabs, CA); images were captured using an 
Inverted Leica Confocal Imaging system (Leica Microsystems, Wetzlar, 
Germany), and counts were performed blind.

Luciferase-refolding assay. N2a cells were transduced with Ad vectors 
expressing luciferase and hsps and/or co-chaperones. After 3 days, cells 
were subjected to heat shock at 46 °C and left for 0–60 minutes before lucif-
erase assays were carried out (Promega, Mannheim, Germany).

Filter-trap assays. Cells were lysed with sodium dodecyl sulfate lysis buf-
fer and centrifuged to obtain insoluble and soluble fractions, as previously 
described.17 Samples were applied onto a nitrocellulose or cellulose acetate 
membrane under vacuum using slot-blot apparatus; proteins within each 
fraction were detected by probing with various antibodies and visualized 
using enhanced chemiluminescence reagent.

Western blots. In brief, cells were transduced with virus (at a multiplicity 
of infection of 100), lysed after 48 hours using radioimmunoprecipitation 
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assay buffer (1× phosphate-buffered saline, 1% Nonidet P-40, 0.5% sodium 
deoxycholate, 0.1% sodium dodecyl sulfate; Sigma, Dorset, UK) contain-
ing protease inhibitors phenyl-methyl-sulphonyl-fluoride (100 μg/ml), 
aprotinin (70 μg/ml), and sodium orthovanadate (1 mmol/l). Samples 
were then resolved by sodium dodecyl sulfate gel electrophoresis; pro-
teins were transferred to polyvinylidene fluoride membrane (Roche, 
Basel, Switzerland) using a wet-transfer method and probed with primary 
antibodies raised against hsp70i (Stressgen, MI), hsp40 (Stressgen, MI), 
HSJ1a and HSJ1b [Kindly supplied by Prof. Cheetham43] ubiquitin (Ubi1; 
Abcam), or alpha tubulin (Sigma, Dorset, UK), as indicated.

Co-immunoprecipitation assays. Co-immunoprecipitation was per-
formed using a ProFound co-immunoprecipitation kit (Pierce, Perbio 
Science, Cheshire, UK). In brief, N2a cells were co-transduced with Ad 
vectors expressing luciferase and the appropriate control vectors (Ad0) 
or those expressing HSJ1a. Cells were lysed 40 hours after transduction 
with co-immunoprecipitation lysis buffer (50 mmol/l 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid pH 7.9, 250 mmol/l NaCl, 1 mmol/l 
EDTA, 1 mmol/l Na3VO4, 20 mmol/l β-glycerophosphate, 5 mmol/l  
1,4-dithiothreitol, 0.5% Igepal) containing protease inhibitors (Protease 
cocktail; Roche, Basel, Switzerland). Cell lysates were centrifuged for 
15 minutes at 10,000g and the resulting supernatant was incubated 
with Aminolink plus coupling gel coupled to luciferase antibody  
(Serotec AbD, Oxford, UK). Samples were boiled in sodium dodecyl 
sulfate polyacrylamide gel electrophoresis loading buffer to elute asso-
ciated proteins. Western blots were then run, and proteins were trans-
ferred onto polyvinylidene fluoride membranes, which were then probed 
with anti-ubiquitin (1:5,000, Abcam,  Cambridge, UK), anti-luciferase  
(1:1,000; Serotec AbD, Oxford, UK), and HSJ1a (1:1,000) antibodies.
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