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Backgrounds: Prefoldin, a molecular chaperone 

comprised of six subunits, prevents misfolding of 

newly synthesized nascent polypeptides. 

Results: Prefoldin inhibited aggregation of 

pathogenic Huntingtin and subsequent cell death. 

Conclusion: Prefoldin suppressed Huntingtin 

aggregation at the small oligomer stage. 

Significance: Prefoldin plays a role in preventing 

protein aggregation in Huntington disease. 

 

ABSTRACT  

Huntington disease is caused by cell death after 

the expansion of polyglutamine (polyQ) tracts 

longer than approximately 40 repeats encoded 

by exon 1 of the huntingtin (Htt) gene. 

Prefoldin is a molecular chaperone comprised 

of six subunits, PFD1~6, and prevents 

misfolding of newly synthesized nascent 
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polypeptides. In this study, we found that 

knockdown of PFD2 and PFD5 disrupted 

prefoldin formation in Htt-expressing cells, 

resulting in accumulation of aggregates of a 

pathogenic form of Htt and in induction of cell 

death. Dead cells, however, did not contain 

inclusions of Htt, and analysis by a 

fluorescence correlation spectroscopy indicated 

that knockdown of PFD2 and PFD5 also 

increased the size of soluble oligomers of 

pathogenic Htt in cells. In vitro single molecule 

observation demonstrated that prefoldin 

suppressed Htt aggregation at the small 

oligomer (dimer to tetramer) stage. These 

results indicate that prefoldin inhibits 

elongation of large oligomers of pathogenic Htt, 

thereby inhibiting subsequent inclusion 

formation, and suggest that soluble oligomers 

of polyQ-expanded Htt are more toxic than are 

inclusion to cells.  

 

INTRODUCTION 

Huntington disease (HD) is a progressive 

neurodegenerative disorder characterized by 

motor impairment, involuntary movements 

(chorea), psychiatric disorders and dementia (1). 

HD is caused by the expansion of a CAG repeat in 

exon 1 of the huntingtin gene, and resultant 

polyglutamine (polyQ) tracts longer than 

approximately 40 repeats trigger cell death of 

affected neurons (2, 3). The conformation of 

huntingtin (Htt) protein is altered by the existence 

of expanded polyQ, leading to oligomerization 

and aggregation of mutant/pathogenic Htt into 

β-sheet-rich fibrils, thereby forming large 

aggregates (inclusion bodies) in affected neurons 

(4, 5). The monomer of pathogenic Htt protein is 

assumed to form a conformation rich in random 

coils or -helices and to turn -sheets (6, 7). 

Oligomerized pathogenic Htt, on the other hand, 

tends to form fibrils and inclusions. Although the 

inclusion body of pathogenic Htt have long been 

thought to be a causative factor for Huntington 

disease, accumulating evidences suggest that 

formation of pathogenic Htt inclusion is not 

correlated with neuronal cell death (8, 9). It is 

therefore thought that the inclusion body act as a 

deposit of pathogenic Htt to decrease the risk of 

neuronal cell death.  

   Many molecular chaperones associate with 

polyglutamine proteins to inhibit formation of 

aggregations in test tubes, cell lines and model 

animals (10-14). Purified heat shock proteins 

HSP70 and HSP40 (Hdj1) suppress the toxicity of 

polyQ-expanded Htt exon 1: These proteins 

promote formation of non-toxic oligomers of 

polyQ-expanded Htt, instead of SDS-insoluble 

amyloid fibrils (15, 16). Furthermore, several 

groups have reported that over-expression of 

Hsp70/Hsp40 chaperones suppresses 

polyQ-induced neurotoxicity in animal models of 

polyglutamine disease (17-19) and that 

chaperonin CCT (chaperonin-containing TCP-1, 

also known as TRiC) prevents the toxicity of 

pathogenic Htt by inhibiting formation of toxic 

oligomers through interaction with soluble 

oligomers (20-22). It is therefore possible that 

other chaperones also modify aggregation of 
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pathogenic Htt. 

   Prefoldin is a molecular chaperone found in 

eukarya and archaea domains and assists folding 

of a newly synthesized polypeptide chain in 

cooperation with Hsp70/Hsp40 and with CCT in 

the cytosol (23, 24). Prefoldin is comprised of six 

subunits, PFD1~6, and it forms a "jellyfish-like" 

structure (25) and binds to a substrate with its 

tentacle-like structures (26). Although distal end 

regions of prefoldin's tentacles are hydrophobic 

and are thought to be accessible with hydrophobic 

surfaces of the substrate (25), little is known about 

the mechanisms by which prefoldin recognizes 

substrates. Prefoldin binds to newly synthesized 

nascent polypeptides such as actin and tubulin in 

the cytosol to prevent their misfolding (24, 27). 

Recent studies have shown that capturing newly 

synthesized polypeptide chains, prefoldin 

transports them to CCT to assist folding of 

polypeptides (23, 24, 28). Furthermore, Sakono 

and coworkers have reported that archaeal 

prefoldin forms soluble amyloid  oligomers but 

not fibrils in vitro (29), suggesting that prefoldin 

plays a modifier role against the toxicity of 

misfolded proteins, including proteins that cause 

neurodegenerative diseases. 

    In this study, we examined the effect of 

human prefoldin on the formation and toxicity of 

pathogenic Htt aggregation using in vitro and in 

vivo systems and found that prefoldin prevents Htt 

neurotoxicity by inhibiting its aggregation at a 

small oligomer stage. We discuss 

prefoldin-dependent protection mechanisms of 

neuronal cells against the toxicity of pathogenic 

Htt. 

 

EXPERIMENTAL PROCEDURES 

Plasmids 

pEGFP-C1 and pcDNA3 were obtained from 

Clontech (Mountain View, CA, USA) and 

Invitrogen (Carlsbad, CA, USA), respectively. 

Expression vectors for EGFP-Q11 and EGFP-Q72 

and for Htt-exon 1 fused with GFP were described 

previously (21, 30). Htt-polyQ-GFP regions were 

recloned into ptet-CMVminimal containing 

minimal CMV promoter. pGEXGST-myc-Htt 

Q23/Q53 exon 1 (15, 31) were used for 

expression of GST-Htt proteins in E. coli. For 

fluorescence labeling of GST-Htt exon 1, all of the 

cysteine residues present in GST were replaced 

with serine as described previously (20). 

 

Analyses of aggregate-containing cells and cell 

death 

Neuroblastoma Neuro-2a cells were cultured in 

Dulbecco's modified Eagle's medium 

supplemented with 10% calf serum. Cells were 

cultured on a 3.5-cm glass bottom dish (Iwaki, 

Tokyo, Japan) coated with type IV collagen 

(Cellmatrix, Nitta Gelatin, Osaka, Japan). 

Nucleotide sequences of the upper and lower 

strands for siRNA were as follows:  

5'-GGAGCAUGUGCUUAUUGAUGU-3' and 

5'-AUCAAUAAGCACAUGCUCCAC-3' for 

PFD2, and 

5'-GGAGCGGACUGUCAAAGAATT-3' and 

5'-UUCUUUGACAGUCCGCUCCTT-3' for 

PFD5. Neuro-2a cells were first transfected with 
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PFD2 siRNA and PFD5 siRNA using 

Lipofectamine 2000 reagent (Invitrogen). Allstars 

Negative control siRNA (QIAGEN) was used as a 

non-specific negative control (Qiagen, Hilden, 

Germany). Twenty-four h after transfection, cells 

were transfected with 0.2 g of an expression 

vector for EGFP-polyQ or Htt-polyQ-GFP and 

induced to undergo neuronal cell differentiation 

by addition of 5 mM dibutyryl cAMP for 48 h. 

After transfection of polyQ expression vectors 

into Neuro-2a cells, the medium was replaced 

with fresh medium containing 0 or 5 mM 

dibutyryl cAMP and 2 g/ml propidium iodide. At 

48 h after transfection, cell images were taken by 

using Biozero BZ-8000 (Keyence, Osaka, Japan) 

with Plan-Apo 20 x 0.75 NA (Nikon, Tokyo, 

Japan). Propidium iodide-positive cells were 

counted as dead cells. 

  Neuro-2a cells were transfected with 5 and 10 

ng expression vectors for six prefoldin subunits 

PFD1-6 using Lipofectamine 2000 reagent. 

Twenty-four h after transfection, cells were 

transfected with an expression vector for 

Htt23-polyQ-GFP or Htt78-polyQ-GFP. Neuronal 

differentiation of Neuro-2a cells was then carried 

out as described above. 

 

Western blotting 

Proteins were extracted from cells after incubation 

of cells with a Hepes buffer containing 40 mM 

Hepes-NaOH (pH 7.4), 120 mM NaCl, 1 mM 

EDTA, 0.5% NP-40 and protease inhibitors and 

subjected to Western blot analysis with anti-PFD1 

(PA006499, Sigma, St. Louis, MO, USA), 

anti-PFD2, anti-PFD3 (K-13, Santa Cruz, Santa 

Cruz, CA, USA), anti-PFD4, anti-PFD5 (S-20, 

Santa Cruz), anti-PFD6 (AP2836a, Abgent, San 

Diego, CA, USA) and anti-GAPDH (MAB374, 

Chemicon, Temecula, CA, USA) antibodies. 

Proteins were then reacted with an IRDye800- or 

Alexa Fluor 680-conjugated secondary antibody 

and visualized by using an infrared imaging 

system (Odyssey, LI-COR, Lincoln, NE, USA). 

Anti-PFD2 and anti-PFD4 antibodies were 

established by injection of GST-PFD2 and 

GST-PFD4, respectively, into rabbits. The 

anti-PFD2 antibody was purified from rabbit 

serum, and serum from GST-PFD4-injected 

rabbits was used as the anti-PFD4 antibody.  

 

Glycerol density gradient centrifugation to 

separate the prefoldin complex 

Neuro-2a cells in a 10-cm dish were transfected 

with 240 mol siRNAs targeting PFD2 and PFD5 

and with non-specific siRNA. At 48 h after 

transfection, proteins were extracted from cells in 

a Hepes buffer and separated by a glycerol density 

gradient centrifugation at 40,000 rpm for 16 h at 

4°C using an SW41 rotor. After samples had been 

fractionated into 22 fractions, proteins in fractions 

were precipitated with acetone at -80°C for 1 h, 

dissolved in an SDS buffer containing 50 mM 

Tris-HCl (pH 6.8), 1% SDS, 2% 

-mercaptoethanol and 8.7% glycerol, and 

subjected to Western blotting or CBB staining on 

15% SDS-containing polyacrylamide gels. 

Aldolase (160 kDa), bovine serum albumin (BSA) 

(56 kDa) and RNase A (13 kDa) were used as 
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molecular weight markers. When differentiated 

Neuro-2a cells were used, proteins were separated 

on 7.5% SDS-containing polyacrylamide gels, and 

Native Mark (Invitrogen) was used as molecular 

weight markers. 

 

Immunofluorescence microscopy 

Neuro-2a cells were cultured on coverslips and 

transfected with an expression vector for 

Htt-polyQ-EGFP. At 48 h after transfection, cells 

were fixed with 4% paraformaldehyde in PBS at 

37°C for 10 min for staining PFD2, PFD5 and 

GAPDH or with methanol at -20°C for 5 min for 

staining CCT and Hsc70. After treatment of cells 

with 0.5% Triton X-100 for 10 min, cells were 

incubated with a blocking buffer containing 5% 

calf serum, 20% glycerol and 0.02% Triton X-100 

at 4°C for 16 h. Cells were stained with anti-PFD2 

(1:100), anti-PFD5 (1:50), anti-Hsc70 (1:100, 

SPA-815, Stressgen, Farmingdale, NY, USA), 

anti-CCT (1:100, sc-47717, Santa Cruz) and 

anti-GFP (1:100, JL-8, MBL, Nagoya, Japan) 

antibodies and then reacted with Alexa Fluor 

594-conjugated anti-rabbit, anti-rat or anti-mouse 

IgG antibody (1:100, Invitrogen). Images were 

observed using LSM510 META (Carl Zeiss, Jena, 

Germany) with Plan-Apo 63x/1.4 DIC. An 

anti-PFD5 antibody for immunofluorescence 

detection was developed by us after immunization 

of rabbits with recombinant GST-PFD5 and 

purified from serum through an affinity column 

with GST-PFD5. 

 

Filter-trap assay of cell lysates 

At 48 h after transfection, cells were lysed in PBS 

containing 1% Triton X-100 and protease 

inhibitors and sonicated using a water bath-type 

sonicator at 4°C for 5 min. Lysates were diluted 

with 1% SDS-PBS, boiled for 10 min, and 

filtrated through a cellulose acetate membrane 

(0.2 m) using a dot blotter (Bio-dot SF, Bio-Rad, 

Hercules, CA, USA). The membrane was 

incubated with 5% skim milk in PBS overnight 

and reacted with a mouse anti-GFP antibody 

(JL-8). The membrane was then reacted with an 

Alexa Fluor 680-conjugated secondary antibody, 

and proteins on the membrane were visualized by 

an Odyssey system. 

 

FCS analysis 

At 48 h after transfection, cells were lysed in PBS 

containing 1% Triton-X100 and protease 

inhibitors, sonicated as described above, and 

centrifuged at 15,000 rpm for 10 min at 4°C to 

remove insoluble GFP-polyQ aggregates. 

Supernatants were then filtrated through a PVDF 

membrane (0.22 m) and replaced on a glass 

bottom 96-well plate and then subjected to FCS 

analysis using a ConfoCor 2 system with a water 

immersion objective lens (C-Apochromat 40 x 1.2 

NA, Carl Zeiss) at excitation of 488 nm and 

emission of 505-550 nm. The confocal pinhole 

diameter was adjusted to 70 m and fluorescence 

was measured 50 times for 10 sec at room 

temperature. Analyses by FCS were performed as 

described previously (21). 

 

Protein purification 
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GST-fused with Htt exon 1 (GST-Htt23Q and 

GST-Htt53Q) were expressed in E. coli 

(BL21DE3) and purified as described previously 

(32). Human prefoldin (hPFD) was assembled 

from six individual subunits of PFD that had been 

expressed in and purified from E. coli (BL21DE3) 

as described previously (33). 

 

Filter trap assay of in vitro aggregation 

Htt protein was prepared by digestion of GST-Htt 

with PreScission protease (GE Healthcare, Little 

Chalfont, UK) to cleave off GST and reacted with 

hPFD or with BSA as a negative control in a 

buffer A containing 50 mM sodium phosphate (pH 

8.0), 150 mM NaCl, 1 mM EDTA at 30˚C for 13 h 

as described previously (15). Reaction mixtures 

were then filtrated through a cellulose acetate 

membrane using a dot blotter and washed three 

times with TBST (0.05% Tween 20 in TBS). After 

blocking the membrane with 5% skim milk in 

TBST, the membrane was incubated with a mouse 

anti-c-myc antibody (1:1000, 9E10, Santa Cruz) 

and then with a horseradish 

peroxidase-conjugated anti-mouse IgG antibody 

(1:2000, R&D Systems, Minneapolis, MN, USA). 

Proteins were visualized using an ECL Plus 

blotting detection system (GE Healthcare). 

 

Electron microscopy 

Htt protein samples were diluted 10-fold with 

distilled water and placed on a carbon-coated 

copper grid and air-dried. After negative staining 

of samples with uranyl acetate, images were taken 

with an excitation voltage of 100 kV using a 

JEM-1011 transmission electron microscope 

(JEOL, Tokyo, Japan). 

 

TIRFM single particle analysis of aggregation 

A unique cysteine residue on GST-HttQ23 or 

GST-HttQ53 was labeled with a 10-fold molar 

excess of Alexa Fluor 488-maleimide (Invitrogen) 

in a labeling buffer containing 50 mM sodium 

phosphate pH 8.0, 150 mM NaCl and 10% 

glycerol for 4 h at 4°C. Excess free dye was 

removed by a NAP5 column (GE Healthcare), and 

a typical ratio of GST-Htt:labeled dye was 1:0.7. 

After addition of PreScission protease to the 

mixture, Alexa Fluor 488-labeled GST-HttQ23/53 

(2.5 M) was incubated with hPFD (2.5 M) at 

30°C for 13 h. Samples were then diluted 

3000-fold and analyzed by TIRFM (34-36). Alexa 

Fluor 488-labeled proteins were illuminated with 

a blue solid-state laser (11.8 mW, 488 nm, 

Coherent). The fluorescence emission from the 

specimen was collected with an oil-immersion 

microscope objective (1.40 NA, x100, PlanApo, 

Olympus, Tokyo, Japan), and images were taken 

using a CCD camera (MC681SPD-R0B0, Texas 

Instruments, Dallas, TX, USA) coupled with an 

image intensifier (C8600, Hamamatsu Photonics, 

Hamamatsu, Japan). Fluorescence intensity of the 

single dye was determined from a distribution of 

photobleaching unitary step intensities of labeled 

monomer proteins. The number of HttQ53 

molecules per particle was estimated by dividing 

initial fluorescence intensities from the single 

particle by fluorescence intensity of the single dye 

(37). 
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Statistical analyses  

Data are expressed as means ± S.D. Statistical 

analyses were performed using analysis of 

variance (one-way ANOVA) followed by unpaired 

Student’s t-test. For comparison of multiple 

samples, the Tukey-Kramer test was used. 

 

Ethics statement 

All animal experiments were carried out in 

accordance with the National Institutes of Health 

Guide for the Care and Use of Laboratory 

Animals, and the protocols were approved by the 

Committee for Animal Research at Hokkaido 

University (the permit number 08-0467).  

 

RESULTS 

Knockdown of prefoldin subunits causes 

disruption of prefoldin complex. 

The prefoldin complex is composed of six 

subunits (PFD1~6), and these subunits are divided 

into -type and -type subunits based on their 

secondary structures (25). To examine the role of 

prefoldin in polyQ/Htt aggregation, we used a 

siRNA-mediated knockdown system to reduce the 

expression of prefoldin subunits in cells. Since the 

prefoldin complex contains two -type subunits 

(PFD3 and PFD5) and four -type subunits (PFD1, 

PFD2, PFD4 and PFD6), siRNAs targeting PFD5 

(-type subunit) and PFD2 (-type subunit) were 

chosen for knockdown. Synthetic PFD2 and PFD5 

siRNAs were ectopically transfected into mouse 

neuroblastoma Neuro-2a cells, and the expression 

levels of PFD2 and PFD5 mRNAs were examined 

by RT-PCR. The results showed that PFD2 and 

PFD5 mRNA levels were specifically reduced by 

their own siRNAs (data not shown). Analysis of 

prefoldin subunits by Western blotting showed 

that protein levels of PFD2 and PFD5 in 

siRNA-transfected cells were decreased to 

approximately 25% and 15%, respectively, of 

those in non-specific siRNA-transfected cells 

(control) (Fig. 1A). In addition to reduced levels 

of PFD2 and PFD5, protein expression levels of 

other subunits were also reduced, though the 

levels of PFD2 and PFD3 were unaffected by 

PFD5 siRNA. These results support the notion 

that the expression levels of prefoldin subunits are 

mutually regulated at the protein level through the 

ubiquitin-proteasome system as we reported 

previously (38). To examine whether knockdown 

of a prefoldin subunit affects formation of the 

prefoldin complex, proteins extracted from 

siRNA-transfected cells were separated on a 

glycerol density gradient followed by Western 

blotting with anti-PFD2 and anti-PFD5 antibodies. 

The prefoldin complex was observed in fractions 

8-14 by estimating the fractions compared to 

those of protein markers, aldolase (160 kDa), 

bovine serum albumin (BSA) (56 kDa) and RNase 

A (13 kDa), in the gradient. As shown in Fig. 1B, 

amounts of the prefoldin complex in cells that had 

been transfected with PFD2 and PFD5 siRNAs 

were reduced to 12% and 15%, respectively, of 

that in control cells, indicating that 

RNAi-mediated knockdown of PFD2 and PFD5 

effectively reduced formation of the prefoldin 

complex. As we reported previously (38), these 
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results suggest that free forms of prefoldin 

subunits are unstable compared to prefoldin 

subunits in the prefoldin complex.  

 

Knockdown of PFD2, but not that of PFD5, 

strongly stimulates polyQ/Htt aggregation in 

undifferentiated Neuro-2a cells. 

Since the pathogenic length of expanded polyQ in 

Huntington disease patients is longer than 

approximately 40 repeats, polyQ tracts containing 

11 and 72 repeats were fused with GFP at the 

N-terminus (GFP-Q11 and GFP-Q72) and used as 

non-pathogenic and pathogenic models, 

respectively. To examine the effect of prefoldin on 

polyQ aggregation under pathologically relevant 

conditions, exon 1 of the huntingtin gene 

encoding 23 and 78 repeats of glutamine was also 

fused with GFP at the C-terminus (HttQ23-GFP 

and HttQ78-GFP). Undifferentiated Neuro-2a 

cells were transfected with PFD2 siRNA, PFD5 

siRNA or non-specific siRNA as a control. At 24 h 

after transfection, cells were transfected with 

expression vectors for GFP-polyQ and HttQ-GFP, 

and GFP signals in cells were analyzed using a 

fluorescence microscope at 48 h after transfection 

of GFP-polyQ and HttQ-GFP. As shown in Figs. 

1C and 1D, PFD2 knockdown increased numbers 

of dots in GFP-Q72- and HttQ78-GFP-expressing 

cells but not in cells expressing GFP, GFP-Q11 or 

HttQ23-GFP. Dots are large protein aggregates 

and termed as inclusions. Although PFD5 

knockdown also slightly but significantly 

increased GFP-Q72 aggregation, the degree of 

aggregation was less than that in the case of PFD2 

knockdown, and no significant increase in 

aggregation of HttQ78-GFP was observed after 

cells had been knocked down by PFD5 siRNA. 

Filter-trap assays were also carried out to examine 

the effects of PFD2 and PFD5 knockdown on 

aggregation of polyQ and Htt. The results showed 

that PFD2 knockdown stimulated formation of 

SDS-insoluble aggregates of GFP-Q72 and 

HttQ78-GFP but that the effect of PFD5 

knockdown was weak compared to that of PFD2 

knockdown (Figs. 1E and 1F), being consistent 

with the results of microscopic observation. These 

results indicate that knockdown of PFD2 and that 

of PDF5, but to a lesser extent, increase 

aggregation of polyQ-expanded proteins in 

undifferentiated Neuro-2a cells. 

 

Knockdown of PFD5 and PFD2 stimulates 

toxicity and aggregation of polyQ/Htt in 

differentiated Neuro-2a cells. 

To examine the effect of prefoldin on the toxicity 

of polyQ-expanded proteins in differentiated 

neuronal cells, Neuro-2a cells were transfected 

with PFD2 siRNA, PFD5 siRNA or non-specific 

siRNA as a control. At 24 h after transfection, 

cells were transfected with expression vectors for 

healthy and pathogenic forms of GFP-polyQ and 

Htt-GFP, treated with 5 mM dibutyryl cyclic AMP 

(db-cAMP) at 4 h after transfection, and analyzed 

at 48 h after transfection of GFP-polyQ and 

Htt-GFP. It was first confirmed that PFD2 and 

PFD5 siRNAs effectively decreased expression 

levels of PFD subunits in differentiated Neuro-2a 

cells (Fig. 2A). The reduced level of the prefoldin 
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complex in differentiated Neuro-2a cells was also 

confirmed by glycerol gradient centrifugation 

(data not shown). Furthermore, as described in the 

Introduction section, various chaperones influence 

polyQ formation. It is therefore possible that 

knockdown of prefoldin affects the expression 

level of chaperones. The expression levels of 

HSP70, HSC70, HSP40, and CCT in Neuro-2a 

cells that had been transfected with PFD2 siRNA, 

PFD5 siRNA or non-specific siRNA were 

examined by Western blotting. As shown in Fig. 

2B, there are little or no change of their 

expression levels both in undifferentiated and 

differentiated cells. Microscopic observation of 

GFP-polyQ and Htt-GFP showed that aggregation 

of pathogenic forms, but not that of healthy forms, 

of GFP-polyQ and Htt-GFP was significantly 

enhanced by both knockdown of PFD5 and that of 

PFD2 (Figs. 2C-2E). Filter-trap assays also 

showed that knockdown of PFD5 and PFD2 

increased the amount of SDS-insoluble aggregates 

of pathogenic forms of polyQ proteins in 

differentiated Neuro-2a cells (Figs. 2F and 2G).  

 

Overexpression of prefoldin reduced aggregation 

of polyQ/Htt in differentiated Neuro-2a cells. 

To examine the effect of prefoldin on aggregation 

of polyQ/Htt in differentiated Neuro-2a cells, 

Neuro-2a cells were first transfected with two 

doses of expression vectors for 6 prefoldin 

subunits or a control vector and then with those 

for HttQ23-GFP and HttQ78-GFP. Forty-eight h 

after transfection, the expression level of prefoldin 

and formation of the prefoldin complex in cells 

were examined by Western blotting and by a 

glycerol density gradient centrifugation followed 

by Western blotting, respectively, with anti-PFD2 

and anti-PFD5 antibodies. As shown in Figs. 3A 

and 3B, the levels of expression and formation of 

prefoldin were increased in a dose-dependent 

manner. Filter-trap assays were then carried out 

using cell extracts from prefoldin and 

Htt-GFP-transfected cells. The results showed that 

overexpressed prefoldin reduced the level of 

aggregated form of HttQ78-GFP but not 

HttQ23-GFP in a dose-dependent manner (Fig. 

3C).  

 

Pathogenic Htt-induced cell death occurs in cells 

without inclusions.  

Neuro-2a cells were transfected with PFD2 siRNA 

and PFD5 siRNA and then transfected with 

expression vectors for healthy and pathogenic 

forms of Htt-GFP and differentiated with 

db-cAMP as described above. At 48 h after 

transfection of Htt-GFP, cells expressing 

HttQ23-GFP and HttQ78-GFP (green) were 

stained with propidium iodide (PI), and dead cells 

(PI staining-positive cells) were counted. As 

shown in Figs. 4A and 4B, knockdown of PFD2 

significantly increased pathogenic Htt-induced 

cell death in both undifferentiated and 

differentiated Neuro-2a cells, and PFD5 

knockdown significantly stimulated pathogenic 

Htt-induced cell death only in differentiated 

Neuro-2a cells. The effects of PFD5 knockdown 

in differentiated Neuro-2a cells are in contrast to 

those in undifferentiated Neuro-2a cells in terms 
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of aggregate formation. These results suggest that 

prefoldin-dependent protective reactions against 

toxicity of polyQ-expanded proteins are stronger 

in differentiated neuronal cells than in 

undifferentiated cells. 

To assess cell death induced by polyQ 

aggregation, the number of dead cells containing 

inclusions in cells shown in Figs. 4A and 4B was 

counted. As shown in Figs. 4C and 4D, more than 

90% of both undifferentiated and differentiated 

forms of dead Neuro-2a cells contained diffusely 

distributed but not largely aggregated cytosolic 

HttQ78 (HttQ78 inclusion), but the number of 

HttQ78 inclusions in undifferentiated cells was 

slightly larger than that in differentiated cells, 

indicating that knockdown of PFD2 and PFD5 did 

not significantly affect the number of HttQ78 

inclusions, These results suggest that protective 

activity of prefoldin against HttQ78-induced cell 

death occurs before inclusion formation and that 

protective activity is stronger in differentiated 

cells than in undifferentiated cells. 

Since prefoldin inhibited cell death in an 

inclusion formation-independent manner, 

localization of prefoldin in 

HttQ78-GFP-expressing Neuro-2a cells was 

examined by immunofluorescence staining with 

anti-PFD2 and PFD5 antibodies. As shown in Fig. 

4E, neither PFD2 nor PFD5 (red color) was 

co-localized with HttQ78-GFP inclusions (green 

color), and PFD2 and PFD5 were diffusely 

distributed in the cytosol (Figs. 4E-a and 4E-b). 

The distribution pattern of PFD2 and PFD5 was 

similar to that of CCT (Fig. 4E-c) but was 

different from that of HSC70, which was 

co-localized with HttQ78-GFP inclusions (Fig. 

4E-d). These results suggest that prefoldin 

prevents formation of pathogenic Htt aggregates 

by interacting with monomers or soluble 

oligomers rather than with inclusions, as does 

CCT but not HSC70. 

 

Size of Htt-soluble aggregates is increased by 

prefoldin knockdown. 

Although the presence of Htt inclusions in the 

brain of Huntington disease patients is a hallmark 

of Huntington disease, studies showed that 

formation of Htt inclusions was not correlated 

with the degree of cell death, suggesting that 

polyQ/Htt oligomers, rather than inclusions, are 

toxic to neurons (8, 9). We therefore examined 

whether prefoldin affects soluble oligomer 

formation of pathogenic Htt by using fluorescence 

correlation spectroscopy (FCS). FCS is a tool for 

investigating dynamics of fluorescent particles in 

homogenous solution or in a living cell with 

single molecule sensitivity (39, 40). FCS shows 

fluorescent intensity of fluorescent molecules or 

particles passing through a detection volume, in 

which a soluble oligomer is recognized as a single 

particle with strong intensity. Neuro-2a cells were 

transfected with siRNA and then with expression 

vectors for GFP, HttQ23-GFP and HttQ78-GFP 

and differentiated with db-cAMP. Cell lysates 

prepared from Htt-GFP-expressing cells were then 

centrifuged to remove insoluble polyQ aggregates 

such as visible aggregates under a fluorescent 

microscope.  
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First, it was found that there are no differences 

in fluorescence fluctuation and autocorrelation 

curves obtained from extracts of both 

undifferentiated and differentiated cells 

expressing GFP and HttQ23-GFP and that 

knockdown of PFD2 and PFD5 did not affect 

waveforms and autocorrelation curves compared 

to those for cells without knockdown (Figs. 5A 

and 5B). Relatively fine waveforms of 

fluctuations observed in FCS indicate monomers 

or dimers of HttQ23-GFP. Waveforms from 

HttQ78-GFP-expressing cells were, on the other 

hand, found to contain spikes with 

high fluorescence intensities, and these spikes 

more frequently appeared when expression of 

PFD2 and PFD5 was knocked down both in 

undifferentiated and differentiated cells (Fig. 

5A). Autocorrelation curves obtained from 

undifferentiated and differentiated 

Htt-Q78-expressing cells were also shifted to the 

right after expression of PFD2 and PFD5 had 

been knocked down (Fig. 5B). These results 

indicate that HttQ78 formed oligomers and that 

the size of HttQ78-containing soluble species 

was increased by PFD knockdown. 

 To estimate the size and proportion of 

soluble polyQ/Htt species, autocorrelation 

curves were analyzed by curve fitting using 

two-component fitting analysis due to the 

presence of various sizes of soluble Htt 

aggregates in cell lysates (Table 1). Fast 

fractions and slow fractions were defined as 

fraction 1 and fraction 2, respectively. First, it 

was found both in undifferentiated and 

differentiated cells that since diffusion time of 

fraction 1 of HttQ78-GFP (76 s) was similar to 

that of GFP (75-79 s), fraction 1 contained 

HttQ78-GFP monomers and that diffusion time 

(106 s) of fraction 1 of HttQ23-GFP was 

slightly longer than that of GFP, suggesting that 

a major fraction of HttQ23-GFP forms dimers 

under the conditions used. Furthermore, 

diffusion time of fraction 2 of HttQ23-GFP 

(660-772 s) and HttQ78-GFP (542-851 s) in 

undifferentiated and differentiated cells was 

much longer than that of fraction 1, and the 

average volume of aggregates in fraction 2 was 

estimated to be 6.1-11.2-fold larger than that in 

fraction 1, indicating the existence of Htt-soluble 

aggregates in fraction 2 from both types of cells.  

Second, when expression of PFD2 and PFD5 

was knocked down by corresponding siRNAs, 

the diffusion times of fraction 2 in 

HttQ78-GFP-expressing undifferentiated cells 

were significantly increased from 558 to 737 and 

728 s, respectively, but contents of fraction 2 

(40.9-42.5%) were not affected, indicating that 

the volume of soluble aggregates were increased 

by 1.30-1.32 fold and by 2.2-2.3 fold, 

respectively. After Neuro-2a cells had been 

differentiated, knockdown of PFD2 and PFD5 

expression increased the diffusion times of 

fraction 2 of HttQ78-GFP from 542 to 756 and 

851 s (1.39-1.58 fold and 2.7-3.9 fold increases 

in volume, respectively), and these values were 

larger than those obtained in undifferentiated 

cells. Diffusion time of fraction 2 of 

HttQ23-GFP aggregation was, on the other hand, 
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not affected by prefoldin knockdown. These 

results revealed that prefoldin knockdown 

significantly increases the size of soluble 

aggregates of a pathogenic form of Htt without 

affecting the number of soluble aggregates, 

especially in differentiated Neuro-2a cells.  

 

Prefoldin prevents Htt aggregation at the small 

oligomer stage in vitro. 

To investigate more precisely how prefoldin 

inhibits aggregation of pathogenic Htt, we used an 

in vitro aggregation assay system. First, 

GST-tagged prefoldin subunits were expressed in 

and purified from E. coli, GST was cleaved off by 

PreScission protease and the prefoldin complex 

was reconstituted as described previously (33). 

GST-HttQ53 and GST-HttQ23 were expressed in 

and purified from E. coli, and addition of 

PreScission protease into a solution containing 

GST-HttQ53 or GST-HttQ23 triggered 

aggregation of HttQ53 and HttQ23. The effect of 

reconstituted prefoldin on aggregation of HttQ53 

and HttQ23 was then examined using filter trap 

assays. As shown in Fig. 6A, reconstituted 

prefoldin, but not bovine serum albumin (BSA) as 

a negative control, strongly inhibited aggregation 

of HttQ53 in a dose-dependent manner, and 

complete inhibition of aggregation by prefoldin 

was observed with a molar ratio of prefoldin to 

HttQ53 of 1:1. Furthermore, electron microscopic 

observation revealed the number of large 

aggregates of HttQ53, but not that of HttQ23, was 

reduced by prefoldin (Fig. 6B). To quantitatively 

analyze the aggregation status at the single 

molecule level, Htt proteins were labeled with 

Alexa Fluor 488 and analyzed by using total 

internal reflection fluorescence microscopy 

(TIRFM) in vitro (Figs. 6C-6E and Fig. 7). The 

results of TIRFM observation at low and high 

gain levels of an image intensifier showed that 

aggregation of fluorescently labeled HttQ53 was 

clearly inhibited by prefoldin and that there was a 

significantly large number of brighter particles 

compared to monomers (Figs. 6C and 6D, 

respectively). After calculation of the size of 

HttQ53 oligomers, HttQ53 oligomers were found 

to be mostly dimers and trimers with a small 

amount of tetramers (Fig. 6E). These results 

clearly indicate that prefoldin inhibits elongation 

of aggregates with larger size than that of 

tetramers, thereby inhibiting further fibrillization 

of pathogenic Htt. 

To examine whether prefoldin also inhibits 

formation of large oligomers of pathogenic Htt in 

neuronal cells, Neuro-2a cells were transfected 

with PFD2 siRNA and PFD5 siRNA and then 

transfected with a pathogenic form of 

HttQ78-GFP and differentiated by addition of 5 

mM db-cAMP as described above. At 48 h after 

transfection of siRNAs, proteins extracted from 

Neuro-2a cells were separated on 5-50% glycerol 

density gradients. As shown in Fig. 6F, 

knockdown of PFD2 and PFD5 increased dimer, 

trimer, tetramer and larger oligomers of 

HttQ78-GFP, suggesting that prefoldin inhibits 

large oligomer formation of pathogenic Htt. 

 

Prefoldin prevents specifically Htt aggregation. 

http://lsd.pharm.kyoto-u.ac.jp/weblsd/c/begin/fibrillization
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We showed that prefoldin knockdown enhances 

soluble oligomer formation of pathogenic Htt and 

decreases cell viability. Since knockdown of 

prefoldin and/or pathogenic Htt give harmful 

conditions into cells, it is also possible that 

harmful conditions activate apoptosis pathways 

independently of prefoldin or pathogenic Htt, 

resulting in cell death. To examine this, Neuro-2a 

cells were transfected with PFD2 siRNA and 

PFD5 siRNA. At 24 h after transfection, cells 

were treated with two apoptosis inducers, 

staurosporine and thapsigargin, for 24 h and cell 

viability was measured by an MTT assay. 

Staurosporine and thapsigargin are inhibitors of 

protein kinase C and endoplasmic reticulum Ca
2+

 

ATPase, respectively. As shown in Fig. 8A, 

treatment of staurosporine and thapsigargin 

reduced cell viability in a dose-dependent manner, 

but knockdown of PFD2 and PFD5 did not 

significantly affect staurosporine and 

thapsigargin-induced cell viability. These results 

indicate that loss of prefoldin activity targeting 

pathogenic Htt decreased cell viability. It is also 

possible that harmful conditions activate 

autophagy pathways independently of prefoldin or 

pathogenic Htt, resulting in protein aggregation. 

To examine this, Neuro-2a cells were transfected 

with PFD2 siRNA, PFD5 siRNA or non-specific 

siRNA as a control for 24 h. Cells were then 

transfected with expression vectors for 

HttQ78-GFP and Q23-GFP. Twenty –four h after 

transfection, cells were treated with bafilomycin 

A1, an inhibitor of the late phase of autophagy, for 

12 h. SDS-insoluble aggregates were then 

examined by a filter trap assay. The results 

showed that the levels of SDS-insoluble 

aggregates were increased both in control and 

bafilomycin A1-treated cells, suggesting that 

prefoldin inhibits aggregation formation of 

HttQ78 independently of autophagy induction 

(Fig. 8B). 

 

DISCUSSION 

Since accumulating evidences suggest that 

formation of pathogenic Htt inclusions is not 

correlated with neuronal cell death (8, 9), it is 

thought that soluble oligomers, rather than 

inclusions, have an important role in neuronal cell 

toxicity. Oligomerized number and characteristics 

of pathogenic proteins, however, have not been 

investigated in detail. The present study first 

showed that knockdown of PFD2 and PFD5 

disrupted prefoldin formation in healthy and 

pathogenic forms of polyQ or Htt-expressing cells, 

resulting in accumulation of aggregates of a 

pathogenic form of polyQ or Htt and in induction 

of cell death (Figs. 1 and 2). Overexpression of 

the prefoldin complex reduced accumulation of 

aggregates of the pathogenic form of Htt (Fig. 3). 

Knockdown of PFD2 and PFD5 also increased the 

size of soluble oligomers of the pathogenic form 

of Htt in cells (Fig. 5). These phenomena 

observed in polyQ or Htt-expressing cells were 

also observed in an in vitro system comprised of 

reconstituted prefoldin against purified Htt (Figs. 

6A and 6B). Furthermore, in vitro single molecule 

observation by TIRFM analysis demonstrated that 

prefoldin suppressed Htt aggregation at small 

http://en.wikipedia.org/wiki/Endoplasmic_reticulum
http://en.wikipedia.org/wiki/Calcium
http://en.wikipedia.org/wiki/ATPase
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oligomer (dimer to tetramer) stage (Fig. 6E). 

When PFD2 and PFD5 were knocked down, 

amounts of dimer, trimer and larger oligomers of 

pathogenic Htt were increased (Fig. 6F). 

Furthermore, prefoldin suppresses neuronal cell 

death, and dead cells did not contain Htt 

inclusions (Fig. 4C). These results indicate that 

prefoldin inhibits elongation of large oligomers of 

the pathogenic Htt, thereby inhibiting subsequent 

aggregate and inclusion formation, and suggest 

that soluble large oligomers of polyQ-expanded 

Htt are more toxic than are inclusions to cells. 

Immunofluorescence experiments in this study 

showed that prefoldin was localized in the cytosol 

without co-localization with inclusions in 

Htt-expressing cells, in contrast to the fact that 

HSP70 was co-localized with inclusions (Fig. 4E). 

These results suggest that once an inclusion is 

formed, prefoldin is not able to disrupt inclusion 

formation and that the inclusion itself is not toxic 

to cells. Since the localization of prefoldin is 

reminiscent of that of CCT (21), it is possible that 

prefoldin cooperates with CCT to prevent the 

toxicity of Htt at the soluble stage of aggregation 

or oligomer formation. Since prefoldin interacts 

with substrate proteins via the tips of tentacles 

using its hydrophobic surfaces (25, 26, 41), 

prefoldin may trap misfolded proteins more easily 

than CCT, which has the substrate recognition site 

in the cavity near the entrance (42-44).    

How does prefoldin inhibit polyglutamine 

toxicity? Simply thinking from the experimental 

results in this study, prefoldin delays formation of 

dimers and trimers of pathogenic Htt oligomers by 

inhibiting further their elongation, suggesting that 

pathogenic Htt oligomers of more than tetramers 

are toxic and that dimers and trimers of 

pathogenic Htt oligomers are not toxic to cells. On 

the other hand, considering that prefoldin is a 

chaperone, following is also possible: Prefoldin 

may trap misfolded small species (monomers or 

dimers) and change them into non-toxic small 

oligomers such as dimers, trimers and tetramers 

(Fig. 9). Toxic soluble oligomers are thought to 

exert their toxicity by interacting with other 

proteins (e.g., coaggregation with functional 

cellular proteins such as transcription factors TBP 

and CBP) (38). Co-existence of non-toxic and 

toxic oligomers of amyloidogenic proteins in cells 

has indeed been reported (see a review, (45)). If 

toxic species trapped by prefoldin (e.g., 

hydrophobic β-sheets) cannot easily be changed 

into non-toxic forms, prefoldin probably transfers 

them to CCT or other appropriate chaperones. 

Prefoldin might also deliver misfolded toxic 

species to the proteasome for degradation through 

direct interaction (38, 46). 

   Knockdown of prefoldin expression increased 

aggregation of both GFP-Q72 and HttQ78-GFP, 

the latter of which possesses regions of polyQ and 

of proteins other than polyQ, indicating that 

prefoldin recognizes the polyQ sequence rather 

than a sequence unique to Htt protein. Expression 

of PFD subunits, particularly PFD2, PFD3 and 

PFD5, was significantly stimulated after 

differentiation of Neuro-2a cells (Fig. 2). While 

knockdown of PFD5 and PFD2 significantly 

stimulated aggregation and toxicity of pathogenic 
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Htt in differentiated Neuro-2a cells, knockdown 

of PFD2, but not that of PFD5, enhanced 

aggregation and toxicity in undifferentiated 

Neuro-2a cells. These observations suggest that 

activity of PFD, including aggregation prevention 

activity, appears more strongly in neuronal cells 

than in non-neuronal cells. Intriguingly, 

PFD1-knockout mice show neuronal loss in the 

cerebellum and defects in lymphocyte 

development (47). PFD5-L110R mutant mice also 

showed that PFD5 missense mutation causes 

neurodegeneration, photoreceptor degeneration 

and male infertility (48). These observations 

suggest that prefoldin plays a pivotal role in 

maintenance of neuronal cell activity. It has been 

reported that each of the PFD subunits has its own 

function, including transcriptional regulation for 

PFD5 (49, 50) and PFD4 (51) and DNA-binding 

activity for PFD1 and PFD2 (52), and that there 

are some distinctive phenotypes between 

PFD1-null and PFD5-L110R mice (47, 48). 

PFD5/MM-1 is known to act as a c-Myc-binding 

protein that suppresses cell growth and 

transformation independently of the prefoldin 

complex (49, 53). Furthermore, Tang et al. have 

reported that the expression level of PFD5 mRNA 

was upregulated in HttQ300-expressing mice 

(R6/2) despite the fact that mRNA levels of other 

subunits were unaffected (54). Thus, it is possible 

that PFD5 alone, or other subunits also, protects 

neuronal cells through its specific activity. In 

addition, Simons et al. showed that the prefoldin 

complex interacts with actin and tubulin in a 

subunit-specific manner: each subunit 

differentially binds to a target protein (33). CCT 

also suppresses toxic Htt oligomer formation 

through specific recognition by its α subunit (55). 

These observations suggest that particular 

subunits require their own function to explore 

their maximal activity in addition to activity as the 

complex such as prefoldin and CCT. 

  Knockdown of prefoldin stimulated formation 

of Htt aggregation and reduced viability of 

pathogenic Htt-expressing Neuro-2a cells. Since 

treatment of cells with two apoptosis inducers did 

not change viability of prefoldin-knockdown cells, 

(Fig. 7), it is thought that reduced prefoldin 

activity is directly associated with pathogenic 

Htt-induced cell toxicity. It has recently been 

reported that prothymosin- interacted with 

pathogenic Htt and suppressed its toxicity through 

inhibiting pathogenic Htt-induced apoptosis 

pathway (56). Prothymosin- was colocalized 

with Htt in the nucleus and facilitated aggregate 

formation of pathogenic Htt (56). Although both 

prefoldin and prothymosin-show protective 

activity against toxicity of pathogenic Htt, their 

mechanisms may be different.   

  In conclusion, the present study clearly 

indicates that prefoldin prevents toxicity of 

polyQ-expanded Htt by inhibiting formation of 

toxic oligomers. Upregulation of prefoldin by 

introduction of its subunit genes and by drugs may 

be useful as a therapy for Huntington disease and 

other neurodegenerative disorders. 
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FIGURE LEGENDS 

Figure 1. RNAi-mediated knockdown of PFD2 significantly stimulates aggregation of polyQ/Htt in 

undifferentiated neuronal cells.   

A. Neuro-2a cells were transfected with PFD2 siRNA, PFD5 siRNA or non-specific siRNA (NS) as a 

control. Proteins were extracted at 48 h after transfection and analyzed by Western blotting with 

antibodies against prefoldin subunits.  

B. Cell lysates prepared from siRNA-transfected cells as described in the legend for Fig. 1C were 
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blotting with anti-PFD2 and anti-PFD5 antibodies.  

C. Fluorescent microscopic images of GFP (left), GFP-polyQ (middle) and Htt-GFP (right) expressed in 

Neuro-2a cells. Neuro-2a cells were transfected with PFD2 siRNA, PFD5 siRNA or non-specific siRNA 

as a control for 24 h. Cells were then transfected with expression vectors for GFP-Q72, GFP-Q11, 

HttQ78-GFP, HttQ23-GFP or GFP alone, and cell images were obtained at 48 h after siRNA transfection.  

D. Aggregate-containing cells were counted in cell images of Fig. 1C, and data are shown as mean ± S.D. 

of three experiments. *p<0.05 and ***p<0.001 compared to control (NS). 

E and F. Filter-trap assays of SDS-insoluble aggregates of GFP-polyQ (G) and Htt-GFP (H). Cell lysates 

prepared from siRNA-transfected cells as described in the legend for Fig. 1C were passed through a 

cellulose acetate membrane and reacted with an anti-GFP antibody.  

 

Figure 2. RNAi-mediated knockdown of PFD2 and PFD5 significantly stimulates aggregation of 

polyQ/Htt in differentiated neuronal cells. 

A. Neuro-2a cells were transfected with PFD2 siRNA, PFD5 siRNA or non-specific siRNA as a control 

and treated with 5 mM dibutyryl cyclic AMP (db-cAMP) at 4 h after transfection. Proteins were extracted 

at 48 h after siRNA transfection and analyzed by Western blotting with antibodies against prefoldin 

subunits.  

B. Neuro-2a cells were treated as described in the legend for Fig. 2A. Proteins extracted were analyzed by 

Western blotting with anti-PFD2, anti-PFD5, anti-HSP70, anti-HSC70, anti-HSP40, anti-CCT and 

anti-GAPDH antibodies. 

C-E. Neuro-2a cells were transfected with PFD2 siRNA, PFD5 siRNA or non-specific siRNA as a control. 

At 24 h after transfection, cells were transfected with expression vectors for GFP (C), GFP-polyQ (D) and 

Htt-GFP (E) and treated with 5 mM db-cAMP at 4 h after transfection. Aggregate-containing cells were 

counted at 48 h after transfection of GFP, GFP-polyQ and Htt-GFP. n=3.  

F and G. Neuro-2a cells were treated as described in the legend for Figs. 2C-2E, and protein extracts 

prepared from cells were subjected to filter-trap assays as described in Experimental procedures.  

 

Figure 3. Overexpression of prefoldin inhibits aggregation of polyQ/Htt. 

Neuro-2a cells were transfected with 5 and 10 ng expression vectors for 6 prefoldin subunits. Twenty-four 

h after transfection, cells were transfected with an expression vector for Htt23-polyQ-GFP or 

Htt78-polyQ-GFP and differentiated into neuronal cells by addition of db-cAMP. Forty-eight h after 

transfection, protein extracts prepared from cells were subjected to filter-trap assays as described in 

Experimental procedures. 
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Figure 4. Dead cells did not contain Htt inclusions and prefoldin was not colocalized with inclusions. 

A and B. Neuro-2a cells were transfected with PFD2 siRNA, PFD5 siRNA or non-specific siRNA (NS). 

At 24 h after transfection, cells were transfected with expression vectors for GFP and Htt-GFP and treated 

with 0 or 5 mM db-cAMP at 4 h after transfection (A and B, respectively). Cells expressing HttQ78-GFP 

(green) were stained with propidium iodide (red) as an indicator of cell death at 48 h after transfection of 

GFP and Htt-GFP, and the number of propidium iodide-stained cells in GFP-expressing cells was counted 

(n=3). More than 92% of cell death occurred without inclusion formation, and knockdown of PFD2 and 

PFD5 resulted in no significant difference in the proportion. *p < 0.05, **p < 0.01, ***p < 0.001 versus 

control (NS). 

C and D. Dead cells as shown in Figs. 4A and 4B were categorized into two groups by GFP signals, 

inclusion-containing cells and diffusely distributed cells. The numbers of the categorized cells were 

counted.  

E. Neuro-2a cells were transfected with an expression vector for HttQ78-GFP. At 48 h after transfection, 

cells were fixed, immunostained with anti-PFD2, anti-PFD5, anti-CCT, anti-HSC70 and anti-GFP 

antibodies, and then reacted with an Alexa Fluor 594-conjugated anti-IgG antibody. Cell images were 

then obtained under a confocal laser microscope. Inserts show enlarged views of inclusions. 

 

Figure 5. Prefoldin-knockdown increased soluble aggregates of polyQ-expanded Htt.  

Neuro-2a cells were transfected with PFD2 siRNA, PFD5 siRNA or non-specific siRNA as a control. At 

24 h after transfection, cells were transfected with expression vectors for HttQ78-GFP, HttQ23-GFP and 

GFP and treated with 5 mM db-cAMP at 4 h after transfection. At 48 h after transfection of HttQ78-GFP, 

HttQ23-GFP and GFP, cell lysates prepared from cells were centrifuged at 17,400 x g and supernatants 

were analyzed by FCS.  

A. Count rates of fluorescence fluctuation for 30 s are shown as blue, pink and gray lines from PFD2 

siRNA-, PFD5 siRNA- and non-specific siRNA-transfected cells, respectively. Arrows indicate signals of 

strong fluorescence intensity from soluble GFP-Htt aggregates.  

B. Normalized autocorrelation curves of Htt-GFP proteins in FCS are shown. 

 

Figure 6. Prefoldin directly suppresses aggregation of polyQ-expanded Htt.  

A. Filter trap assays of HttQ53 and HttQ23 aggregation in the presence and absence of prefoldin. 

Aggregation of HttQ53 and HttQ23 was initiated by addition of PreScission protease to a solution 

containing GST-HttQ53 and GST-HttQ23 and the solution was incubated at 30°C for 12 h. Aggregates 

were then trapped on filters and analyzed by immunoblotting with an anti-GFP antibody. Bovine serum 

albumin was used as a control.  
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B. Electron microscopic analysis of HttQ53 and HttQ23 aggregation in the presence or absence of 

prefoldin. Bar indicates a size of 1 m.  

C. Fluorescent microscopic observation of Alexa Fluor 488-labeled HttQ53 aggregation in the presence or 

absence of prefoldin by the TIRFM system. Samples were diluted 10 times immediately before 

observation under a fluorescent microscope. The gain level of the image intensifier was set at 1.3. Bar 

indicates a size of 10 m.  

D. Distribution of the number of HttQ53 molecules per particle. Fluorescence intensity of the single dye 

was determined by distribution of photobleaching unitary step intensities of labeled monomer proteins 

(Supplementary Figs. S4A and S4B). The number of HttQ53 molecules per particle was determined by 

dividing fluorescence intensities of particles by that of single dye after adjusting light attenuation levels 

by ND filters (Supplementary Fig. 4E). 

E. Observation of a single molecule of Alexa Fluor 488 labeled-HttQ53 aggregation in the presence of 

prefoldin by the TIRFM system. Samples were diluted 3000 times immediately before observation under 

a fluorescent microscope. The gain level of the image intensifier was set at 4.2. Bar indicates a size of 10 

m.  

F. Detection of pathogenic Htt oligomers under prefoldin-knockdown conditions. Differentiated Neuro-2a 

cell lysates containing HttQ78-GFP were prepared as described in Experimental procedures and were 

fractionated on a 5-50% glycerol density gradient. Proteins in each fraction were analyzed by Western 

blotting with an anti-GFP antibody. 

 

Figure 7. TIRFM analyses of Htt oligomers. 

A. Photobleaching of Alexa Fluor 488-HttQ53 molecule. 

B. Distribution of photobleaching unitary step intensity of Alexa Fluor 488 dye (N=209). The peak 

fluorescence intensity was estimated by Gaussian fitting and shown as mean ± S.D. 

C and D. Fluorescence intensities of single particles of Alexa Fluor 488-GST-HttQ53 (c) and Alexa Fluor 

488-GST-HttQ23 (D) were measured before (white column) and after (black column) incubation of 

proteins with PreScission protease in the presence of prefoldin for 13 h. Samples were diluted 3000-fold 

and illuminated by a blue laser (488 nm, 11.8 mW). The gain level of the image intensifier was set at 4.2. 

To correctly measure the intensity of Alexa Fluor 488-GST-HttQ53 samples that had been incubated with 

prefoldin for 13 h, an ND40 filter (5.2 mW) was used to avoid saturation of fluorescence intensities, and 

their fluorescence intensities were multiplied by 2.4, which was calculated from the linear correlation 

between laser power and fluorescent intensity shown in panel E. 

E. Fluorescent intensities of FluoSpheres (0.1 m diameter and yellow-green, Molecular Probes) were 

excited with a blue laser using different ND filters. Each laser beam power was measured by a power 
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meter. Fluorescence intensity was decreased to 41.5±1.9% (1/2.4-fold) by the ND40 filter compared to 

that in the absence of an ND filter (ND100). 

 

Figure 8. Prefoldin specifically affects cell viability by targeting polyQ-expanded Htt. 

A. Neuro-2a cells in 96-well plats were transfected with PFD2 siRNA, PFD5 siRNA or non-specific 

siRNA (NS) as a control. At 24 h after transfection, cells were treated with various amounts of 

staurosporine (A-a) and thapsigargin (A-b) for 24 h, and cell viability was examined by MTT assays. A 

negative control shown as “nega” is cells that were added with a transfection buffer and DMSO and then 

killed with 20% Triton-X100 before measuring their viability. A positive control shown as “posi” is cells 

that were added with a transfection buffer and DMSO.  

B. Neuro-2a cells were transfected with PFD2 siRNA, PFD5 siRNA or non-specific siRNA as a control 

for 24 h. Cells were then transfected with expression vectors for HttQ78-GFP and HttQ23-GFP. Twenty 

–four h after transfection, cells were treated with bafilomycin A1, an inhibitor of the late phase of 

autophagy, for 12 h. SDS-insoluble aggregates were then examined by a filter trap assay as described in 

Experimental procedures.  

  

Figure 9. Schematic model of action of prefoldin against pathogenic forms of Huntingtin. 
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Table 1. Diffusion time and content of Htt proteins under normal and prefoldin-knockdown conditions 

   rapid fraction (F1) slow fraction (F2)  

db-cAMP expression siRNA DT (μs) content (%) DT (μs) content (%) Χ
2
 

0 mM GFP NS 78 ± 5 100   7.79 ± 4.77 x 10
-7

 

0 mM GFP PFD2 78 ± 8 100 
  

9.79 ± 7.82 x 10
-7

 

0 mM GFP PFD5 79 ± 7 100   6.75 ± 4.70 x 10
 -7

 

5 mM GFP NS 78 ± 9 100   2.11 ± 5.47 x 10
 -7

 

5 mM GFP PFD2 78 ± 7 100 
  

2.19 ± 1.08 x 10
 -7

 

5 mM GFP PFD5 75 ± 6 100   4.81 ± 3.31 x 10
 -7

 

0 mM HttQ23-GFP NS 106 59.7 698 ± 50 40.3 ± 10.5 2.00 ± 0.46 x 10
 -6

 

0 mM HttQ23-GFP PFD2 106 57.0 665 ± 38 43.0 ± 14.4 3.71 ± 0.68 x 10
 -6

 

0 mM HttQ23-GFP PFD5 106 57.6 772 ± 47 42.4 ± 13.4 2.89 ± 1.45 x 10
 -6

 

0 mM HttQ78-GFP NS 76 58.0 558 ± 33 42.0 ± 6.7 3.68 ± 4.74 x 10
 -5

 

0 mM HttQ78-GFP PFD2 76 57.5 737 ± 75 42.5 ± 1.5 2.69 ± 0.31 x 10
 -5

 

0 mM HttQ78-GFP PFD5 76 59.1 728 ± 127 40.9 ± 6.3 1.60 ± 0.88 x 10
 -5

 

5 mM HttQ23-GFP NS 106 55.6 650 ± 69 44.4 ± 2.4 4.75 ± 0.29 x 10
 -7

 

5 mM HttQ23-GFP PFD2 106 50.9 713 ± 59 49.1 ± 3.2 7.20 ± 0.30 x 10
 -7

 

5 mM HttQ23-GFP PFD5 106 46.9 701 ± 11 53.1 ± 6.8 0.69 ± 4.29 x 10
 -6

 

5 mM HttQ78-GFP NS 76 54.5 542 ± 50 45.5 ± 1.7 0.59 ± 3.34 x 10
 -6

 

5 mM HttQ78-GFP PFD2 76 52.5 756 ± 140 47.5 ± 3.1 1.23 ± 4.92 x 10
 -6

 

5 mM HttQ78-GFP PFD5 76 51.7 851 ± 194 48.3 ± 5.9 0.28 ± 2.52 x 10
 -5

 

Diffusion time (DT) was estimated by curve fitting of the autocorrelation curves of FCS analysis of 

Htt-GFP at 48 h (mean ± s.d., n=3). The data of GFP were analyzed by a one-component model, whereas 

the HttQ23 and HttQ78-GFP data were analyzed by a two-component model to provide the best fit. 

Significance of curve fitting was analyzed by the Χ
2
 test. To accurately estimate the diffusion time and 

content of the second component (soluble aggregates) at 48 h, the diffusion time of the first component 

was fixed to the values of monomers that were determined at 24 h. 



Figure 1

NS PFD2 PFD5

IB: PFD1

PFD2

PFD3

PFD4

PFD5

PFD6

GAPDH

siRNA: input 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

input 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

subunits
(~15 kDa)

complex
(~90 kDa)

5% 10% 15%A

NS PFD2 PFD5 NS PFD2 PFD5
HttQ78-GFPHttQ23-GFP

C
el

l l
ys

at
e 

(µ
g)

100

50

25C
el

l l
ys

at
e 

(µ
g) NS PFD2 PFD5 NS PFD2 PFD5

GFP-Q72GFP-Q11

C

D

siRNA: siRNA:

NS

PFD2

PFD5

IB: 

PFD2

(siRNA)

NS

PFD2

PFD5

IB: 

PFD5

(siRNA)

NS PFD2 PFD5siRNA:

GFP

B

0

3

6

9

12

NS PFD2 PFD5
0

3

6

9

12

NS PFD2 PFD5 NS PFD2 PFD5
GFP HttQ78-GFPHttQ23-GFPGFP-Q72GFP-Q11

0.0 0.1

6.0

7.4

7.0

0.0

A
gg

re
ga

te
-c

on
ta

in
in

g 
ce

ll 
(%

)

0.0 0.00.0

siRNA:
expression:

*

0

4

8

12

16

NS PFD2 PFD5 NS PFD2 PFD5

0.0 0.0

6.2

11.0

7.4

0.0

*

***

100

50

25

GFP
-Q72

GFP
-Q11

NS PFD2 PFD5siRNA:

HttQ78
-GFP

HttQ23
-GFP

NS PFD2 PFD5siRNA:

fold:

E F

160 Kd56 Kd13 Kd



Figure 2

A

C D

NS PFD2 PFD5 NS PFD2 PFD5
HttQ78-GFPHttQ23-GFP

C
el

l l
ys

at
e 

(μ
g)

100

50

25C
el

l l
ys

at
e 

(μ
g)

100

50

25

NS PFD2 PFD5 NS PFD2 PFD5
GFP-Q72GFP-Q11

E

F

siRNA: siRNA:

A
gg

re
ga

te
-c

on
ta

in
in

g 
ce

ll 
(%

)

siRNA:
expression: GFP HttQ78-GFPHttQ23-GFPGFP-Q72GFP-Q11

0

5

10

15

20

NS PFD2 PFD5
0

5

10

15

20

NS PFD2 PFD5 NS PFD2 PFD5
0

5

10

15

20

NS PFD2 PFD5 NS PFD2 PFD5

0.00.1 0.3 0.00.0 0.0

8.0

3.4

7.1

1.11.0 1.5

13.3

9.3

15.1

**
*

**
**

G

NS PFD2 PFD5

IB PFD1

PFD2

PFD3

PFD4

PFD5

PFD6

GAPDH

siRNA NS PFD2 PFD5

5 mM db-cAMP0 mM db-cAMP

PFD2

PFD5

HSP70

HSC70

HSP40

CCTa

GAPDH

siRNA NS PFD2 PFD5 NS PFD2 PFD5

IB

5 mM db-cAMP0 mM db-cAMP
B



vector PFD complex

100

50

25

100

50

25

(mg) + ++

H
ttQ

23
-G

FP
H

ttQ
78

-G
FP

lysate:

vector PFD complex
+ ++

PFD2

PFD5

GAPDH

input 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

5% Glycerol 10% Glycerol 15%

vector
+

++

IB: PFD5

B

6 PFD
subunits

A

C

Figure 3

PFD complex



a1

Figure 4

HttQ78

PFD2

PFD5

CCTβ

Hsc70

GFP

DIC

DIC

DIC

DIC

DIC

Merge

HttQ78 Merge

HttQ78 Merge

HttQ78 Merge

HttQ78 Merge

C

0

25

50

75

100

NS PFD2 PFD5
0

25

50

75

100

NS PFD2 PFD5

D

R
at

io
of

 d
iff

us
e/

in
cl

us
io

n 
 (%

)

HttQ78-GFP HttQ78-GFP

Inclusion

Di�use

0

5

10

15

20

NS PFD2 PFD5 NS PFD2 PFD5 NS PFD2 PFD5
0

5

10

15

20

NS PFD2 PFD5 NS PFD2 PFD5 NS PFD2 PFD5

GFP HttQ78-GFPHttQ23-GFP

3.0 3.4

6.4

11.8

7.9

3.6

0 mM db-cAMP

Ce
ll 

D
ea

th
 (%

)

GFP HttQ78-GFPHttQ23-GFP

3.4 3.1 3.9

8.7

14.0 15.0

****
5 mM db-cAMP

Ce
ll 

D
ea

th
 (%

)

*

0.9 1.2 0.9
0.2 0.40.3

A B

E
a2 a3 a4

b1 b2 b3 b4

c1 c2 c3 c4

d1 d2 d3 d4

e1 e2 e3 e4

R
at

io
of

 d
iff

us
e/

in
cl

us
io

n 
 (%

)



60
20
60
20
60

0 10 20 3020

40

40

40
0

0

0

45

45

45
5

5

5

70

70

70
30

30

30

0 10 20 300 10 20 30

0 10 20 30

G
FP

H
ttQ

23
-G

FP

Time (sec)

C
ou

nt
 R

at
e 

(k
H

z)

Time (sec)

G
FP

H
ttQ

23
-G

FP

C
ou

nt
 R

at
e 

(k
H

z)

C
ou

nt
 R

at
e 

(k
H

z)
C

ou
nt

 R
at

e 
(k

H
z)

0 mM db-cAMP 5 mM db-cAMP

20
40

20
40

20
40

0

0

0
25
45

25
45

25
45

5

5

5

0 10 20 300 10 20 30

H
ttQ

78
-G

FP

H
ttQ

78
-G

FP

C
ou

nt
 R

at
e 

(k
H

z)

C
ou

nt
 R

at
e 

(k
H

z)

A

B

1.0

1.2

1.4

1.6

1.8

2.0

2.2

1 10 100 1000 10000 100000

1.0

1.2

1.4

1.6

1.8

2.0

2.2

1 10 100 1000 10000 100000

1.0

1.2

1.4

1.6

1.8

2.0

2.2

1 10 100 1000 10000 100000

1.0

1.2

1.4

1.6

1.8

2.0

2.2

1 10 100 1000 10000 100000

1.0

1.2

1.4

1.6

1.8

2.0

2.2

1 10 100 1000 10000 100000

1.0

1.2

1.4

1.6

1.8

2.0

2.2

1 10 100 1000 10000 100000

t (µsec) t (µsec)t (µsec)

N
or

m
al

iz
ed

 G
(τ

) 

siRNA NS PFD2 PFD5 siRNA NS PFD2 PFD5

N
or

m
al

iz
ed

 G
(τ

) 

GFP HttQ23-GFP HttQ78-GFP

5 mM db-cAMP
GFP HttQ23-GFP HttQ78-GFP

0 mM db-cAMP 0 mM db-cAMP0 mM db-cAMP

5 mM db-cAMP 5 mM db-cAMP

Figure 5



Figure 6

prefoldincontrol (BSA)

1.0x0.5x0.1x0.0x 1.0x0.5x0.1x0.0x

HttQ53

HttQ23

A

B HttQ53 HttQ53 + PFDHttQ23 HttQ23 + PFD

Alexa488-HttQ53 Alexa488-HttQ53 + PFD

C Alexa488-HttQ53 + PFDD

F

E

Fr
eq

ue
nc

y

Number of Htt protein in oligomer

0.6

0.5

0.4

0.3

0.2

0.1

0
0 2 4 6 8 10

0.01

0.51

0.36

0.09
0.02 0.01

NS
PFD2
PFD5

(siRNA)

5% Glycerol 50%10% Glycerol
input 252015105 30 35 40 45

monomer dimer trimer tetramer larger oligomer



0

0.05

0.1

0.15

0.2

0.25

0 5 10 15 20 25 30 35 40

Fr
eq

ue
nc

y

Unitary step fluorescence intensity (a.u.)

-4

-2

0

2

4

6

8

10

0 2 4 6 8 10 12 14 16

Fl
uo

re
sc

en
ce

 In
te

ns
ity

 (a
.u

.)

Time (sec)

A B

C D

E 

0

0.05

0.1

0.15

0.2

1 5 9 13 17 21 25 29 33 37 41 45 49

Fr
eq

ue
nc

y

Initial fluoresence intensity (a.u.)

0

0.05

0.1

0.15

1 5 9 13 17 21 25 29 33 37 41 45 49

Fr
eq

ue
nc

y

Initial fluoresence intensity (a.u.)

0

20

40

60

80

100

0 20 40 60 80 100

Laser power (%) 

Fl
uo

re
sc

en
t i

nt
en

si
ty

 (%
) 

ND100 

ND80 

ND70 
ND60 

ND50 
ND40 

ND30 

ND20 
ND10 

9.9 ± 0.16 

Figure 7



0

20

40

60

80

100

120

nega

posi

NS PFD2PFD5 NS PFD2PFD5 NS PFD2PFD5 NS PFD2PFD5 NS PFD2PFD5

0

20

40

60

80

100

120

NS PFD2PFD5 NS PFD2PFD5 NS PFD2PFD5 NS PFD2PFD5 NS PFD2PFD5

0/DMSO 200 nM 400 nM 800 nM 1200 nM

0/DMSO 5 nM 10 nM 25 nM 100 nM

C
el

l V
ia

bi
lit

y 
(%

)
C

el
l V

ia
bi

lit
y 

(%
)

N.S.

N.S. N.S.

N.S.

N.S.

N.S.

N.S.
N.S.

N.S.

N.S.

siRNA

siRNA

A-a. Staurosporine

A-b. Thapsigargin

Staurosporine

Thapsigargin

- -

nega

posi

- -

- -

- -
N.S.: non-significant

N.S.: non-significant

Figure 8

A

B

NS       PFD2      PFD5NS       PFD2      PFD5
HttQ23-GFP HttQ78-GFP

50

25

50

25C
el

l l
ys

at
e 

( µ
g) Control

Bafilomycin A1

siRNA:

fold



Htt-polyQ
monomer

prefoldin

toxic
oligomer

non-toxic
oligomer

Soluble Insoluble

inclusion

Figure 9

prefoldinprefoldin

ぬ(1)

1_ ~(Ò 1_ IllI 
。ハ ー→ ;OC?、 一→ /ZT_7 

O-bSデ ヲ73/

~ lI"Jj ，d3sa 
ー も8




