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Background: Prefoldin, amolecular chaperone composed of six subunits, preventsmisfolding 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.

Huntington disease is caused by cell death after the expan-
sion of polyglutamine (polyQ) tracts longer than �40 repeats
encoded by exon 1 of the huntingtin (HTT) gene. Prefoldin is a
molecular chaperone composed of six subunits, PFD1–6, and
prevents misfolding of newly synthesized nascent polypeptides.
In this study, we found that knockdown of PFD2 and PFD5 dis-
rupted 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 elongationof largeoligomers of pathogenicHtt, thereby
inhibiting subsequent inclusion formation, and suggest that sol-
uble oligomers of polyQ-expandedHTT aremore toxic than are
inclusion to cells.

Huntington disease is a progressive neurodegenerative dis-
order characterized by motor impairment, involuntary move-
ments (chorea), psychiatric disorders, and dementia (1). Hun-
tington disease is caused by the expansion of a CAG repeat in
exon 1 of the huntingtin gene, and resultant polyglutamine

(polyQ) tracts longer than �40 repeats trigger cell death of
affected neurons (2, 3). The conformation ofHuntingtin (HTT)
protein is altered by the existence of expandedpolyQ, leading to
oligomerization and aggregation of mutant/pathogenic HTT
into �-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, however, tends to form fibrils
and inclusions. Although the inclusion body of pathogenic
HTT has long been thought to be a causative factor for Hun-
tington disease, accumulating evidence suggests that formation
of pathogenic HTT inclusion is not correlated with neuronal
cell death (8, 9). It is therefore thought that the inclusion body
acts 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-ex-
panded HTT exon 1. These proteins promote formation of
nontoxic oligomers of polyQ-expanded HTT, instead of SDS-
insoluble amyloid fibrils (15, 16). Furthermore, several groups
have reported that overexpression of HSP70/HSP40 chaper-
ones suppresses polyQ-induced neurotoxicity in animal mod-
els of polyglutamine disease (17–19) and that chaperoninCCT2

(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 alsomodify aggre-
gation of pathogenic HTT.
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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 composed of six sub-
units, 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 hydro-
phobic and are thought to be accessible with hydrophobic sur-
faces of the substrate (25), little is known about themechanisms
by which prefoldin recognizes substrates. Prefoldin binds to
newly synthesized nascent polypeptides such as actin and tubu-
lin in the cytosol to prevent their misfolding (24, 27). Recent
studies have shown that after capturing newly synthesized poly-
peptide chains, prefoldin transports them to CCT to assist with
folding polypeptides (23, 24, 28). Furthermore, Sakono et al.
(29) have reported that archaeal prefoldin forms soluble amy-
loid � oligomers but not fibrils in vitro, suggesting that prefol-
din plays a modifier role against the toxicity of misfolded pro-
teins, 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 pre-
vents HTTneurotoxicity 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 and Invitrogen, 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-CMV minimal containing minimal
CMV promoter. pGEXGST-myc-Htt Gln-23/Gln-53 exon 1
(15, 31) was used for expression of GST-Htt proteins in Esche-
richia 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-containingCells andCellDeath—Neu-

roblastoma Neuro-2a cells were cultured in Dulbecco’s modi-
fied 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�-GGAGCAUGUGC-
UUAUUGAUGU-3� and 5�-AUCAAUAAGCACAUGCUC-
CAC-3� for PFD2 and 5�-GGAGCGGACUGUCAAAGA-
ATT-3� and 5�-UUCUUUGACAGUCCGCUCCTT-3� for
PFD5. Neuro-2a cells were first transfected with PFD2 siRNA
and PFD5 siRNA using Lipofectamine 2000 reagent (Invitrog-
en). AllStars negative control siRNA (Qiagen) was used as a
nonspecific negative control (Qiagen). Twenty four h after tra-
nsfection, cells were transfected with 0.2 �g of an expression
vector for EGFP-polyQorHTT-polyQ-GFP and induced to un-
dergo neuronal cell differentiation by addition of 5 mM dibut-
yryl 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� 0.75NA (Nikon, Tokyo, Japan). Propidium
iodide-positive cells were counted as dead cells.
Neuro-2a cells were transfected with 5 and 10 ng of expres-

sion vectors for six prefoldin subunits PFD1–6 using Lipo-
fectamine 2000 reagent. Twenty four h after transfection, cells
were transfected with an expression vector for HTT23-
polyQ-GFP orHTT78-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% Non-
idet P-40, and protease inhibitors and subjected to Western
blot analysis with anti-PFD1 (PA006499, Sigma), anti-PFD2
and anti-PFD3 (K-13, Santa Cruz Biotechnology, Santa Cruz,
CA), anti-PFD4 and anti-PFD5 (S-20, Santa Cruz Biotechnol-
ogy), anti-PFD6 (AP2836a, Abgent, San Diego), and anti-
GAPDH (MAB374, Chemicon, Temecula, CA) 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). Anti-
PFD2 and anti-PFD4 antibodieswere established by injection of
GST-PFD2 andGST-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 DensityGradient Centrifugation to Separate the Pre-

foldin Complex—Neuro-2a cells in a 10-cm dish were trans-
fected with 240 �mol of siRNAs targeting PFD2 and PFD5 and
with nonspecific 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 fraction-
ated into 22 fractions, proteins in fractions were precipitated
with acetone at �80 °C for 1 h, dissolved in an SDS buffer con-
taining 50 mM Tris-HCl (pH 6.8), 1% SDS, 2% �-mercaptoeth-
anol, and 8.7% glycerol, and subjected to Western blotting or
Coomassie Brilliant Blue staining on 15% SDS-containing poly-
acrylamide gels. Aldolase (160 kDa), bovine serum albumin
(BSA) (56 kDa), and RNase A (13 kDa) were used as molecular
weightmarkers.When differentiatedNeuro-2a cells were used,
proteins were separated on 7.5% SDS-containing polyacryl-
amide gels, andNativeMark (Invitrogen)was used asmolecular
weight markers.
Immunofluorescence Microscopy—Neuro-2a cells were cul-

tured 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 stain-
ing PFD2, PFD5, andGAPDH or withmethanol 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), anti-CCT (1:100, sc-47717,
Santa Cruz Biotechnology), and anti-GFP (1:100, JL-8, MBL,
Nagoya, Japan) antibodies and then reacted with Alexa Fluor
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594-conjugated anti-rabbit, anti-rat, or anti-mouse IgG anti-
body (1:100, Invitrogen). Images were observed using
LSM510 META (Carl Zeiss, Jena, Germany) with Plan-Apo
�63/1.4 differential interference contrast. An anti-PFD5 anti-
body 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 prote-
ase inhibitors and sonicated using a water bath-type sonicator
at 4 °C for 5min. 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). The mem-
brane was incubated with 5% skim milk in PBS overnight and
reactedwith amouse anti-GFP antibody (JL-8). Themembrane
was then reacted with an Alexa Fluor 680-conjugated second-
ary antibody, and proteins on themembrane were visualized by
an Odyssey system.
FCS Analysis—At 48 h after transfection, cells were lysed in

PBS containing 1% Triton X-100 and protease inhibitors, son-
icated as described above, and centrifuged at 15,000 rpm for 10
min at 4 °C to remove insoluble GFP-polyQ aggregates. Super-
natants 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 � 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 s at room tempera-
ture. Analyses by FCS were performed as described previously
(21).
Protein Purification—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 (PFD) 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
(GEHealthcare) to cleave offGST and reactedwith humanPFD
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% skimmilk in
TBST, themembrane was incubated with amouse anti-c-MYC
antibody (1:1000, 9E10, Santa Cruz Biotechnology) and then
with a horseradish peroxidase-conjugated anti-mouse IgGanti-
body (1:2000, R&D Systems, Minneapolis, MN). 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 cop-
per 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-foldmolar excess of Alexa Fluor 488-maleim-
ide (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 incu-
bated with human PFD (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 (11.8milliwatt, 488 nm, Coherent). The fluorescence
emission from the specimen was collected with an oil-immer-
sionmicroscope objective (1.40 NA,�100, PlanApo, Olympus,
Tokyo, Japan), and images were taken using a CCD camera
(MC681SPD-R0B0, Texas Instruments, Dallas, TX) 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 ini-
tial fluorescence intensities from the single particle by fluores-
cence intensity of the single dye (37).
Statistical Analyses—Data are expressed as means � S.D.

Statistical analyses were performed using one-way analysis of
variance 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 Hok-
kaido University (the permit number 08-0467).

RESULTS

Knockdown of Prefoldin Subunits Causes Disruption of Pre-
foldin 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/HTTaggregation,we
used an siRNA-mediated knockdown system to reduce the
expression of prefoldin subunits in cells. Because 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
siRNAswere ectopically transfected intomouse neuroblastoma
Neuro-2a cells, and the expression levels of PFD2 and PFD5
mRNAs were examined by RT-PCR. The results showed that
PFD2 and PFD5mRNA 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 �25 and 15%,
respectively, of those in nonspecific siRNA-transfected cells
(control) (Fig. 1A). In addition to reduced levels of PFD2 and
PFD5, protein expression levels of other subunits were also

Inhibition of Polyglutamine Toxicity by Prefoldin

19960 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 27 • JULY 5, 2013



reduced, although the levels of PFD2 and PFD3were unaffected
by PFD5 siRNA. These results support the notion that the
expression levels of prefoldin subunits aremutually 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 com-

plex, proteins extracted from siRNA-transfected cells were sep-
arated on a glycerol density gradient followed byWestern blot-
ting with anti-PFD2 and anti-PFD5 antibodies. The prefoldin
complex was observed in fractions 8–14 by estimating the frac-
tions compared with those of protein markers, aldolase (160
kDa), BSA (56 kDa), and RNase A (13 kDa), in the gradient. As
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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 nonspecific siRNA (NS) as a control. Proteins were extracted at 48 h after transfection and analyzed by
Western blotting with antibodies against prefoldin subunits. IB, immunoblot. B, cell lysates prepared from siRNA-transfected cells as described in the legend for
C were fractionated on a 5–15% glycerol density gradient, and proteins in each fraction were analyzed by Western blotting with anti-PFD2 and anti-PFD5
antibodies. C, fluorescent microscopic images of GFP (left panel), GFP-polyQ (middle panel), and HTT-GFP (right panel) expressed in Neuro-2a cells. Neuro-2a
cells were transfected with PFD2 siRNA, PFD5 siRNA, or nonspecific 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 C, and data are shown as mean � S.D. of three experiments. *, p � 0.05; ***, p � 0.001 compared with control (NS). E and F, filter-trap assays
of SDS-insoluble aggregates of GFP-polyQ (E) and HTT-GFP (F). Cell lysates prepared from siRNA-transfected cells as described in the legend for C were passed
through a cellulose acetate membrane and reacted with an anti-GFP antibody.
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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 results suggest that free forms of
prefoldin subunits are unstable compared with prefoldin sub-
units in the prefoldin complex.
Knockdown of PFD2, but Not That of PFD5, Strongly Stimu-

lates PolyQ/HTT Aggregation in Undifferentiated Neuro-2a
Cells—Because the pathogenic length of expanded polyQ in
Huntington disease patients is longer than �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 nonpatho-
genic 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). Undifferenti-
ated Neuro-2a cells were transfected with PFD2 siRNA, PFD5
siRNA, or nonspecific siRNA as a control. At 24 h after trans-
fection, 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 andHTTQ-GFP.As shown in Fig. 1,C andD, PFD2
knockdown increased the numbers of dots in GFP-Q72- and
HTTQ78-GFP-expressing cells but not in cells expressingGFP,
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-GFPwas 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 aggrega-
tion of polyQ and Htt. The results showed that PFD2 knock-
down stimulated formation of SDS-insoluble aggregates of
GFP-Q72 andHTTQ78-GFPbut that the effect of PFD5knock-
downwasweak comparedwith that of PFD2knockdown (Fig. 1,
E and F), which is 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 siRNAas 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 dibu-
tyryl cyclic AMP (Bt2cAMP) at 4 h after transfection, and ana-
lyzed 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
complex in differentiated Neuro-2a cells was also confirmed by
glycerol gradient centrifugation (data not shown). Further-

more, as described in the Introduction, various chaperones
influence polyQ formation. It is therefore possible that knock-
down 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 nonspecific siRNAwere examined byWestern
blotting. As shown in Fig. 2B, there are few or no changes in
their expression levels both in undifferentiated and differenti-
ated 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 signifi-
cantly enhanced by both knockdown of PFD5 and that of PFD2
(Fig. 2, C–E). Filter-trap assays also showed that knockdown of
PFD5 and PFD2 increased the amount of SDS-insoluble aggre-
gates of pathogenic forms of polyQ proteins in differentiated
Neuro-2a cells (Fig. 2, F and G).
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 six prefoldin subunits or a con-
trol 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 byWestern blotting and by a glycerol den-
sity gradient centrifugation followed by Western blotting,
respectively, with anti-PFD2 and anti-PFD5 antibodies. As
shown in Fig. 3,A and B, the levels of expression and formation
of prefoldin were increased in a dose-dependent manner. Fil-
ter-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 the aggre-
gated 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 differenti-
ated with Bt2cAMP as described above. At 48 h after trans-
fection of HTT-GFP, cells expressing HTTQ23-GFP and
HTTQ78-GFP (green) were stainedwith propidium iodide, and
dead cells (propidium iodide staining-positive cells), and dead
cells (propidium iodide staining-positive cells) were counted.
The results showed that knockdown of PFD2 significantly
increased pathogenicHTT-induced cell death in both undiffer-
entiated and differentiated Neuro-2a cells and that PFD5
knockdown significantly stimulated pathogenic HTT-induced
cell death only in differentiated Neuro-2a cells (Fig. 4, A and B,
respectively). The effects of PFD5 knockdown in differentiated
Neuro-2a cells are in contrast to those in undifferentiated
Neuro-2a cells in terms of aggregate formation. These results
suggest that prefoldin-dependent protective reactions against
toxicity of polyQ-expanded proteins are stronger in differenti-
ated neuronal cells than in undifferentiated cells.
To assess cell death induced by polyQ aggregation, the num-

ber of dead cells containing inclusions in cells shown in Fig. 4,A
andB,was counted. As shown in Fig. 4,C andD, more than 90%
of both undifferentiated and differentiated forms of dead
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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 pro-
tective activity of prefoldin againstHTTQ78-induced cell death
occurs before inclusion formation and that protective activity is
stronger in differentiated cells than in undifferentiated cells.
Because prefoldin inhibited cell death in an inclusion for-

mation-independent manner, localization of prefoldin in
HTTQ78-GFP-expressing Neuro-2a cells was examined by
immunofluorescence staining with anti-PFD2 and PFD5 anti-
bodies. 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
(Fig. 4E, panels a and b). The distribution pattern of PFD2 and
PFD5 was similar to that of CCT (Fig. 4E, panel c) but was
different from that of HSC70, which was co-localized with
HTTQ78-GFP inclusions (Fig. 4, panel d). These results suggest
that prefoldin prevents formation of pathogenic HTT aggre-

gates by interactingwithmonomers 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 Hunting-
ton 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 neu-
rons (8, 9). We therefore examined whether prefoldin affects
soluble oligomer formation of pathogenic Htt by using FCS.
FCS is a tool for investigating dynamics of fluorescent particles
in homogeneous solution or in a living cell with singlemolecule
sensitivity (39, 40). FCS shows fluorescent intensity of fluores-
centmolecules 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, andHTTQ78-GFP and differentiatedwith Bt2cAMP. Cell
lysates prepared from HTT-GFP-expressing cells were then
centrifuged to remove insoluble polyQ aggregates such as visi-
ble aggregates under a fluorescent microscope.
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after transfection. Proteins were extracted at 48 h after siRNA transfection and analyzed by Western blotting with antibodies against prefoldin subunits.
IB, immunoblot. B, Neuro-2a cells were treated as described in the legend for A. Proteins extracted were analyzed by Western blotting with anti-PFD2,
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First, it was found that there are no differences in fluores-
cence 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 with those for cells without knockdown (Fig.
5, A and B). Relatively fine waveforms of fluctuations observed
in FCS indicate monomers or dimers of HTTQ23-GFP. Wave-
forms fromHTTQ78-GFP-expressing cells were, however, 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 differenti-
ated cells (Fig. 5A). Autocorrelation curves obtained from undif-
ferentiated and differentiated HTT-Q78-expressing cells were
also shifted to the right after expression of PFD2 and PFD5 had
beenknockeddown(Fig. 5B).These results indicate thatHTTQ78
formedoligomersandthat thesizeofHTTQ78-containingsoluble
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 and slow fractions were defined as fractions 1 and 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 the
diffusion time (106 �s) of fraction 1 of HTTQ23-GFP was
slightly longer than that of GFP, suggesting that a major frac-

tion 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 undifferen-
tiated 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 ofHTT-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 sig-
nificantly increased from 558 to 737 and 728 �s, respectively,
but contents of fraction 2 (40.9–42.5%) were not affected, indi-
cating that the volume of soluble aggregates was increased by
1.30–1.32- 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- and
2.7–3.9-fold increases in volume, respectively), and these values
were larger than those obtained in undifferentiated cells. Diffu-
sion time of fraction 2 of HTTQ23-GFP aggregation was, how-
ever, not affected by prefoldin knockdown. These results
revealed that prefoldin knockdown significantly increases the
size of soluble aggregates of a pathogenic form of HTTwithout
affecting the number of soluble aggregates, especially in differ-
entiated 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 fromE. coli; GSTwas cleaved off
by PreScission protease, and the prefoldin complex was recon-
stituted 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 BSA as a negative control, strongly inhibited aggregation of
HTTQ53 inadose-dependentmanner, andcomplete inhibitionof
aggregation by prefoldin was observed with a molar ratio of pre-
foldin 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 theaggregation status at the singlemolecule
level, HTT proteins were labeled with Alexa Fluor 488 and ana-
lyzedbyTIRFM in vitro (Figs. 6,C–E,and7).TheresultsofTIRFM
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 comparedwithmonomers (Fig.
6,C andD, 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 aggre-
gates with a larger size than that of tetramers, thereby inhibiting
further fibrillization of pathogenic HTT.
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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 5mMBt2cAMPas described above.
At 48 h after transfection of siRNAs, proteins extracted from

FIGURE 4. Dead cells did not contain HTT inclusions and prefoldin was not co-localized with inclusions. A and B, Neuro-2a cells were transfected with PFD2
siRNA, PFD5 siRNA, or nonspecific 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 Bt2cAMP (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 versus control (NS). C and D, dead cells as shown in A and B 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. Insets show enlarged
views of inclusions. DIC, differential interference contrast.
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Neuro-2a cells were separated on 5–50% glycerol density gra-
dients. 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 oligo-
mer formation of pathogenic HTT.

Prefoldin Prevents Specifically HTT Aggregation—We
showed that prefoldin knockdown enhances soluble oligomer
formation of pathogenic HTT and decreases cell viability.
Because knockdown of prefoldin and/or pathogenic HTT give
harmful conditions into cells, it is also possible that harmful
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conditions activate apoptosis pathways independently of pre-
foldin 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 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide assay. Staurospo-
rine and thapsigargin are inhibitors of protein kinase C and
endoplasmic reticulum Ca2�-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 nonspecific siRNA as a control for 24 h. Cells were
then transfectedwith expression vectors forHTTQ78-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 exam-
ined 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 ofHTTQ78 independently of autophagy
induction (Fig. 8B).

DISCUSSION

Because accumulating evidence suggests 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. Oligo-
merized number and characteristics of pathogenic proteins,
however, have not been investigated in detail. This study first
showed that knockdownof PFD2 andPFD5disrupted 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 ofHTT in cells
(Fig. 5). These phenomena observed in polyQ or HTT-express-
ing cells were also observed in an in vitro system composed of
reconstituted prefoldin against purified HTT (Fig. 6, A and B).
Furthermore, in vitro single molecule observation by TIRFM
analysis demonstrated that prefoldin suppressedHTT aggrega-
tion at the small oligomer (dimer to tetramer) stage (Fig. 6E).
When PFD2 and PFD5 were knocked down, amounts of dimer,
trimer, and larger oligomers of pathogenicHTTwere 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 subse-
quent aggregate and inclusion formation, and suggest that sol-
uble 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. Because the localization of prefoldin is rem-
iniscent of that of CCT (21), it is possible that prefoldin coop-
erates with CCT to prevent the toxicity of HTT at the soluble
stage of aggregation or oligomer formation. Because prefoldin
interacts with substrate proteins via the tips of tentacles using
its hydrophobic surfaces (25, 26, 41), prefoldin may trap mis-
folded proteins more easily than CCT, which has the substrate
recognition site in the cavity near the entrance (42–44).

TABLE 1
Diffusion time and content of HTT proteins under normal and prefoldin knockdown conditions
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 �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.

Rapid fraction (F1) Slow fraction (F2)
Bt2cAMP Expression siRNA DT Content DT Content �2

�s % �s %
0 mM GFP NS 78 � 5 100 7.79 � 4.77 � 10�7

0 mM GFP PFD2 78 � 8 100 9.79 � 7.82 � 10�7

0 mM GFP PFD5 79 � 7 100 6.75 � 4.70 � 10�7

5 mM GFP NS 78 � 9 100 2.11 � 5.47 � 10�7

5 mM GFP PFD2 78 � 7 100 2.19 � 1.08 � 10�7

5 mM GFP PFD5 75 � 6 100 4.81 � 3.31 � 10�7

0 mM HTTQ23-GFP NS 106 59.7 698 � 50 40.3 � 10.5 2.00 � 0.46 � 10�6

0 mM HTTQ23-GFP PFD2 106 57.0 665 � 38 43.0 � 14.4 3.71 � 0.68 � 10�6

0 mM HTTQ23-GFP PFD5 106 57.6 772 � 47 42.4 � 13.4 2.89 � 1.45 � 10�6

0 mM HTTQ78-GFP NS 76 58.0 558 � 33 42.0 � 6.7 3.68 � 4.74 � 10�5

0 mM HTTQ78-GFP PFD2 76 57.5 737 � 75 42.5 � 1.5 2.69 � 0.31 � 10�5

0 mM HTTQ78-GFP PFD5 76 59.1 728 � 127 40.9 � 6.3 1.60 � 0.88 � 10�5

5 mM HTTQ23-GFP NS 106 55.6 650 � 69 44.4 � 2.4 4.75 � 0.29 � 10�7

5 mM HTTQ23-GFP PFD2 106 50.9 713 � 59 49.1 � 3.2 7.20 � 0.30 � 10�7

5 mM HTTQ23-GFP PFD5 106 46.9 701 � 11 53.1 � 6.8 0.69 � 4.29 � 10�6

5 mM HTTQ78-GFP NS 76 54.5 542 � 50 45.5 � 1.7 0.59 � 3.34 � 10�6

5 mM HTTQ78-GFP PFD2 76 52.5 756 � 140 47.5 � 3.1 1.23 � 4.92 � 10�6

5 mM HTTQ78-GFP PFD5 76 51.7 851 � 194 48.3 � 5.9 0.28 � 2.52 � 10�5
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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 pathogenicHTToligomers
are not toxic to cells. However, considering that prefoldin is a
chaperone, the following is also possible. Prefoldin may trap
misfolded small species (monomers or dimers) and change
them into nontoxic 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. co-
aggregation with functional cellular proteins such as transcrip-

tion factors TBP and CBP) (38). Co-existence of nontoxic and
toxic oligomers of amyloidogenic proteins in cells has indeed
been reported (45). If toxic species trapped by prefoldin (e.g.
hydrophobic �-sheets) cannot easily be changed into nontoxic
forms, prefoldin probably transfers them to CCT or other
appropriate chaperones. Prefoldinmight also delivermisfolded
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 pos-
sesses regions of polyQ and of proteins other than polyQ, indi-
cating that prefoldin recognizes the polyQ sequence rather
than a sequence unique to HTT protein. Expression of PFD
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subunits, particularly PFD2, PFD3, and PFD5, was significantly
stimulated after differentiation of Neuro-2a cells (Fig. 2).
Although knockdown of PFD5 and PFD2 significantly stimu-
lated aggregation and toxicity of pathogenic HTT in differenti-
ated 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. Intrigu-
ingly, PFD1 knock-out mice show neuronal loss in the cerebel-
lum 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 func-
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tion, 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. (54) have reported that the
expression level of PFD5 mRNA was up-regulated in
HTTQ300-expressing mice (R6/2) despite the fact that mRNA
levels of other subunits were unaffected. Thus, it is possible that
PFD5 alone, or other subunits also, protects neuronal cells
through its specific activity. In addition, Simons et al. (33)

showed that the prefoldin complex interacts with actin and
tubulin in a subunit-specific manner, and each subunit differ-
entially binds to a target protein. CCT also suppresses toxic
HTT oligomer formation through specific recognition by its �
subunit (55). These observations suggest that particular sub-
units require their own function to explore theirmaximal activ-
ity 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-express-
ing Neuro-2a cells. Because treatment of cells with two apopto-
sis inducers did not change viability of prefoldin knockdown
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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 co-localized with HTT in the nucleus and
facilitated aggregate formation of pathogenic HTT (56).
Although both prefoldin and prothymosin-� show protective
activity against the toxicity of pathogenic HTT, their mecha-
nisms may be different.
In conclusion, this study clearly indicates that prefoldin pre-

vents toxicity of polyQ-expanded HTT by inhibiting formation
of toxic oligomers. Up-regulation 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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