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Polyglutamine (polyQ)-expansion proteins cause neurodegenerative
disorders including Huntington's disease, Kenndy’s disease, and various
ataxias. The cytotoxicity of these proteins is associated with the formation of
aggregates or other conformationally toxic species. Here we show that the
cytosolic chaperonin CCT/TRIiC can alter the course of aggregation and
cytotoxicity of huntingtin (htt)/polyQ proteins in mammalian cells.
Disruption of the CCT/TRiC complex by RNAi-mediated knockdown
enhanced htt/polyQ aggregate formation and cellular toxicity. Analysis of
the aggregation states of the htt/polyQ proteins by fluorescence correlation
spectroscopy revealed that CCT/TRiC depletion results in the appearance of
soluble htt/polyQ aggregates. Likewise, overexpression of all eight subunits
of CCT/TRIiC suppressed htt aggregation and neuronal cell death. These
results indicate that CCT/TRiC has an essential protective role from the

cytotoxicity of polyQ proteins by affecting the course of aggregation.

Proteins with expanded polyQ repeats are associated with at least nine
neurodegenerative disorders including ataxins 1 and 3, Kennedy’s disease, and
Huntington's disease (HD)'?. These diseases are dominantly inherited and
although the polyQ-containing proteins are expressed widely in the brain, they
result in selective neuronal death. There is a significant and striking correlation
between the length of the polyQ repeat and pathology; longer repeats result in
earlier onset and more severe symptoms with the threshold of approximately 40
glutamine residues. In the case of HD, for example, expanded polyQ in
huntingtin (htt) protein causes disease™*. A characteristic of the polyQ diseases is
the appearance of neuronal inclusions that are formed by aggregation of the
polyQ proteins with other cellular proteins°. This has led to the “toxic

gain-of-function” hypothesis that essential proteins can be sequestered, which



over time leads to cellular dysgenesis. The expression of polyQ can cause other
metastable proteins to lose functionality, and in turn these proteins amplify the
toxicity of polyQ by enhancing overall aggregation’. Self-aggregation of polyQ
proteins has been proposed to be mediated by association of parallel [-sheet
structures®. However, the intrinsic in vivo events leading to the aggregation of
polyQ proteins remain poorly understood.

Protein misfolding is a natural consequence of protein biogenesis. To
combat cytotoxicity that results from the accumulation of misfolded proteins, all
cells express molecular chaperones that are essential for the productive folding
of proteins”™'’. Molecular chaperones are of several classes; for example,
Hsp70/J-domain proteins interact with unfolded or partially folded proteins in
concert with co-chaperones, while the chaperone machines of the chaperonin
(Hsp60) family form cage-like structures that sequester non-native states of
proteins' . The chaperonin containing -complex polypeptide 1 (CCT)/t-complex
polypeptide 1 ring complex (TRiC) is a member of chaperonin family'” that
facilitates the folding of proteins in the eukaryotic cytosol upon ATP

hydrolysis'>"

. CCT shows a weak but significant homology to E. coli GroEL
and forms a hexadecamer double-troidal complex composed of eight different
subunits'™'®. Substrate proteins are captured in the cavity, and released after
folding is completed'’. Approximately 10% of newly-synthesized proteins have
been proposed to be recognized by CCT.

Recently, in a genome-wide screen to identify modifier genes for polyQ
aggregation in C. elegans, approximately 200 genes were found to be required

for the prevention of polyQ aggregation'®. This included the genes encoding two

Hsp70s, one J-protein, and six CCT subunits. These observations suggested a



role of CCT in preventing polyQ aggregation. We show here in mammalian cells
that CCT has a key protective role against the toxicity of htt/polyQ and affects
aggregation process at the soluble stage. In the context of our recent in vitro data
showing that CCT prevents aggregation of the trimeric G protein B subunit (Gf3)
by recognizing hydrophobic B-strands'®, we discuss possible mechanisms for the
CCT-dependent prevention of polyQ aggregation.

To address whether CCT had a direct role in polyQ aggregation and
toxicity, we depleted the levels of CCT in human tissue culture cells using an
RNAi-mediated CCT subunit knockdown system. HEK293 cells were transiently
transfected with a CCT{ subunit siRNA expression vector or a nonspecific RNAi
vector as a control, and the levels of CCT subunits were examined by western
blot analysis (Fig. 1a, and see Supplementary Information, Fig. S5). The level of
CCTC was reduced by more than 75%, indicating efficient knockdown of the
subunit. Except for a slight reduction of the levels of CCTa and CCTe subunits,
no significant effect of CCTC knockdown was observed on the levels of the other
subunits, indicating reasonably selective knockdown of the { subunit. Reduction
in the levels of the { subunit did not affect overall cell morphology or cell
growth rates of transfected cells under the conditions described (data not shown).
However, depletion of the { subunit did reduce significantly the levels of the
CCT complex detected by sucrose density gradient analysis. In CCT{-depleted
cells the majority (82%) of the CCT subunits were monomers or small oligomers,
whereas in untreated cells essentially only the high molecular weight CCT
complexes (960 kDa) were detected (Fig. 1b). The CCT complex was also
disrupted by CCToa subunit depletion in HEK293 cells (see Supplementary
Information, Fig. Sla, b), and by CCTC{ depletion in HeLa cells (see



Supplementary Information, Fig. S2a, b). Taken together, these results indicate
that human cells depleted for the CCT{ subunit have reduced levels of the CCT
complex.

To examine whether reduction of CCT affected polyQ aggregation and
toxicity phenotypes, we expressed different lengths of polyQ repeats fused with
YFP (YFP, Q19-YFP, and Q82-YFP) in HEK293 cells with the CCT{ siRNA
vector or nonspecific siRNA vector. Following transfection, the fraction of
aggregate-containing cells was monitored by fluorescent microscopy. A low level
(10.9%) of the Q82-YFP transfected cells exhibited aggregates similar to
previous observations*’. Upon CCTC depletion there was a 2.5-fold increase in
aggregate containing cells (Fig. 1c). In contrast, no effect of CCT{ depletion was
observed in cells expressing either Q19-YFP or YFP alone. We also confirmed
that the nonspecific RNAi vector exhibits no significant difference to a
scrambled CCTC{ RNAI control vector for the levels of CCT{ protein and polyQ
aggregation (see Supplementary Information, Fig. Slc, d). In addition, we
examined whether depletion of other CCT subunits affected polyQ aggregation
by RNAi1 knockdown and found that depletion of the CCTa subunit significantly
stimulates Q82-GFP aggregation (Fig. 1d). These results indicate that the effect
of knockdown of different subunits of CCT 1s an enhancement of polyQ
aggregation. These observations are consistent with the fact that all eight
subunits are essential to form functional chaperonin complex.

The morphological characteristics of Q82-YFP inclusions visualized in
CCTC knockdown cells were indistinguishable from control Q82-YFP
expressing cells in terms of the numbers of aggregate structures per cell,

aggregate size, or peri-nuclear localization (Fig. le). Consistent with the visual



increase in the number of cells with aggregates, cellulose acetate filter trap assay
of cell lysates indicated that the cells depleted of CCT have increased levels of
Q82-YFP aggregates (1.7-fold), while cells expressing either Q19-YFP or YFP
alone did not form aggregates even after CCT{ knockdown (Fig. 1f).

We next examined whether changes in the levels of CCT influenced htt
phenoytpes using Hela cells stably expressing httQ143-YFP or httQ23-YFP
under the control of Tet-off system. In httQ143-YFP cells transfected with the
CCTC knockdown vector (transfected cells were identified by cotransfection
with mRFP1 vector), the fraction of cells with aggregates increased 2.8-fold (Fig.
2a). Aggregate size and morphology was likewise unaltered (Fig. 2b) similar to

20.21 . . . . .
021 " Consistent with the visual increase in

what has been reported previously
aggregate-containing cell numbers was an increase in htt protein detected by the
filter trap assay for 7.5-fold (Fig. 2¢). Aggregation of httQ55 fused with HA tag
consisting of only ten amino acids was also stimulated by depletion of each of
two different subunits tested (Fig. 2d, and see Supplementary Information, Fig.
S2¢), confirming that the stimulation of htt aggregation by CCT depletion was
not influenced by the heterologous presence of the YFP (GFP) tag. Thus, CCT is
required to prevent the aggregation of polyQ-expansion proteins including htt.

It has been shown previously that Hsp70 inhibits polyQ aggregation in
vitro and in vivo™>>. Hsp70 colocalizes to htt/polyQ aggregates and exhibits
dynamic interactions in human cells unlike other associated cellular proteins that
are stably sequestered™’. We therefore examined the subcellular localization of
CCT in htt aggregate-containing cells by immunostaining and detected the

diffuse distribution of CCT throughout the cytosol but not in association with

visible htt inclusions (Fig. 2e). Similar results were obtained for Q82-YFP



inclusions (see Supplementary Information, Fig. Sle). These results are
consistent with the distinct chaperone activities between CCT and Hsp70. As
CCT functions as a cage for folding reactions, we postulate that CCT is diffusely
distributed in the cytosol in proximity of translating ribosomes. Consistent with
this notion, colocalization of CCT with soluble httQ143-YFP and ribosomes was
observed in cells with no visible inclusion (Fig. 2f). Thus, CCT may affect
aggregation process of htt at an earlier soluble stage.

To address how CCT influences polyQ aggregation states, we employed
dynamic imaging methods. FRAP analysis did not reveal any differences in the
mobility of polyQ-GFP upon depletion of CCT (see Supplementary Information,
Fig. S3), therefore we turned to fluorescence correlation spectroscopy (FCS), a
method developed for the analysis of rapid movement of fluorescent molecules
at near single molecule levels™?°. After co-transfection of HEK293 cells with
polyQ-GFP and RNAi vectors for 72 h, cell extracts were prepared and the
soluble fractions were analyzed by FCS. The record of fluorescent fluctuation
indicated that significant numbers of slowly diffusing bright molecules were
passing through the confocal volume in the soluble fraction prepared from cells
expressing Q82-GFP or httQ143-YFP under CCT depleted conditions (Fig. 3a).
The shift of correlation curves to larger diffusion times of Q82-GFP by CCT(
depletion indicates that molecular sizes of the polyQ protein have become
significantly larger as the levels of CCT are reduced (Fig. 3b). In contrast,
Q19-GFP or GFP alone exhibited no significant difference in diffusion upon
CCT depletion. Curve fitting of these data (Table 1) indicates that a fraction of
Q82-GFP (F2) diffuses much more slowly than monomer fractions (F1) even in

the untreated cells. The diffusion constants of these fractions indicate that the



slow fraction diffuses 8-fold (or more) more slowly than monomers, and that the
content of the slow fraction was increased by 2-fold (8.7% vs 4.6%) after CCT(
knockdown. Likewise, we observed an increase in diffusion mobility in the
soluble fraction of httQ143-YFP expressing Hela cells whereas httQ23-YFP and
YFP showed no difference (Fig. 3b). The diffusion of the slow fraction of
httQ143-YFP was 30-fold slower than monomers and its relative content was
increased significantly (1.2% to 6.5%) by CCT depletion (Table 1). In contrast,
no difference of diffusion mobility was observed at earlier time points of 24 or
48 h (see Supplementary Information, Fig. S4). The slow fraction of Q82-YFP or
httQ143-YFP thus appeared within the last 24 h of the 72 h RNAI1 treatment,
corresponding to the same period when visible aggregates formed (no visible
aggregates were observed at 24 and 48 h treatment, data not shown). Soluble
aggregates of Q82-GFP were also detected in CCT depleted cells using sucrose
gradient centrifugation followed by western blotting, while they were hardly
detected in control cells likely due to the detection limit of the method (See
Supplemental Information, Fig. S1f). Taken together, these data support the
notion that inhibition of CCT function enhances the appearance of soluble
htt/polyQ aggregates leading to the formation of visible inclusions.

To examine whether changes in the levels of CCT also affected
htt/polyQ-induced neuronal cell death, we expressed htt in Neuro2a cells under
conditions of CCT depletion. Reduction of CCT resulted in a near doubling of
polyQ expansion-dependent cell death (Fig. 4a) along with a 2-fold stimulation
of aggregation (Fig. 4b). We next asked whether overexpression of CCT would
suppress htt/polyQ aggregation and cytotoxicity. To achieve increased expression

of CCT complex, Neuro2a cells were co-transfected with expression vectors for



all eight CCT subunits (Fig. 4e, f). This resulted in a significant inhibition of
httQ78 aggregation in Neuro2a cells (Fig. 4d) and polyQ82 aggregation in
HEK?293 cells (see Supplementary Information, Fig. Slg). In contrast,
overexpression of only a single subunit of CCT had no effect on polyQ82
aggregation (see Supplementary Information, Fig. S1h). Simultaneous
overexpression of all eight CCT subunits reduced cell death of the Neuro2a
expressing httQ78 by more than 50% (Fig. 4¢), thus indicating that CCT has a
positive protective role against the cytotoxicity of polyQ-expansion proteins like
htt.

In this study, we have shown that changes in the levels of the cytosolic
chaperonin CCT affect the aggregation state and toxicity of htt/polyQ proteins in
mammalian cells. RNAi knockdown of CCT subunits disrupt the CCT complex
to its monomer subunits and consequently blocks the ability to trap substrates'®"".
Consistent with our results, Behrends et al. have shown in yeast that CCT/TRiC
prevents htt/polyQ aggregation and toxicity (Behrends, C., Langer, C.A.,
Bottcher, U., Stemp, M.J., Schaffar, G, Giese, A., Kretzschmar, H., Siegers, K.
and Hartl F.U, personal communication). Intriguingly, our FCS experiments
revealed that CCT depletion results in the appearance of soluble polymeric
htt/polyQ species while CCT knockdown does not alter size or morphology of
finally formed visible aggregates. Thus, CCT appears to inhibit aggregate
formation at an earlier soluble stage.

Recently we demonstrated using an in vifro translation system
reconstituted with purified proteins that CCT prevents aggregation of newly
synthesized GB'’, a WD40 repeat protein very rich in B-sheets. Detailed analysis

of the CCT binding regions in Gf revealed that CCT specifically recognizes



hydrophobic B-strands. Thus, a specific function of CCT may be to protect
against aggregation of hydrophobic B-sheets. Consistent with this proposal, CCT
has been shown to bind hydrophobic B-strands in VHL?’ and interact with the
WD40 family B-sheet rich proteins in vivo™. As polyQ repeats are known to
form B-sheet structures in aggregates, CCT may have an essential role to trap
B-sheet structures required for aggregate formation.

HSP70 has been shown to prevent htt/polyQ aggregation in vitro™> and
transiently interacts with visible aggregates in vivo™. In contrast, we show here
that CCT does not concentrate in the visible htt/polyQ aggregate structure but
rather remains localized throughout the cytosol. As CCT functions as a cage-like
machine that assists in folding of substrates by trapping within the cavity, the
structure of CCT may prevent association with large insoluble inclusions. Our
data from FCS analysis supports this notion because CCT affects the formation
of soluble aggregates but not of the large visible aggregates. Although we do not
know the exact mechanism by which CCT affects polyQ folding, these
observations suggest a biochemical process that is distinct from the mechanisms
proposed for Hsp70 interaction with unfolded and partially folded substrates.
Differences in the levels of the Hsp70 and CCT chaperones could therefore
influence aspects of cell type sensitivity to the stress of misfolded proteins.

Overexpression of the CCT complex has a significant inhibitory effect
on the aggregation and cytotoxicity of htt/polyQ in mammalian cells.
Therefore, modulation of CCT function may offer an approach to prevent
neurodegenerative disorders caused by protein aggregation including polyQ

diseases.
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METHODS

Constructs. Plasmid vectors expressing siRNAs for 21-nucleotide target
sequences of human CCT{-1 mRNA (AAGTCTGTGGCGATTCAGATA),
human CCToo mRNA (AAATACTAAGGCTCGTACGTC) and mouse CCTC-1
mRNA (AAGTCTGTGGTGACTCAGATA) were constructed using pSUPER
(OligoEngine). A non-silencing control vector expressing non-specific siRNA
(NS-pSUPER) was obtained from Darmacon. Expression vectors of
polyQ-EYFP and polyQ-EGFP were described previously’”**. Expression
vectors of htt exon-1 fused with EYFP were produced as described previously®',
and the htt exon-1 gene inserts were then subcloned into pEGFP-N1 (Invitrogen)
for htt-EGFP expression vectors. mRFP1 expression vector was constructed by
excising the mRFP1 insert form mRFP1/pRsetB* and subcloned into pEGFP-C1
vector after removing the EGFP segment. For overexpression of eight CCT
subunits, human cDNAs of individual subunits were separately cloned into

pCAGGS expression vector.

Cell culture, transfection and biochemical analysis. HEK293, Hel.a and
Neuro2a cells were cultured in Dulbecco's modified Eagle's medium
supplemented with 10% fetal bovine serum. HeLa stable cell lines carrying
Tet-off-regulated htt-EYFP genes were cloned and maintained as described
previously’’. HEK293, HeLa and Neuro2a cells were transfeceted using
Lipofectamine 2000, Optifect (Invitrogen), and Effectene (Qiagen), respectively.
For the HeLa stable cell lines, they were co-transfected with mRFP1 and other

plasmids, and cells emitting red color signals of mRFP1 were determined as
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transfected cells. Determination of protein concentration, western blotting
analysis and sucrose gradient fractionation were performed as described
previously®’. For CCT overexpression experiments, Neuro2a cells (3.5 cm dish)
were transfected with the eight CCT subunit expression vectors (10 ng each),
htt-GFP (100 ng) and empty pCAGGS (320 ng). For control experiments, the
CCT subunit expression vectors were replaced by the same amount of empty

pCAGGS.

Analysis of aggregate-containing cells. Cells were grown on coverslips coated
with poly-L-Lysine for HEK293 cells, type I collagen for HeLa cells, or type IV
collagen for Neuro2A cells, respectively. At 72h after transfection, cells were
fixed with 4% paraformaldehyde in PBS for 15 min, and stained with Hoechst
33342. Images were taken by an Axioplan2 microscope with Plan-NeoFluar

40x/0.75 NA objective (Carl Zeiss).

Analysis of cell death. Neuro2a cells were grown on ¢27 glass-bottom dish
coated with type IV collagen for 16 h. Immediately after transfection of htt-GFP
expression vectors, neuronal cell differentiation was induced by addition of 5
mM Dibutyryl cAMP for 72 h. Cells stained with propidium iodide (1 pg/ml)
were counted as dead cells using a Biozero digital microscope (Keyence)

through a PlanFluor 10x/0.30 NA objective (Nikon).

Filter trap assay. Cells were lysed in PBS containing 0.5% TritonX-100, and
protein concentration were determined. Lysates were diluted in 1% SDS/PBS

and boiled for 5 min. Immediately after cooling, samples were loaded onto
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cellulose acetate membrane (0.2 um) settled on a dot blotter (Bio-Rad). After
blocking with 1% skim milk and 0.05% Tween20 in PBS overnight, membrane
was incubated with mouse anti-GFP antibody (GA200, Nacalai Tesque) and
alkaline-phosphatase conjugated anti-mouse IgG antibody (Biosource).
Alkaline-phosphatase activity was detected by developing in NBT/BCIP solution
(Sigma-Aldirich).

Immunofluorescence. Cells grown on coverslips were fixed in methanol at
-20°C for 5 min or 4% paraformaldehyde in PBS at 37°C for 15 min and washed
three times in PBS. After treatment with 0.5% Triton X-100 and 0.5% Saponin in
PBS for 5 min, cells were blocked with 1% BSA, 10% Glycerol and 0.02%
Triton X100 in PBS. Cells were incubated with rabbit anti-CCTy antibody (1/50),
rat anti-HSC70 antibody (1/100, SPA-815, Stressgen), mouse anti-o-tubulin
antibody (1/200, DM1A, CalbioChem), mouse anti-GFP antibody (1/100), or
goat anti-Ribosomal protein L11 (1/50, sc-25931, SantaCruz) and then with
AlexaFluor 488 or 594 conjugated anti-rabbit, rat, goat, or mouse IgG (1/200,
Molecular Probes). At the second antibody incubation, cells were costained with
1.0 pg/ml Hoechst 33342 for nuclear staining. Images were collected by LSM
510 META confocal microscope through a Plan-Apochromat 63x/1.4 NA
oil-immersion objective (Carl Zeiss). The pinhole aparture for Hoechst, YFP, and

Alexa594 channels were settled at 84 um, 94 wm, and 127 pum, respectively.

FCS analysis. FCS measurements were performed by a ConfoCor 2 system with
C-Apochromat 40x/1.2NA water immersion objective lens (Carl Zeiss). EGFP

and EYFP were excited at 488 nm and 514 nm, respectively. Confocal pinhole
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diameters were adjusted to 70 um at 488 nm, or 74 wm at 514 nm. Emission
signals were detected by a 505 nm long-pass filter for EGFP, or a 530-600 nm
band-pass filter for EYFP. Cells (3.5 cm dish) were lysed 0.2 ml in PBS by
passing through a 27G needle, and supernatant was recovered after
centrifugation (10,000xg, 2 mim) and diluted appropriate. Fluorescence signals
of the supernatant were recorded on Lab-Tek 8-well chamber slides at 25°C.
The fluorescence autocorrelation functions, G(7), from which the average
residence time (7) and the absolute number of fluorescent proteins in the

detection volume are calculated, are obtained as follows;

(1)1t +7))
(1)’

G(r)=
(eq. 1)

where [ (++7) is the fluorescence intensity obtained by the single photon counting
method in a detection volume at a delay time 7 (brackets denote ensemble

averages). The curve fitting for the multi-component model is given by:

1 T ) T 7 (eq. 2)
a1 D] 1022 !

1

where y; and 7 are the fraction and the diffusion time of the component i,
respectively, N is the average number of fluorescent molecules in the detection
volume defined by the beam waist wy and the axial radius z,, s is the structure
parameter representing the ratio of wy and zo. All G(7)s in aqueous solutions were
measured ten times for 20 s. After pinhole adjustment, diffusion time and
structure parameter were determined using a 107 M rhodamine 6G (Rh6G)
solution as a standard prior to measurements. The values of structural parameter

were 6.1-6.6 for GFP and 5.5-6.6 for YFP, respectively. The diffusion constants
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of fluorescent molecules (Dggpp.) Were calculated from the published diffusion
constant of Rh6G, Dgpec (280 umZ/s) and measured diffusion times of Rh6G at
the condition (Zrnec) and probe proteins ( Zgmpre) as follows:

Dsample _ TRh6G

DRh6G Tsample (eq' 3)
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Figure legends

Figure 1 CCT knockdown stimulates aggregate formation of expanded polyQ
repeats transiently expressed in HEK293 cells. (a) Knockdown of the  subunit
of CCT. Cells were transiently transfected with CCT{ RNAi vector, or
nonspecific RNAi vector (NS) as a control. Cellular proteins were extracted after
72 h and analyzed by western blotting using antibodies against individual
subunits. (b) CCT complex is disrupted by CCT{ knockdown. Proteins extracted
from CCT{ RNAi-treated cells, or untreated cells, were fractionated by sucrose
gradient centrifugation. Fractions were analyzed by western blotting using
anti-CCTf antibody. (¢) CCT( depletion increases number of cells containing
Q82-YFP aggregates. Cells were transfected with polyQ expression vector
(Q82-YFP, Q19-YFP or YFP alone) in the presence of CCT{ RNAi or
non-specific RNAi vectors. Number of cells showing YFP fluorescence with or
without aggregates were counted, and the percentage of aggregate positive cells
were calculated (n=3). (d) Q82-GFP aggregation is stimulated by RNAi
knockdown of CCTa. (e) Fluorescent microscopic images of polyQ-YFP
expressed in HEK293 cells treated with CCT{ RNAi or non-specific RNAi
vectors. Bar=20 um. (f) Filter trap assay of polyQ-YFP aggregates. Cell lysates
containing indicated amount of protein were filtered on cellulose acetate
membranes, and polyQ-YFP aggregates were detected by immunoblotting using

anti- YFP antibody. **, P<0.01; Student's 7 test.

Figure 2 CCT is required for preventing htt aggregation in stable transformants

of HeLa cells. (a) CCT{ depletion increases number of cells containing
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httQ143-YFP aggregates. Cells were co-transfected with vectors for CCT{ RNAi
and mRFP1 expression as a transfection marker, and Htt-YFP expression was
simultaneously induced by removal of tetracycline from the medium. Cells
containing YFP-aggregates were counted and their percentage in RFP-signal
emitting cells were determined. (b) Fluorescent images of aggregated
httQ143-YFP and diffusely distributed httQ23-YFP in CCT{-depleted and
control cells. Arrows indicate aggregates. Bar=20 um. (c) Filter trap assay of
htt-YFP aggregates in CCT-depleted and control cells. (d) Aggregation of
httQ55-HA is stimulated by depletion of CCTo or CCTL. Cells were
cotransfected with expression vectors of httQ55-HA and CCT subunit RNAi
vectors, and stained with anti-HA antibody after fixation. Percentages of
aggregate positive cells are shown. (e) Cells with visible httQ143 inclusions
were stained with antibodies against CCTy, HSC70 or o-tubulin and AlexaFluor
594-conjugated secondary antibody. Insets correspond to enlarged view of
aggregates. (f) Cells with no visible inclusion were stained using antibodies

against GFP (for httQ143-YFP), CCTY, and ribosome. Bar=10 pum. **, P<0.01.

Figure 3 CCT depletion stimulates formation of soluble aggregates of
polyQ-expansion proteins detected by FCS analysis. (a) GFP, Q19-GFP or
Q82-GFP were transiently expressed in HEK293 cells in the presence of CCT(
RNAIi vector or nonspecific RNAi vector. Alternatively, expression of YFP,
httQ23-YFP or httQ143-YFP were induced in HeLa stable cell lines in the
presence of CCT{ RNAI or nonspecific RNAi vectors. After 72 h of expression,
cells were lysed in PBS. Supernatant recovered after centrifugation (10,000xg)

was analyzed by FCS. (a) Count rates of fluorescence in CCTC{-depleted (red)
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and control (blue) cell lysates during 20 s measurements. Arrows indicate slowly
diffusing bright molecules that were passing through the confocal volume. (b)
Correlation curves of htt/polyQ proteins in CCT{-depleted (red) and control

(blue) cell lysates.

Figure 4 CCT prevents htt toxicity and aggregation in neuronal cells. (a) CCT
depletion enhances htt-induced neuronal cell death. Mouse Neuro2a cells were
transfected with htt-GFP expression vector along with CCT{ RNAi or
nonspecific RNAi vectors. Cells were stained by propidium iodide to monitor
cell death and percentage in GFP expressing cells were calculated (n=3). (b)
CCT depletion enhances htt aggregation in Neuro2a cells (n=3). (¢) CCT
overexpression reduces htt-induced neuronal cell death. Neuro2a cells were
co-transfected with expression vectors of htt-GFP and all eight CCT subunits. (d)
CCT overexpression reduces htt aggregation in Neuro2a cells (n=3). (e) Neuro2a
cells were transfected with expression vectors of all eight CCT subunits, and
total proteins extracted were analyzed by western blotting. (f) The extracts
described in panel e were fractionated by sucrose gradient centrifugation and
subsequently analyzed by western blotting using anti-CCTf antibody. *, P<0.05;
k% P<0.01.
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Table 1 Diffusion constants of htt/polyQ proteins under CCT-depleted and normal conditions

Rapid fraction (F1)

Slow fraction (F2)

RNAI DT (us) Content (%) DT (us) Content (%) x2 Dr1 (um?/s) Dr (um?/s)
GFP NS 70.7+1.5 100 - - 1.19 + 1.76 x 10°® 85.8+0.8 -
GFP CCTC 70.7 £ 2.1 100 - - 1.67 + 2.61 x 10° 859+1.9 -
Q19-GFP NS 86.3+4.0 100 - - 7.43 £ 11.33 x 107 70.3+2.8 -
Q19-GFP CCTC 86.0 + 3.6 100 - - 5.24 + 8.45 x 107 70.6 +2.0 -
Q82-GFP NS 86.0* 954 + 0.9 1122 + 416 46 + 0.9 7.56 +2.10 x 107 71.6 £1.9* 8.3 + 3.7
Q82-GFP CCTC 86.0" 913 + 24 4255 + 1920 8.7 +24 1.84 + 0.12 x 10° 71.6 £1.9* 30 +1.8
YFP NS 77.7 £ 3.1 100 - - 3.22 + 0.24 x 10° 842+15 -
YFP CCTC 78.3 + 3.5 100 - - 5.13 + 3.37 x 10°® 83.5 £ 2.1 -
httQ23-YFP NS 1473 £ 1.5 100 - - 6.76 + 3.53 x 10°® 443 +1.3 -
httQ23-YFP CCTC 147.7 + 3.1 100 - - 6.61 + 1.83 x 10° 443 +1.5 -
httQ143-YFP NS 150.0* 98.8 + 0.4 4859 + 1897 1.2 + 0.4 1.71 + 255 x 10° 43.6 £ 1.1** 1.5 £ 0.7
HitQ143-YFP CCTC 150.0* 935 + 15 5493 + 2540 6.5 + 1.5 3.73 + 2.16 x 10°® 436 +1.1* 1.3 £ 0.5

Diffusion time (DT) and constant (D) were estimated by curve fitting of the polyQ-GFP or htt-YFP FCS data at 72 h (mean £ SD of

three independent experiments). The deviations of diffusion constant were derived from difference between measured samples and

variance of the diffusion time of Rh6G used as a standard (see Methods). The data of GFP, Q19-GFP, YFP and httQ23-YFP were

analyzed by one component model while the Q82-GFP and httQ143-YFP data were analyzed by two component model to provide the

best fit. Significance of curve fitting was analyzed by x2 test.

* To accurately estimate the diffusion time and content of the second component (soluble aggregates) at 72 h, the diffusion time of the

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

** The variance of D values was provided from variance of the diffusion time of Rh6G used as a standard while the diffusion time of the

first component was fixed.
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Supplementary Information

Figure S1 PolyQ aggregation in HEK293 cells under CCT depletion and
overexpression conditions. Cells were transfected with CCTa RNAi1 or
nonspecific RNAi vectors and analyzed by western blotting (a) or sucrose
gradient centrifugation (b). Nonspecific RNAi (NS) vector exhibits no difference
to CCT{ scrambled RNAi (CCT(-SC, AAGAGTCGGCTGAGTATCATT)
vector for levels of CCT{ protein (¢) and polyQ aggregation (n=3) (d). (e)
Immunofluorescent staining of CCTy, HSC70 and o-tubulin in Q82-YFP
aggregate containing cells without RNAi treatment. Bar=10 um. (f) Sucrose
gradient fractionation of Q82-GFP expressed under CCT{ depleted or normal
conditions. Supernatant after centrifugation (600xg, 2 min) was analyzed.
Overexpression of all CCT subunits (g), but not of CCT( subunit alone (h),
inhibits Q82-GFP aggregation (n=3). *, P<0.05.

Figure S2 Aggregation of httQ55-HA in HeLa cells under CCT depleted and
normal conditions. (a) CCTC-RNAI treatment significantly reduces CCT(
protein. (b) Cell extracts were analyzed by sucrose gradient centrifugation. (c)
Immunofluorescent staining of httQ55-HA aggregates formed under CCT

depletion conditions. Bar=10 um.

Figure S3 FRAP analysis of polyQ-GFP in HEK293 cells under CCT-depleted
conditions at 72 h. Inclusion-free cells (a) or inclusion-containing cells (b) were
analyzed by FRAP'” using Olympus FV1000 (for cytosol) or Carl Zeiss LSM

510 META (for inclusions) confocal microscopes at 37°C. CCTC(-depleted



(green) and control (red) cells were analyzed.

1. Phair, R.D. & Misteli, T. High mobility of proteins in the mammalian cell
nucleus. Nature 404, 604-609 (2000).

2. Lippincott-Schwartz, J., Snapp, E. & Kenworthy, A. Studying protein
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3. Kimura, H. & Cook, P.R. Kinetics of core histones in living human cells: little
exchange of H3 and H4 and some rapid exchange of H2B. J Cell Biol 153,
1341-153 (2001).

Figure S4 FCS analysis of htt/polyQ proteins under CCT-knockdown conditions
at 24 and 48 h. Supernatant after centrifugation (600xg, 2 min) of cell lysate was
analyzed. Correlation curves of CCT{-depleted (red) and control (blue) cells are
shown for polyQ-GFP in HEK293 cells after 24 h (a) 48 h (b) of transfection, or

htt-YFP in HeLa cell lines after 24 h (¢) or 48 h (d) of induction.

Figure SS Full scan images of gel/western data.
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Full scans of Fig. 1a
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