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In Huntington’s disease (HD), mutant Huntingtin, which

contains expanded polyglutamine stretches, forms nuclear

aggregates in neurons. The interactions of several trans-

criptional factors with mutant Huntingtin, as well as

altered expression of many genes in HD models, imply

the involvement of transcriptional dysregulation in

the HD pathological process. The precise mechanism

remains obscure, however. Here, we show that mutant

Huntingtin aggregates interact with the components of the

NF-Y transcriptional factor in vitro and in HD model

mouse brain. An electrophoretic mobility shift assay

using HD model mouse brain lysates showed reduction

in NF-Y binding to the promoter region of HSP70, one of

the NF-Y targets. RT–PCR analysis revealed reduced HSP70

expression in these brains. We further clarified the im-

portance of NF-Y for HSP70 transcription in cultured

neurons. These data indicate that mutant Huntingtin

sequesters NF-Y, leading to the reduction of HSP70 gene

expression in HD model mice brain. Because suppressive

roles of HSP70 on the HD pathological process have been

shown in several HD models, NF-Y could be an important

target of mutant Huntingtin.
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Introduction

Huntington’s disease (HD) is an autosomal-dominant,

adult-onset neurodegenerative disorder characterized by

chorea, psychiatric disturbances and dementia (Landles and

Bates, 2004). HD is caused by a CAG repeat expansion in

exon 1 of the Huntingtin (Htt) gene (The Huntington’s

Disease Collaborative Research Group, 1993). The product,

mutant Htt containing expanded polyglutamine (polyQ),

forms nuclear aggregates in neurons in specific regions

including the striatum and cortex, where severe neuro-

degeneration is observed. Analyses of HD postmortem tissues

or other HD model systems have identified many genes

whose expression is altered by mutant Htt (Chan et al,

2002; Luthi-Carter et al, 2002; Kotliarova et al, 2005).

Mutant Htt’s effects on gene expression in mice recapitulate

changes observed in human HD brains (Kuhn et al, 2007).

Recently, we found that expression of sodium channel sub-

unit b4 is severely reduced in the brains of early-phase HD

model mice, which might be involved in dendritic abnorm-

alities of neurons observed in HD (Oyama et al, 2006). Thus,

alteration of gene expression is one of the key pathological

changes in HD (Cha, 2000; Sugars and Rubinsztein, 2003),

yet the mechanisms of this alteration have not been fully

elucidated.

Recent studies have identified interactions of mutant Htt

with several transcriptional factors such as CREB-binding

protein (CBP), TBP, SP1, TAFII130 and p53 (Harjes and

Wanker, 2003; Li and Li, 2004). CBP, containing a polyQ

stretch, is incorporated into mutant Htt aggregates, which

leads to sequestration of this protein and suppression of

CREB-mediated CRE transcription (Steffan et al, 2000;

Nucifora et al, 2001). TBP, also containing a polyQ stretch,

is incorporated into mutant Htt aggregates (Suhr et al, 2001;

van Roon-Mom et al, 2002; Matsumoto et al, 2006), and

suppression of its DNA binding by mutant Htt was shown in

an in vitro system (Schaffar et al, 2004). SP1, which contains

a glutamine-rich region, and TAFII130 interact with a soluble

form of mutant Htt, which leads to suppression of SP1

transcriptional activity, finally resulting in downregulation

of dopamine D2 or nerve growth factor receptor (Dunah et al,

2002; Li et al, 2002). p53 is incorporated into mutant Htt

aggregates, leading to repression of p53-mediated transcrip-

tion (Steffan et al, 2000). Although these observations

indicate that mutant Htt aggregates sequester these

transcriptional factors and suppress their function, thus

leading to neurodegeneration in HD, direct evidence for the

involvement of altered expression of the target genes in the

HD pathological process has yet to be obtained. In addition,

several observations seem to be in conflict with the above

sequestration model. For example, it has been shown that

CBP and TBP are not depleted in HD model mouse brains (Yu

et al, 2002), and CREB-mediated CRE transcription is actually

increased in these brains (Obrietan and Hoyt, 2004).

Increased expression of p53 or SP1 has been reported for

HD model mouse brains, and the knockout of each gene

alleviates the phenotype in the model mice (Bae et al, 2005;

Qiu et al, 2006). Thus, the relationship between the seques-

tration of the above transcriptional factors and the HD

pathological process is not yet clear.
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Heat shock proteins (HSPs), including HSP70 and HSP40,

have important roles in the folding and assembly of newly

synthesized proteins and the refolding of misfolded and

aggregated proteins (Mayer and Bukau, 2005). HSPs are

reported to be incorporated into Htt aggregates (Jana et al,

2000). In vitro studies have suggested the suppressive role of

these HSPs on aggregation of mutant Htt (Muchowski et al,

2000; Wacker et al, 2004). Furthermore, increased expression

of these HSPs suppressed neurodegenerative phenotypes in

mouse and Drosophila HD model systems (Chan et al, 2000;

Kazemi-Esfarjani and Benzer, 2000; Fujimoto et al, 2005).

These observations suggest the suppressive roles of these

HSPs on the HD pathological process (Sakahira et al, 2002;

Barral et al, 2004). Importantly, expression of HSPs, including

HSP70, has been reported to progressively decrease in mouse

models of HD (Merienne et al, 2003; Hay et al, 2004),

suggesting that the suppressive roles of these HSPs are

disturbed in the HD brain, although the precise mechanism

of altered HSP expression has not been elucidated.

We previously established a method for direct analysis of

mutant Htt aggregate-associated proteins by mass spectro-

metry (Doi et al, 2004). By this method, we identified

components of the NF-Y transcriptional factor as candidate

interaction proteins for mutant Htt aggregates. We confirmed

this interaction in vitro, in cultured cells and in HD model

mouse brains. Because NF-Y has been reported to regulate

HSP70 transcription (Li et al, 1998; Imbriano et al, 2001), we

focused on NF-Y activity and HSP70 expression in HD model

mouse brain. We provided evidence supporting the idea that

mutant Huntingtin aggregates sequester NF-Y components to

reduce functional NF-Y, leading to the reduction of HSP70

gene expression. Considering the suppressive roles of HSP70

on the HD pathological process, NF-Y might be an important

target of mutant Htt to induce or promote HD pathology.

Results

Components of the NF-Y transcriptional factor were

incorporated into mutant Htt aggregates in

Htt-transfected neuro2a cells

We have previously identified several ubiquitin-interacting

proteins by mass spectrometry analysis of nuclear inclusions

purified from neuro2a cells expressing N-terminal Huntingtin

(Nhtt) containing a pathological stretch of glutamine (150Q)

fused with EGFP and SV40 NLS (Nhtt150Q–EGFP–NLS) (Doi

et al, 2004). Further analysis of mass spectrometry data

suggested incorporation of components of NF-Y transcrip-

tional factor in addition to a known Htt aggregate-interacting

Figure 1 Localization of NF-Y components in Nhtt150Q or Nhtt18Q–EGFP–NLS expressing Neuro2a cells. Neuro2a cells inducibly expressing
Nhtt150Q–EGFP–NLS (A) or Nhtt18Q–EGFP–NLS (B) were transfected with expression vectors for NF-YA, NF-YB, NF-YC or LacZ tagged with
V5. After 3 days, cells were fixed and stained with monoclonal anti-V5 antibody and Alexa 546-conjugated anti-mouse IgG. Nhtt proteins were
detected as GFP fluorescence. Nuclei were detected with DAPI. Scale bars: 10mm.
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protein, CA150 (Holbert et al, 2001). However, other trans-

criptional factors, such as CBP, TBP or SP1, were not found in

our data.

NF-Y, which is composed of three subunits, NF-YA, NF-YB,

and NF-YC, binds to CCAAT sequence to regulate gene

transcription (Supplementary Figure S1A; Maity and de

Crombrugghe, 1998; Mantovani, 1999). To confirm the inter-

actions between mutant Htt and NF-Y components, NF-YA,

NF-YB or NF-YC tagged with V5 was overexpressed in

neuro2a cells expressing Nhtt150Q–EGFP–NLS. As shown

in Figure 1A, NF-YA–V5 or NF-YC–V5, but not NF-YB–V5,

colocalized with Nhtt150Q–EGFP–NLS in nuclear inclusions.

This colocalization was not observed when LacZ–V5 is used

as a negative control (Figure 1A). In addition, these concen-

trated stainings of NF-YA–V5 or NF-YC–V5 were not observed

in the cells expressing Nhtt protein containing nonpathologi-

cal lengths of glutamine repeats (18Q) (Figure 1B). These

results indicate that among NF-Y components, NF-YA and

NF-YC preferentially localizes to nuclear inclusions with

mutant Htt in neuro2a cells.

Next, we examined whether NF-YA and NF-YC form SDS-

insoluble aggregates with mutant Htt in neuro2a cells by

western blot analysis. Anti-GFP staining showed gel top

bands in Nhtt150Q–EGFP–NLS-expressing cells, but not in

Nhtt18Q–EGFP–NLS-expressing cells (Figure 2A), indicating

the formation of SDS-insoluble aggregates by Nhtt150Q–

EGFP–NLS. Anti-V5 staining showed the gel top bands for

NF-YA or NF-YC in the cells expressing Nhtt150Q–EGFP–NLS,

but not in the cells expressing Nhtt18Q–EGFP–NLS

(Figure 2B). Filter trap assay confirmed the preferential

incorporation of NF-YA or NF-YC into SDS-insoluble aggre-

gates with Nhtt150Q–EGFP–NLS in neuro2a cells, whereas

overexpression of NF-YA or NF-YC itself did not significantly

change the amount of Nhtt150Q–EGFP–NLS aggregates

(Figure 2C and D). These data indicate that NF-YA or NF-

YC forms SDS-resistant protein complexes with mutant Htt

without affecting mutant Htt aggregation in neuro2a cells. Co-

precipitation of NF-YA or NF-YC with soluble Ntt proteins

was not observed by immunoprecipitation assay using non-

ionic detergent (TritonX-100)-soluble fractions of transfected

neuro2a cells (data not shown), suggesting that NF-YA and

NF-YC preferentially interacts with aggregated form of

mutant Htt in neuro2a cells. There is a glutamine-rich region

in NF-YA and NF-YC but not in NF-YB (Supplementary Figure

S1A; Maity and de Crombrugghe, 1998; Mantovani, 1999),

suggesting this region is involved in interaction with mutant

Htt aggregates. In this paper, we referred to biochemically

insoluble protein aggregates as ‘aggregates’. On the

other hand, histologically visible ‘aggregates’ were called as

inclusions.

Figure 2 Part of NF-YA or NF-YC was incorporated into SDS-insoluble aggregates with Nhtt150Q–EGFP in Neuro2a cells. (A, B) Neuro2a cells
were transfected with expression vector for NF-YA, NF-YB, NF-YC or LacZ tagged with V5 together with expression vector for Nhtt18Q–EGFP–
NLS or Nhtt150Q–EGFP–NLS. After 24 h, cells were subjected to SDS–PAGE and western blot analysis using anti-GFP (A) or anti-V5
(B) antibody. Bands for expressed proteins are indicated by arrows and positions of the gel top are indicated by arrowheads. Bands for
Nhtt150Q–EGFP–NLS were not observed possibly due to its insolubilization. (C, D) Same samples were subjected to filter trap assay and
stained with the same antibodies (C), and trapped proteins in Nhtt150Q–EGFP–NLS expressing cells were quantified (D). Values are
means7s.d. of three independent experiments.
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NF-YA interacts with mutant Htt aggregates in vitro

To examine whether the interaction between mutant Htt and

NF-Y components is direct, we performed a binding assay

using purified GST-fused Htt exon1 (Nhtt) containing 18Q,

42Q or 62Q (Figure 3A) and His-tagged NF-YA. As purifica-

tion of His-tagged NF-YC was difficult because of the

instability of the protein during the purification process, we

used only NF-YA for the following experiments. CBB staining

showed high purity of these proteins (Figure 3B).

First, we examined the interaction between Htt aggregates

and NF-YA. To generate Htt aggregates in vitro, we cleaved

Nhtt proteins from GSTusing HRV-3C protease and incubated

at 371C for 18 h. By filter trap assay, aggregated proteins

were detected by anti-Htt when we used GST–Nhtt42Q or

GST–Nhtt62Q, but not GST–Nhtt18Q, as described previously

(Figure 3C) (Scherzinger et al, 1997; Busch et al, 2003).

When His–NF-YA was co-incubated with these Nhtt proteins,

His–NF-YA was detected together with aggregated Nhtt42Q

or Nhtt62Q, but not Nhtt18Q, by filter trap assay (Figure 3C),

indicating that His–NF-YA directly interacts with these

aggregates. Next, we checked the possibility of co-aggrega-

tion of NF-YA with mutant Htt in vitro. His–NF-YA was

co-incubated with protease-treated Nhtt proteins for the

indicated time, and then samples were subjected to filter

trap assay. Nhtt62Q started to form aggregates after 3 h

incubation (Figure 3D). His–NF-YA was also detected after

3 h incubation in a dose-dependent manner (Figure 3D). The

data indicate that His–NF-YA co-aggregated with mutant Htt

in vitro.

NF-YA or NF-YC antibodies stained nuclear inclusions

in cortex and striatum of HD model mouse brain

sections

A transgenic mouse line (R6/2) expressing an Htt exon 1 that

contains expanded polyglutamine residues is used exten-

sively as an HD model (Mangiarini et al, 1996; Davies et al,

1997). To examine whether NF-YA or NF-YC interacts with

mutant Htt aggregates in vivo, we stained brain sections from

12-week-old R6/2 mice with anti-NF-YA or -NF-YC anti-

bodies, together with anti-ubiquitin, a marker for nuclear

inclusions containing mutant Htt (Davies et al, 1997).

Antibodies against NF-YA or NF-YC, but not IgG, showed

dot-like staining colocalized with ubiquitin staining in cell

nuclei in both cortex (Figure 4A) and striatum (Figure 4B).

These clear dot-like stainings were not observed when we

used brain sections from age-matched control mouse (data

not shown). On the contrary, dot-like stainings were not

observed by anti-NF-YB antibody in cortex and striatum of

brain sections from 12-week-old R6/2 mice (Supplementary

Figure S2). These results suggest that NF-YA and NF-YC, but

not NF-YB, localize in nuclear inclusions containing mutant

Htt in cortex and striatum of HD model mouse.

NF-Y binding to the HSP70 promoter was reduced

in cortex and striatum of HD model mice

The proximal region of the human HSP70 promoter contains

two NF-Y-binding sites (CCAAT boxes) in addition to sites for

other transcriptional factors, such as SP1, HSF1 and TBP

(see Figure 10A) (Wu et al, 1986; Greene et al, 1987;

Figure 3 Interaction between NF-YA and aggregated Htt in vitro. (A) Scheme for the constructs of GST–Nhtt18Q, GST–Nhtt42Q or GST–
Nhtt62Q. Recognition site for HRV-3C protease is indicated. (B) CBB staining of each purified protein. Bands for expressed proteins are
indicated by arrows. (C) Interaction between Nhtt aggregates and His–NF-YA. GST–Nhtt–18Q, GST–Nhtt42Q or GST–Nhtt62Q treated with
HRV-3C protease were incubated at 371C for 18 h. During these processes, Nhtt42Q or Nhtt62Q, but not Nhtt18Q, formed aggregates. Each
protein was co-incubated with His–NF-YA protein for 2 h at 41C, and then subjected to filter trap assay. The aggregated proteins were detected
with anti-NF-YA or anti-Htt antibody. (D) Co-aggregation of NF-YA with Nhtt62Q. After treatment with HRV-3C protease, 10mg of Nhtt18Q or
Nhtt62Q protein was co-incubated with 0.25 or 0.75 mg of His–NF-YA for the indicated time. The trapped aggregated proteins were detected as
in panel C.
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Morgan et al, 1987; Morgan, 1989). These transcriptional

factor-binding sites were conserved in mice (Bevilacqua et al,

1997). Positive regulation of HSP70 transcription by NF-Y has

been shown in Xenopus oocyte and mouse lymphoma

cell lines by reporter gene assays (Li et al, 1998; Imbriano

et al, 2001).

The incorporation of NF-Y components into mutant Htt

aggregates in R6/2 mouse brain raises the possibility that NF-

Y function was altered. To examine this, we performed

electrophoretic mobility shift assay (EMSA) using transcrip-

tional binding sites of the human HSP70 promoter as probes

(Supplementary Table II). Interestingly, when we performed

EMSA using the proximal CCAAT (CCAAT-1) of HSP70 pro-

moter as a probe, we observed a reduction in DNA–protein

complexes in cortex and striatum lysates of 12-week-old R6/2

mice (Figure 5A). Supershifts were observed by pre-incuba-

tion of the lysates with anti-NF-YA or -NF-YC, but not IgG

(Figure 5A). Furthermore, binding was suppressed by

addition of unlabelled wild-type annealed oligo much effec-

tively than its mutant containing two mutations in the CCAAT

sequence (Figure 5C; Supplementary Table II). These data

indicate that proteins binding to the probe are NF-Y compo-

nents. Quantified data showed that the binding of NF-Y was

reduced to 30–40% of control levels in these brain regions

(Figure 5D). Similar data were obtained when we used

another CCAAT region (CCAAT-2) as a probe (Figure 5B, C

and E). These data indicate that NF-Y binding to HSP70

promoter was reduced in the cortex and striatum of

12-week-old R6/2 mice.

By analysing the lysates used for EMSA, we found that the

amount of NF-YA was decreased in both cortex and striatum

lysates of R6/2 mice (Figure 6A). Quantified data revealed a

30–40% reduction in NF-YA proteins (Figure 6B), which is

highly compatible with the reduction of functional NF-Y

complex estimated from the EMSA study (Figure 5). On the

contrary, the amounts of NF-YC and b-actin were not altered

in these lysates (Figure 6A, C and D). These results suggest

that reduction of NF-Y binding to DNA was caused by a

reduction of NF-YA protein itself. On the contrary, RT–PCR

analysis revealed that mRNA of NF-YA or NF-YC was actually

increased in the cerebrum of 8- and 12-week-old R6/2

mice, whereas mRNA levels of NF-YB in R6/2 mice was

not significantly different from that in control mice

(Supplementary Figure S1B–D). These data suggest that

reduction of NF-YA in the lysates was not caused by reduction

of its expression at the transcriptional level. These data also

imply the existence of some compensatory system for func-

tional impairment of NF-Y in vivo.

We next examined the DNA binding of SP1, HSF1 and TBP.

In contrast to NF-Y, DNA binding of SP-1 was not reduced in

R6/2 cortex or striatum (Supplementary Figure S3A–C). In

the case of HSF1, these brain tissue lysates did not show

clear shifted bands, but such bands were seen when we

used lysates of neuro2a cells treated with heat shock

(Supplementary Figure S3D). This suggests that the amount

of active HSF1 is very low in these lysates. EMSA for TBP did

not work well (data not shown), possibly because of techni-

cal difficulties. Western blot analysis revealed that the

Figure 4 Antibodies against NF-YA or NF-YC showed dot-like stainings colocalized with ubiquitin-positive inclusions in R6/2 mouse brain.
Coronal sections (10mm) prepared from frozen brain of 12w R6/2 mouse were fixed and stained with anti-NF-YA (sc-10779 or YA1-3), anti-NF-
YC (YC 6-3) or rabbit IgG together with anti-ubiquitin (MAB1510), a marker for nuclear inclusions. Nuclear inclusions positive for ubiquitin
were stained by NF-YA or NF-YC antibodies, but not rabbit IgG, in cortex (A) and striatum (B). Scale bars: 10mm.
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amount of SP-1, HSF1 or TBP was not significantly changed

among the lysates used for EMSA (Supplementary Figure

S4A–D). Taken together, our data suggest that among the

transcriptional factors reported to interact with the proximal

region of the HSP70 promoter, only NF-Y is affected in the

cortex and striatum of 12-week-old R6/2 mice.

Reduction in NF-Y, but not SP1, binding to DNA was also

observed in cortex of 8-week-old R6/2 mouse brain

(Supplementary Figure S5A–D) in which reduction in

HSP70 protein was observed by our experiments (Figure 7),

as well as that of others (Merienne et al, 2003; Hay et al,

2004). In addition, we could obtain similar data when we

used cortex lysates prepared from 36- and 38-week-old

R6/1 mice, another mutant Htt transgenic mouse line

(Supplementary Figure S6A–D) (Mangiarini et al, 1996;

Davies et al, 1997). Thus, the reduction of NF-Y binding to

DNA as well as reduced expression of HSP70 protein was

generally observed in different stages and different lines of

mutant Htt transgenic mice.

Expression of HSP70 mRNA was decreased in HD model

mouse brain

Immunoprecipitation analysis using anti-HSP70 antibody

showed the reduction of soluble HSP70 protein in the brain

of 12-week-old R6/2 mice (Figure 7A and B). By western blot

analysis using another HSP70 antibody, we noticed that

reduction of HSP70 in 8- and 12-week-old R6/2 mouse

brain cortex was not accompanied by appearance of gel top

band for this protein (Figure 7C–E), suggesting that reduction

of HSP70 is not caused by its insolubilization. To examine

whether the reduction of HSP70 protein is caused by reduc-

tion of HSP70 transcription, we performed RT–PCR using 4-,

8- or 12-week-old R6/2 or control cerebrums. The mRNA

expression of HSP70 started to decrease at 8 weeks after birth

and remained this level until 12 weeks, whereas its expres-

sion increased at 12 weeks in control mice (Figure 8A). In

contrast, the mRNA levels of b-actin were not changed

(Figure 8B). To confirm the data further, we performed in

situ hybridization using a mouse HSP70 antisense probe.

HSP70 mRNA was densely detected at cortical regions of

control mouse brain, which were severely reduced in R6/2

mouse brain (Figure 9A). These signals were not observed if

we used EGFP antisense probe, which was useful for in situ

hybridization of mouse brain section (Kotliarova et al, 2005),

as a negative control (Figure 9C). Taken together, these

results indicate that the expression of HSP70 mRNA, which

is highly detected in cortical regions, was severely suppressed

in R6/2 mouse.

Because the promoter region of Hdj1, one of the HSP40

isoforms, is also reported to contain NF-Y-binding sites

Figure 5 NF-Y binding to two CCAAT regions in HSP70 promoter was reduced in cortex and striatum of 12w R6/2 mouse brain. Cortex or
striatum lysates prepared from 12-week-old R6/2 (TG) or control mouse (WT) brain was subjected to EMSA. (A) EMSA using proximal CCAAT
region (CCAAT-1) as a probe (left panel). Supershift assay using anti-NF-YA, anti-NF-YC or IgG (right panel). (B) EMSA using distal CCAAT
region (CCAAT-2) as a probe (left panel). Supershift assay (right panel). (C) Competition analysis using 10- or 100-fold excess unlabelled
annealed oligo (WT) or its mutant (Mut.). (D, E) Quantification of the amount of DNA–protein complex. Values are means7s.d. of three
independent experiments (*Po0.05).
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(Hata and Ohtsuka, 1998; Imbriano et al, 2001), and

its protein expression was reduced in R6/2 mouse brain

(Hay et al, 2004), we also checked Hdj1mRNA expression

by in situ hybridization using mouse Hdj1 antisense

probe. Hdj1 mRNA is expressing in cortical region similarly

to HSP70, and is partially suppressed in R6/2 mice (Figure 9B).

Figure 6 The amount of NF-YA protein decreased in the lysates of R6/2 mice. (A) The lysates used for EMSA from R6/2 (TG) or control mice
(WT) were subjected to western blot analysis using antibodies against NF-YA (YA1-3), NF-YC (YC5-3) and b-actin. In the case of NF-YA, data
from three experiments are shown. (B–D) Quantification of the amount of NF-YA, NF-YC or b-actin. Values are means7s.d. of three
independent experiments (*Po0.05).

Figure 7 Expression of HSP70 protein was decreased in 8- or 12-week-old R6/2 mouse brain. (A) Cerebrums from 12-week-old R6/2 or control
mice were subjected to immunoprecipitation with anti-HSP70 (SPA-801), and precipitated HSP70 was detected with the same antibody. b-Actin
proteins in total lysates are also shown. (B) Quantification of the amount of immunoprecipitated HSP70 protein. (C) Total lysates of cortexes
from 8- or 12-week-old R6/2 or control mice were subjected to western blot analysis using antibodies against HSP70 (sc-24), HSP40 or b-actin.
(D, E) Quantification of the amount of each protein of 8-week-old (D) or 12-week-old (E) mouse brain cortexes. Values are means7s.d. of three
independent experiments (*Po0.05, **Po0.01).
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The reduction of Hdj1 protein expression was also observed

in R6/2 and R6/1 mouse brain cortex (Figure 7C–E;

Supplementary Figure S6D).

Importance of NF-Y binding to HSP70 promoter region

on its transcription in neuronal cells

Finally, we examined the requirement of NF-Y for HSP70

transcription in neurons by reporter gene assay. We first

constructed reporter gene vectors that contain the human

HSP70 promoter (�1235 to þ 172) with or without muta-

tion(s) in the transcriptional factor-binding site (Figure 10A).

These reporter genes were introduced into cultured cortical

neurons and luciferase activity was measured 1 or 3 days

after transfection. In our experimental condition, two-thirds

of transfected cells were positive for the neuronal cell marker

NeuN (data not shown). Luciferase activity was markedly

reduced (2–3% of that of wild-type) when we used a reporter

vector without the HSP70 promoter region (data not shown),

meaning that the HSP70 promoter region used here has

transcriptional activity in the transfected cells. Interestingly,

mutations in both CCAAT regions (mCCAAT-1,2) significantly

reduced reporter activity at day 1 or 3 after transfection

(Figure 10B). Mutations in the SP-1-binding site also slightly

reduced reporter activity, whereas mutations in the TBP- or

HSF1-binding site did not (Figure 10B).

We further performed knockdown of NF-YA using siRNA

oligos, which could effectively knock down endogenous

NF-YA when introduced into neuro2a cells (data not

shown). We found that NF-YA RNAi could suppress pro-

moter activity compared with non-targeting (NT) control

(Figure 10C). The effect of NF-YA RNAi was not obvious if

we used an mCCAAT-1,2 construct (Figure 10C). Taken

together, these data indicate that NF-Y binding to the

HSP70 promoter region is important for its transcription in

cortical neurons.

Importantly, overexpression of Nhtt62Q–EGFP–NLS, but not

Nhtt18Q–EGFP–NLS, reduced HSP70 promoter activity to

29.273.6% compared with control (EGFP–NLS) (Figure 10D).

Figure 8 Expression of HSP70 mRNA was decreased in 8- or 12-
week-old R6/2 mouse brain. Quantitative RT–PCR analysis of
HSP70 (A) or b-actin (B) in 4, 8 or 12 week-old cerebrum of R6/2
(TG) or control mice (WT). Values are means7s.d. of four inde-
pendent experiments (*Po0.05, **Po0.01).

Figure 9 Cortical expression of HSP70 or Hdj1 mRNA is reduced in 12-week-old R6/2 mouse. In situ hybridization of brain sections from 12-week-
old R6/2 (TG) or control (WT) mouse using antisense probe for HSP70 (A), Hdj1 (B) or EGFP (C). Strong expression of HSP70 or Hdj1 mRNA at
cortical regions (arrows) in WT mouse was severely reduced in TG mouse. No clear signals were detected by EGFP probe. Scale bar: 1 mm.
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This reduction is comparable to that observed by mutation in

mCCAAT-1,2. Furthermore, the sensitivity to mutant Htt was

partly reduced by mutations in NF-Y-binding sites (52.374.3%

compared with control) (Figure 10D). On the contrary, muta-

tion in TBP-binding site did not affect mutant Htt-mediated

repression of HSP70 promoter activity (Supplementary Figure

S7). Thus, NF-Y-binding sites are responsible for repression of

HSP70 promoter activity by mutant Htt in primary cultured

cortical neurons.

Discussion

Previous studies have suggested the involvement of transcrip-

tional dysregulation in HD pathogenesis (Cha, 2000; Harjes

and Wanker, 2003; Sugars and Rubinsztein, 2003; Li and Li,

2004), although the precise mechanism remains obscure. In

the present study, we identified NF-Y components (NF-YA

and NF-YC) as novel mutant Htt aggregates-interacting pro-

teins in vitro and in vivo. EMSA analysis using the HSP70

promoter region as a probe showed that NF-Y binding of

HSP70 promoter was reduced in the cortex of HD model mice.

Furthermore, expression of HSP70 mRNA was reduced in the

cortex of these mice. Finally, a reporter gene assay indicated

the importance of NF-Y on HSP70 transcription in cortical

neurons. These data indicate that the NF-Y complex loses its

function due to sequestration of NF-YA to mutant Htt aggre-

gates, resulting in the reduction of HSP70 gene transcription

(Figure 11).

We further showed that overexpression of mutant Htt in

cultured cortical neurons suppressed HSP70 promoter

activity and the sensitivity to mutant Htt was reduced by

mutations in NF-Y-binding sites, although its promoter acti-

vity was still sensitive to mutant Htt (Figure 10D). Thus, at

least in in vitro condition, there would be additional target(s)

of mutant Htt, in addition to NF-Y, for suppression of HSP70

promoter activity. TBP and HSF1 seem to be not involved in

this process, because mutation in TBP- or HSF1-binding site

did not show clear reduction of HSP70 promoter activity

(Figure 10B), and mutation in TBP did not affect mutant Htt

effect (Supplementary Figure S7). On the contrary, mutation

in SP1-binding site showed some reduction of HSP70 promo-

ter activity in cultured neurons (Figure 10B). Because

suppression of SP1 activity by mutant Htt has been reported

(Dunah et al, 2002; Li et al, 2002), SP1 could be another

target of mutant Htt to induce the suppression of HSP70

promoter activity at least in cultured neurons. However, in

Figure 10 Importance of NF-Y-binding sites on promoter activity of human HSP70 in primary cultured cortical neurons. (A) Reporter gene
constructs containing �1235 to þ 172 of human HSP70 promoter fused with luciferase gene. WT, wild type with no mutation; mCCAAT-1,
single mutation in proximal NF-Y-binding site; mCCAAT-2, single mutation in distal NF-Y-binding site; mCCAAT-1,2, double mutation in both
NF-Y-binding sites; mGC, single mutation in SP1-binding site; mTATA, single mutation in TBP-binding site; mHSE, single mutation in HSF1-
binding site. (B) In vitro-cultured cortical neurons were transfected with reporter gene construct together with a CMV-LacZ vector. At 1 (D1) or
3 days (D3) after transfection, luciferase assay and b-galactosidase assay were performed. (C) In vitro-cultured cortical neurons were
transfected with siRNA oligos for NF-YA (YA) or control oligo (NT) together with reporter gene construct and CMV-LacZ vector. At 3 days after
transfection, luciferase assay and b-galactosidase assay were performed. (D) In vitro-cultured cortical neurons were transfected with indicated
expression vectors together with reporter gene construct and CMV-LacZ vector. At 6 days after transfection, luciferase assay and b-galactosidase
assay were performed. The values were luciferase activities normalized by b-galactosidase activities obtained from more than three
independent experiments (*Po0.05, **Po0.01).
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R6/2 and R6/1 mice brains, SP1 binding to DNA was not

reduced (Supplementary Figure S3–6). Further study is

necessary to clarify the role of SP1 on HSP70 repression in

HD in vivo. Recently, Tagawa et al (2007) used primary

cultured neurons to show that mutant Htt induces HSP70

expression in cerebellar granule cells, which are insensitive to

mutant Htt-induced degeneration, but not in cortical neurons,

which are highly sensitive to it. They also found that p53 is

involved in this cell-type-specific expression and suggest that

this is one of mechanisms underlying vulnerabilities to

mutant Htt among neuronal cell types. Considering our

findings, this mechanism might be additively involved in

the reduction of HSP70 expression in cortical neurons of

HD model mice.

Because of suppressive roles of HSP70 and/or HSP40 on

the pathological process in HD models (Sakahira et al, 2002;

Barral et al, 2004), it seems that reduction of HSP70/40

enhances the HD pathological process by several mecha-

nisms. One possible mechanism is acceleration of aggrega-

tion of mutant Htt, because HSP70/40 has been reported to

suppress aggregation of mutant Htt (Figure 11; Muchowski

et al, 2000; Wacker et al, 2004). Furthermore, HSP70/40 has

been reported to suppress incorporation of some transcrip-

tional factors into aggregates (Schaffar et al, 2004), thus the

reduction of HSPs may also enhance sequestration of these

transcriptional factors, leading to changes the expression

of their target genes (Figure 11). This may also accelerate

co-aggregation of NF-Y components, which would make a

positive feedback loop on Htt aggregation. Another possible

mechanism is the reduction of normal HSP70/40 functions,

including protein folding, stress response, antiapoptotic

function and regulation of signal transduction pathways

(Figure 11; Nollen and Morimoto, 2002; Guzhova and

Margulis, 2006). Consistent with this notion, Gidalevitz

and co-workers have shown that expression of expanded

polyglutamine proteins disrupts the global balance of protein

folding control in Caenorhabditis elegans (Gidalevitz et al,

2006). Suppressive roles of HSP70 on mutant Htt-induced

activation of cell death-related pathways have been also

reported (Zhou et al, 2001; Merienne et al, 2003).

The NF-Y-binding motif, CCAAT, is one of the common

promoter elements present in the proximal promoter regions

of numerous mammalian genes transcribed by RNA poly-

merase II (Maity and de Crombrugghe, 1998; Mantovani,

1999). By re-analysing GeneChip data previously reported

(Kotliarova et al, 2005), we found that the expressions of 147

genes was decreased in 8-week-old R6/2 brain cerebrum

(data not shown) and 36 genes contain NF-Y-binding sites

(CCAAT box) in putative promoter regions those were pre-

dicted by the UCSC Genome Browser (http://genome.ucsc.

edu/) (Supplementary Table III). Interestingly, 12 of these

genes contain more than two CCAAT sequences in their

putative promoter regions like HSP70 (Supplementary Table

III), implying that reductions of their expression in R6/2

mouse brain might be caused by NF-YA sequestration

(Figure 11). These include preproenkephalin (PPE); however,

chromatin-immunoprecipitation assay showed that NF-Y

binding to PPE promoter region was not reduced in R6/2

mice brain (Chen-Plotkin et al, 2006), which seems to contra-

dict our results using HSP70 promoter. One possible reason is

that reduction of NF-Y binding of DNA by mutant Htt is

promoter specific. Such promoter specificity has been re-

ported in SCA17 model mouse brain (Friedman et al, 2007).

Alternatively, the difference in brain regions used for assay

could produce different results, because Chen-Plotkin and co-

workers used whole brain, whereas we used highly affected

regions including cortex/striatum in R6/2 mouse brain.

Further studies will be needed to understand the relationship

between the NF-Y function and the altered other gene

expressions in HD models.

In summary, we identified NF-YA and NF-YC, as new

aggregate-binding proteins and probable modulators of the

HD pathological process. Further studies of the role of NF-Y

in HD pathology would reveal novel aspect of neuronal

degeneration.

Materials and methods

Mice
Heterozygous htt exon 1 transgenic male mice of the R6/2 strain
and R6/1 strain were obtained from Jackson Laboratory (Bar
Harbor, ME). In this paper, only male of R6/2 (over 120 CAG
repeats), R6/1 and control mice were used for experiments.

Antibodies
Polyclonal antibody NF-YA (YA1-3) or NF-YC (YC5-3 or YC6-3) was
generated against the C-terminal 14 aa of mouse NF-YA or NF-YC,
respectively. Each antibody was purified by respective antigen
peptide conjugated to SulfoLink Coupling Gel (PIERCE Biotechnol-
ogy, Rockford, IL). Anti-htt (MAB5374) and anti-ubiquitin
(MAB1510) were from Chemicon International (Temecula, CA);
anti-NF-YA (sc-10779), anti-NF-YB (sc-13045), anti-HSP70 (sc-24)
and anti-TBP (sc-204) were from Santa Cruz Biotechnology Inc.;
anti-SP1 (07–645) was from Upstate; anti-HSP40 (Hdj1) (SPA-400),
anti-HSF1 (SPA-901), anti-HSP70 (SPA-801) were from Stressgen;
anti-V5 (R960-25) was from Invitrogen; anti-b-actin (A5441) was
from Sigma-Aldrich; anti-ubiqutin (Z0458) was from DAKO.

Figure 11 Hypothetical model. Incorporation of NF-YA (and prob-
ably with NF-YC) into mutant Htt aggregates causes reduction of
functional NF-Y, resulting in suppression of HSP70/40 expression.
Reduced expression of HSP70/40 would lead to acceleration of
mutant Htt aggregation. This would also induce incorporation of
some transcriptional factors into aggregates, which results in altera-
tion of expression of their target genes. Expressions of NF-Y target
genes other than HSP70 might be also affected. The reduction of
HSP70/40 may result in reduction of their physiological functions,
accelerating the aggregation formation and other pathological
processes. These phenomenon might be cooperating together to
modulate HD progression.
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Expression vectors
The cDNAs for NF-YA, NF-YB and NF-YC were kindly provided as
FANTOM3 clones (Carninci et al, 2005). cDNAs were subcloned into
the pcDNA3.1/V5–His for expression in mammalian cells (Invitro-
gen), or pET-15b for expression in Escherichia coli. cDNAs for
N-terminal Htt (exon 1) containing Nhtt18Q–EGFP–NLS, Nhtt62Q–
EGFP–NLS or Nhtt150Q–EGFP–NLS were subcloned into pcDNA3.1
vector (Invitrogen) as described previously (Wang et al, 2000; Doi
et al, 2004). cDNAs for N-terminal Htt containing 18Q, 42Q or 62Q
were subcloned into pGEX-6P vector for expression in E. coli.

Cell culture
Neuro2a cells or stably transfected neuro2a cells, which inducibly
express Nhtt–EGFP–NLS containing 18 or 150Q under the control of
ponasterone A were cultured as described previously (Doi et al,
2004). Method for in vitro culture of mouse cortical neurons was
precisely described in Supplementary data. Transfection was
performed by Lipofectamine 2000 (Invitrogen), according to the
manufacturer’s protocol.

Immunofluorescence microscopy and immunohistochemistry
Neuro2a cells or frozen brain sections (10 mm) were fixed with 4%
paraformaldehyde/PBS for 10 min and stained as described
previously (Wang et al, 2000; Doi et al, 2004). Immunohisto-
chemistry was performed as described previously (Oyama et al,
2006).

Immunoprecipitation and western blotting
R6/2 or control mice cerebrums were homogenized with a Teflon
homogenizer in lysis buffer containing 20 mM HEPES, pH 7.2,
150 mM NaCl, 1 mM EDTA, 10% glycerol, 1% NP-40, 1� Complete
Protease Inhibitor (Roche). After sonication and centrifugation at
15 000 r.p.m. for 30 min, the supernatants were incubated with
antibody-conjugated protein A Sepharose for 60 min at 41C, after
which the Sepharoses were washed twice with the lysis buffer.
Immunoprecipitates were eluted with SDS-sample buffer and
subjected to SDS–PAGE and western blotting as described pre-
viously (Yamanaka et al, 2006). Chemiluminescent signals were
quantified using LAS-1000 (Fuji film).

TaqMan RT–PCR and in situ hybridization
The methods for TaqMan RT–PCR and in situ hybridization were
described in Supplementary data.

Protein purification and in vitro binding assay
Methods for purification of GST–Nhtt and His–NF-YA and in vitro
binding assay were described in detail in Supplementary data.

Electrophoretic mobility shift assay
EMSA was performed as described previously (Mosser et al, 1988)
with slight modifications. The methods were described in
Supplementary data.

Reporter gene assay
Human HSP70 (hspa1a) promoter (�1235 to þ 172) was amplified
from human genomic DNA (Clontech) by PCR and subcloned into a
pGL-3 vector (Promega). Mutations in transcriptional binding sites
were generated using oligonucleotides listed in Supplementary
Table II by a PCR-based method. Cortical neurons seeded on 12-well
plates were transfected with these reporter vectors and pCMV-LacZ
with or without Nhtt expression vector by Lipofectamine2000. After
1, 3 or 6 days, cells were lysed with Passive Lysis Buffer (Promega),
and subjected to a luciferase assay (Promega) and b-galactosidase
assay (Clontech). For RNAi, 20 pmol of oligos for NF-YA siRNA
(M-065522-00) or NT control (D-001210-01-05) purchased from
Dharmacon were co-introduced into cortical neurons with reporter
vector and pCMV-LacZ by Lipofectamine2000. After 3 days, a
luciferase assay and b-galactosidase assay were performed as
above.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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