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Abstract Alzheimer’s disease is characterized by numerous
amyloid-§ peptide (Ap) plaques surrounded by microglia. Here
we report that A induces the proliferation of the mouse micro-
glial cell line Ra2 by increasing the expression of macrephage
colony-stimulating factor (M-CSF). We examined signal cas-
cades for Ap-induced M-CSF mRINA expression. The induction
of M-CSF was blocked by a phosphatidylinositol 3 kinase (PI13-
kinase) inhibitor (1.Y294002), a Src family tyrosine kinase inhib-
itor (PP1) and an Akt inhibitor. Electrophoretic mobility shift
assays showed that Af enhanced NF-kB binding activity to the
NF-kB site of the mouse M-CSF promoter, which was blocked
by 1.Y294002. These results indicate that AP induces M-CSF
mRNA expression via the PI3-kinase/Akt/NF-xB pathway.

© 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.

Keywords: Microglia; Alzheimer’s disease; Amyloid-B; Akt;
NF-«B; Macrophage colony-stimulating factor

1. Introduction

Alzheimer’s disease (AD) is characterized by the presence of
senile plaques in the brain composed primarily of amyloid-3
peptide (AB). Microglia have been reported to surround the
APB plaques, which provokes a microglia-mediated inflamma-
tory response that contributes to neuronal cell loss [1]. On
the other hand, microglia play an important role in the clear-
ance of AP by phagocytosis, primarily through scavenger
receptor class A (SR-A, CD204), scavenger receptor-BI (SR-
BI) and CD36 [2-4]. Recently, it has been reported that

*Corresponding author. Fax: +81 52 744 2972.
E-mail address: kisobe@med.nagoya-u.ac.jp (K. Isobe).

! Present address. Department of Immunology, Nagoya University
Graduate School of Medicine, 65 Tsurumai-cho, Showa-ku, Nagoya
466-8550, Japan.

Abbreviations: AD, Alzheimer’s disease; AP, amyloid-f; EMSA, elec-
trophoretic mobility shift assay; FBS, fetal bovine serum; GM-CSF,
granulocyte-macrophage colony stimulating factor; M-CSF, macro-
phage colony-stimulating factor; PBS, phosphate-buffered saline; PI3-
kinase, phosphatidylinositol 3 kinase; RAGE, receptor for advanced
glycation end-products

microglia isolated from CD36-deficient mice had marked
reductions in AB-induced cytokine/chemokine secretion [5].
CD36 binds to A in vitro [6], and is physically associated with
members of the Src family tyrosine kinase [7,8], which trans-
duce signals from this receptor [9]. Another receptors such as
receptor for advanced glycosylation end-products (RAGE),
integrins and heparan sulfate proteoglycans, also have been re-
ported to bind with AP [10].

There are many reports that microglia are activated by ApB,
but it has been unclear whether Ap is associated with the pro-
liferation of microglia. Here we report that AB induces prolif-
eration of the microglial cell line Ra2 by increasing
macrophage colony-stimulating factor (M-CSF) expression.
We also elucidated signal transduction pathways from Ap-
treatment to M-CSF mRNA expression in microglia.

2. Materials and methods

2.1. Materials

Synthetic human AB25-35, AB1-42 and AB1-16 were obtained
from Peptide Institute Inc. AP35-25 was from AnaSpec Inc.
AP25-35, AB1-16 and AP35-25 were dissolved in H,O and AB 1-
42 was dissolved in 0.1% NH; according to the manufacturer’s
instructions. Anti-phospho-Akt (Serine 473), anti-Akt, anti-phos-
pho-IxkBa (Serine 32), and anti-IxBa antibodies were from Cell Sig-
naling. PPl was from Biomol. Wortmannin, 1LY294002 and Akt
inhibitor [1L-6-hydroxymethyl-chiro-inositol 2-(R)-2-O-methyl-3-0-
octadecylcarbonate] were from Calbiochem. Piceatannol was from
Sigma—Aldrich. Mouse recombinant granulocyte-macrophage col-
ony-stimulating factor (mrGM-CSF) was from Pharmingen. Mouse
recombinant M-CSF (mrM-CSF) was from Techne. AB25-35 and
AB1-42 were used at 50 and 10 uM, respectively, in all studies unless
otherwise stated.

2.2. Cell culture

Microglial cell line Ra2 was cultured in MGI medium [Eagle’s MEM
supplemented with 0.2% glucose, 5pug/ml bovine Insulin
(Sigma-Aldrich), and 10% fetal bovine serum (FBS, Invitrogen)] and
0.8 ng/ml mrGM-CSF (Pharmingen) [11]. Before AB-treatment, Ra2
cells were cultured in MGI medium without mrGM-CSF for 16 h. Pri-
mary microglia and primary astrocytes were prepared using newborn
C57BL/6 mice as described previously [12], and cultured in MGI med-
ium containing 0.8 ng/ml mrGM-CSF. The neuroblastoma cell line
Neuro2a was cultured in DMEM supplemented with 10% FBS. Pri-
mary neurons were obtained from the cortex of 14-day-old C57BL/6
mouse embryos as described previously [13] with some modifica-
tions. Neural cells cultured in DMEM supplemented with TIS (5 ug/ml

0014-5793/$30.00 © 2005 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
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transferrin, 5 pg/ml insulin, and 5 ng/mi selenite, Sigma), 10% FBS and
5 uM cytosine arabinoside (Ara-C, Sigma). Before AB-treatment, pri-
mary neurons were cultured in MGI medium for 16 h.

2.3. Cell proliferation (WST-1) assay

Cell proliferation was determined by analyzing the conversion of
WST-1 (light red) to its formazan derivate (dark red) using a WST-1
Cell Counting Kit (Dotite). For neutralization of M-CSF, anti-mouse
M-CSF antibody (Techne) was added to the culture medium. At the
end of the experiments, the media were replaced, and cells were incu-
bated with 10 pl of the WST-1 reagent for 1 h at 37 °C in 5% CO,.
The absorbance at 450 nm was measured by using a microplate reader
(Bio-Rad).

2.4. Immunoblotting

Cells were lysed in sample buffer (62.5 mM Tris-HCI, pH 6.8, 2%
SDS, 10% glycerol, 5% 2-mercaptoethanol, and 5% bromophenol
blue). Then 50 pg of total protein was resolved by SDS-PAGE and
transferred to PVDF membranes (Millipore). Immunoblotting was
performed with the appropriate antibody using the enhanced chemilu-
minescence (ECL) system (Amersham Pharmacia).

2.5. RT-PCR and real-time quantitative RT-PCR

Total RNA was isolated using an RNeasy mini kit (Qiagen) accord-
ing to the manufacturer’s instructions. Two micrograms of total RNA
was reverse transcribed to cDNA using SuperScript II Reverse Trans-
criptase (Invitrogen). For RT-PCR and real-time quantitative PCR,
the primers for mouse M-CSF and B-actin genes were as follows (5’
to 3'): M-CSF sense, CCATCGAGACCCTCAGACAT; M-CSF anti-
sensel for RT-PCR, CCTAAGGGAAAGGGTCCTGA; M-CSF
antisense2 for real-time PCR, GATGAGGACAGACAGGTGGA; B-
actin sense, AGTGTGACGTTGACATCCGT,; and B-actin antisense,
GCAGCTCAGTAACAGTCCGC. Conventional RT-PCR was per-
formed using 0.5 ul cDNA, and 30 cycles of amplification for M-CSF
or 23 cycles for B-actin at 94 °C for 1 min, 60 °C for 1 min and 72 °C
for 1 min. Quantitative real-time PCR was performed on the Smart Cy-
cler system (Takara) using the following program: 2 min at 50 °C,
10 min at 95 °C, followed by 40 cycles of 15s at 95°C, 1 min at
60°C, and 8s at 72 °C. The reactions were carried out using 0.5 pl
¢DNA with Smart Kit for Sybr Green I (Eurogentec). To check the
specificity of reactions, a single band of the correct size was visualized
by running out on 2% agarose gels. Values were expressed as relative
expression of M-CSF mRNA normalized to the B-actin mRNA.

2.6. Nuclear extracts and electrophoretic mobility shift assays (EMSAs)

Nuclear extracts of Ra2 cells were prepared as previously described
[141. Three micrograms of nuclear extract was incubated with 5 fmol
of *?P end-labeled double-stranded oligonucleotides derived from M-
CSF promoter in binding buffer [10 mM Tris, pH 7.5, 4% glycerol,
1 mM MgCl,, 50mM NaCl, 0.5mM EDTA, 0.5mM DTT, and
0.05 pg/ud poly(dI-dC)] for 20 min at room temperature. For competi-
tion assays, 1 pmol of unlabeled probe was incubated in the reaction
mix before the addition of the 3*P-labeled probe. The oligonucleotides
used in these experiments were as follows: NF-xB probe, 5'-GCC-
TTGAGGGAAAGTCCCTAGGGGC-3'; AP1 probe, 5-GTAGT-
ATGTGTCAGTGCC-3'. For supershift assays, nuclear extracts were
preincubated with anti-NF-xB p50 or p65 antibodies (Santa Cruz)
for 1 h at 4 °C. The DNA-protein complex was separated on 5% native
polyacrylamide gels. The dried gels were visualized using an Image
Reader (Fujifilm).

2.7. Statistical analysis

Results are expressed as means + S.D. Statistical analysis was done
by a two-tailed Student’s ¢ test. A P value of <0.05 was considered sta-
tistically significant.

3. Results and discussion

3.1. AP promotes microglial cell proliferation
To investigate the possible role of AP in the activation of
microglia, we examined if AB could sustain the cell prolifera-

- 66 -

S. Ito et al. | FEBS Letters 579 (2005) 1995-2000

tion of microglial cell line Ra2. Ra2 cells proliferate in MGI
medium containing GM-CSF and stop proliferating without
GM-CSF [11]. Under MGI medium without GM-CSF, the ef-
fects of M-CSF or A on the proliferation of Ra2 cells were
analyzed by the WST-1 assay. The addition of M-CSF induced
cell proliferation dose-dependently (Fig. 1A). Af25-35 in-
creased Ra2 cell proliferation dose-dependently (Fig. 1B).
APB25-35 does not occur naturally but has shown to mimic
the effects of AB1-42 [15-17]. AB1-42, which occurs in a brain
affected by AD, was more effective in cell proliferation than
APB25-35 (Fig. 1C). It has been reported that AB stimulates
the proliferation of microglia to enclose AP plaque [18,19].
We examined if M-CSF provoked the cell proliferation with
ApB-treatment. The effect of AR on the proliferation was
blocked by anti-M-CSF antibody (P < 0.05) (Fig. 1D). The
treatment with M-CSF was performed as a control. The effect
of M-CSF was blocked by anti-M-CSF antibody (Fig. 1D).
We found that AB induces microglial cell proliferation by M-
CSF production.

3.2. AB induces M-CSF mRNA expression in microglia

To examine whether AB could induce M-CSF mRNA
expression in microglia, Ra2 cells were stimulated with
AB25-35 for 16h at various concentrations. Af25-35 in-
duced M-CSF mRNA expression dose-dependently (Fig.
2A). As a result of real-time quantitative RT-PCR (Fig.
2A, right), M-CSF mRNA induction by 50 uM AB25-35
was about sevenfold of non-treated control. AB25-35 in-
duced time-dependent increases in M-CSF mRNA expression
(Fig. 2B). AB1-42 also induced M-CSF expression (Fig. 2A
and B). GM-CSF mRNA, on the other hand, was not in-
duced by AP25-35 or AB1-42 (data not shown). AB1-16
did not induce M-CSF mRNA expression (Fig. 2C), nor

AOSIMCSF _ o ongm B 04 agosas O ouM
£ 0.4] sngml ¢ S 0.1uM
S S ] M
€ sl 25ngiml - 1
L @ B 10 uM
£ B 50ng/ml 2
£ 0.2/ 5 B 50 uM
? [=]
-]
g ] 2 100uM
o
Cos-
03 '
£ 0.5 O - anti-MCSF
S 0.4 £ B +anti-MCSF
¢ 20.2
w U,
g 031 M
g
Q &
502 £oa
0.1 8
04

cantrol AB 142 MCSF

Fig. 1. AP promotes Ra2 cell proliferation. Cellular proliferation was
measured by WST-1 assay. (A, B and C) Ra2 cells were incubated with
the medium containing M-CSF, AB25-35 or ABl-42 at indicated
concentrations for 48 h. (D) Ra2 cells were preincubated with 1 pg/ml
anti-M-CSF antibody for 1 h before treatment with 5 uM Af1-42 or
25 ng/ml M-CSF for 24 h. Mean * S.D. values from a single experi-
ment were performed in triplicate. Similar results were obtained in
each of two separate experiments ("P < 0.05).
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Fig. 2. AP stimulates M-CSF mRNA expression in microglia. (A and B) M-CSF and B-actin mRNA were determined by RT-PCR (left) and
quantified by real-time PCR (right). Data represent means * S.D. of three separate determinations. Ra2 cells were treated with AB25-35 or AB1-42
at indicated concentrations for 16 h (A). Time course of M-CSF relative expression of Ra2 cells treated with 50 uM AB25-35 and 10 pM AB1-42 (B).
(C and D) Ra2 cells were treated with 50 pM ABI-16 (C) or 50 pM AB35-25 (D) for indicated times. (E and F) Primary microglia (E), primary
neurons, primary astrocytes and neuroblastoma Neuro2a (F) were treated with 50 pM Af$25-35 or 10 uM AB1-42 for 16 h.

did AP 35-25, which was a reverse sequence of AB25-35
(Fig. 2D). In primary microglia, as well as in Ra2 cells,
AP25-35 and AB1-42 increased M-CSF mRNA expression
(Fig. 2E). We also examined whether AP induced increases
in M-CSF mRNA expression in primary astrocytes, primary
neurons, and neuroblastoma cells Neuro2a. These cells con-
stitutively expressed M-CSF mRNA, but AB25-35 and ABl-
42 did not induce further expression of M-CSF mRNA (Fig.
2F). These results demonstrate that AP induced M-CSF
mRNA expression in only microglia.

3.3. Af induces M-CSF mRNA via Src family tyrosine kinase
and PI3-kinase signal cascade
Because our studies showed that AB25-35 had induced M-
CSF expression in Ra2 cells, we examined signal cascades for
ApB-induced M-CSF mRNA expression by using several
chemical inhibitors. The Src family tyrosine kinase is associ-
ated with CD36, which transduces signal cascades by A

[7,8,20]. In addition, Syk tyrosine kinase is activated by AB
[21]. First, we examined if M-CSF mRNA expression was in-
duced by AP via tyrosine kinase, Src family and Syk. A spe-
cific inhibitor of Src family kinase, PPl, prevented the
increase in M-CSF mRNA induced by AP (Fig. 3A). A
Syk-selective inhibitor, piceatannol, also blocked the increase
in M-CSF mRNA expression (Fig. 3B). Next, to investigate
whether the PI3-kinase pathway regulates AP-induced M-
CSF expression, Ra2 cells were pretreated with the PI3-ki-
nase inhibitors, wortmannin or LY294002. Wortmannin
and LY294002 inhibited the increase in M-CSF mRNA
expression dose-dependently (Fig. 3C and D). Fig. 3E shows
the result of quantitative amounts of mRNA by real-time
PCR. It has been reported that A stimulates tyrosine ki-
nase, PI3-kinase and Akt activation in neural and macro-
phage cells [21-24]. However, analysis of these signal
transductions in microglia has not been reported. This is
the first report that AP induces M-CSF expression through
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Fig. 3. Signal transduction for M-CSF mRNA expression induced by
AB. (A-D) M-CSF and B-actin mRNA expression were determined by
RT-PCR. Ra2 cells were preincubated with 10 uyM PP1 (A), wort-
mannin (C), LY294002 (D) for 30 min or piceatannol (B) for 1 h before
treatment of 50 pM AB25-35 for 6h. Beacuse all inhibitors were
dissolved in DMSO, control cells were treated with DMSO. (E) M-
CSF mRNA expressions were measured by real-time PCR (pice,
piceatannol; wort, wortmannin; LY, LY294002). Data represent
means  S.D. values of three separate determinations.

the Src family and Syk tyrosine kinases and the PI3-kinase
in microglia.

3.4. AP activates Akt signaling pathway in microglia

We examined whether Akt was involved in the AB-induced
M-CSF expression in Ra2 cells. Akt inhibitor blocked the in-
crease of M-CSF mRNA expression (Fig. 4A). Immunoblot-
ting analysis revealed that Akt was transiently phoshorylated
at serine 473 by AP (Fig. 4B). LY294002 and PP1 suppressed
the phosphorylation of Akt induced by A (Fig. 4D). Picea-
tannol also blocked the phosphorylation of Akt (Fig. 4E).
Because tyrosine kinases and PI3-kinase activate MEK/Erk/
Elk [25,26], we examined whether these signal pathways were
related to M-CSF mRNA expression induced by AB. AB in-
duced MEK and Erk1/2 phosphorylation in Ra2 cells. How-
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ever, specific inhibitors of MEK, U0126 and PD98059 did
not inhibit AB-induced M-CSF mRNA expression (data not
shown). These results indicate that the tyrosine kinases, Src
family and Syk, and the PI3-kinase activate Akt for ApP-
induced M-CSF expression.

3.5. AP activates NF-xB via PI3-kinase signal cascade

Because NF-«B is a target of Akt [27], next we examined if
IxBa phosphorylation was induced by AB. The phosphoryla-
tion of IxBa on serine 32 results in the release and nuclear
translocation of active NF-xB [28]. IxBa was phosphorylated
time-dependently, the phosphorylation peaked at 60 min and
then declined (Fig. 4C). The phosphorylation was inhibited
by LY294002 and PP1 (Fig. 4D). Piceatannol also blocked
the phosphorylation of IxBa (Fig. 4E).

The M-CSF promoter region has a putative NF-xB bind-
ing site at —369-378 bp from the transcriptional start site
[29]. To investigate whether this NF-xB binding site is asso-
ciated with AB-induced M-CSF expression, EMSA was car-
ried out with nuclear extracts prepared from untreated and
ABpB-treated Ra2 cells. The amount of protein binding to
the NF-xB probe was increased by AP-treatment (Fig. SA,
compare lanes 2 and 3). NF-xB binding activity was almost
completely eliminated by adding an excess of the unlabeled
NF-xkB probe but not by the unlabeled APl probe (Fig.
5A, lanes 6 and 7). Anti-p50 antibody supershifted the com-
plexes (Fig. 5A, lane 4) and anti-p65 antibody partially dis-
rupted the DNA binding of the complexes (Fig. 5A, lane 5).
To examine whether the Ap-induced increase in nuclear NF-
kB binding activity correlated with tyrosine kinase and PI3-
kinase, Ra2 cells were preincubated with chemical inhibitors
before treatment with AB. LY294002 reduced ApP-induced
binding to the NF-xB probe and piceatannol blocked the
DNA-binding complex (Fig. 5B, lanes 4-7). These results
indicate that AP enhances the binding of NF-xB to M-
CSF promoter via the Syk tyrosine kinase and the PI3-
kinase.

We have shown in the present study that AP proliferates
microglia and induces M-CSF via the PI3-kinase/Akt/NF«xB
signal pathways. It has been reported that AB binds to
CD36, which transduces signals via tyrosine kinase [6,20].
CD36 may participate in the initiation of intracellular sig-
naling to M-CSF expression. RAGE also has been reported
to induce NF-kB activation to M-CSF production [30]. Fur-
ther works are needed to prove the receptors of AP, which
induces PI3-kinase/Akt/NF-xB signal pathways to M-CSF
mRNA expression. A increases production of reactive oxy-
gen species (ROS) and activates Akt in neural cells [23].
And in microglia CD36 mediates production of ROS in re-
sponse to AP [31]. We found that antioxidants such as
reduced glutathione and o-tocopherol slightly blocked M-
CSF mRNA expression (data not shown). Also in microglia,
ROS may partly participate in activating the signal cascade
to M-CSF expression. It is important to reveal the relation
among the receptors of AP, production of ROS and signal
cascades.

Monsonego et al. [32] showed that activated microglia
migrated outside the brain and could present AP peptide
to T lymphocytes. Further analysis of microglial activation
may reveal the immunological mechanism of AD, and may
enhance the prospects of immune manipulation to prevent
AD.
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Abstract

Alzheimer’s disease (AD) is characterized by the presence of senile plaques composed primarily of amyloid-B peptide (AB) in the brain.
Microglia have been reported to surround these Af plaques, which have opposite roles, provoking a microglia-mediated inflammatory response
that contributes to neuronal cell loss or the removal of AB and damaged neurons. To perform these tasks microglia migrate to the sites of AR
secretion. We herein analyzed the process of chemokine expression induced by A stimulation in primary murine microglia and Ra2 microglial
cell line. We found that AB1-42 induced the expressions of CCL7, CCL2, CCL3, CCL4 and CXCL2 in the microglia. The signal transduction
pathway for the expression of CCL2 and CCL7 mRNA induced by AB1-42 was found to depend on phosphatidylinositol 3-kinase (PI3K)/Akt and
extracellular signal-regulated kinase (ERK), whereas the pathway for CCL4 depended only on PI3K/Akt. These inflammatory chemokine
expressions by AP stimulation emphasize the contribution of neuroinflammatory mechanisms to the pathogenesis of AD.
© 2006 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.

Keywords: Microglia; Alzheimer’s disease; Amyloid B; Chemokine; Akt; ERK

1. Introduction

Alzheimer’s disease (AD) is characterized by the presence
of senile plaques composed primarily of amyloid- peptide
(AB) in the brain. Microglia have been reported to surround AR
plaques (Haga et al., 1989; Itagaki et al., 1989). AB-induced
microglia have been shown to produce reactive oxygen species,
TNFq, IL1B, which have been demonstrated to cause the
degeneration of nervous cells (Akiyama et al., 2000; Ishii et al.,
2000; Blasko et al., 2004). On the other hand, microglia play an

Abbreviations: AD, Alzheimer’s disease; AR, amyloid-B; ERK, extracel-
lular signal-regulated kinase; FBS, fetal bovine serum; GM-CSF, granulocyte-
macrophage colony stimulating factor; PBS, phosphate-buffered saline; PI3K,
phosphatidylinositol 3-kinase

* Corresponding author. Tel.: +81 52 744 2135; fax: +81 52 744 2972.

E-mail address: kisobe@med.nagoya-u.ac.jp (K.-i. Isobe).

important role in the clearance of AP by phagocytosis,
primarily through scavenger receptor class A (SR-A, CD204),
scavenger receptor-BI (SR-BI) and CD36 (El Khoury et al.,
1996; Paresce et al., 1996; Husemann et al., 2002). Other
receptors such as receptor for advanced glycosylation end-
products (RAGE), integrins and heparan sulfate proteoglycans,
have also been reported to bind with A (Verdier and Penke,
2004). CD36 binds to AR in vitro (Bamberger et al., 2003), and
it is physically associated with members of the Src family
tyrosine kinase (Huang et al., 1991; Bull et al., 1994), which
transduce signals from this receptor (Jimenez et al., 2000).
Microglia as a macrophage-lineage cell may produce several
chemokines, which induce microglial chemotaxis. It has
recently been reported that microglia produce MCP-1
(CCL2) and other chemokines by AP stimulation through
CD36 receptor (El Khoury et al.,, 2003). Another report
examined the production of chemokines in THP-1 monocytes

0168-0102/$ — see front matter © 2006 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.
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induced by AP (Giri et al., 2003). However, there have so far
been no reports, which examined the whole series of
inflammatory chemokine expression induced by AR in
microglial cells. We herein extensively examined the whole
series of inflammatory chemokine expression by A stimula-
tion using real-time PCR methods. By this examination we
found that CCL2 (MCP-1), CCL3 (MIP-la), CCL4 (MIP-18),
CCL7 (MCP-3) and CXCL2 were induced by AB1-42. Then we
further analyzed the signaling pathway for CCL2, CCL4 and
CCL7 mRNA expression induced by AB1-42 in the microglia.

2. Materials and methods
2.1. Materials

Synthetic human AR1-42 and AR1-40 were obtained from Peptide Institute
Inc. (Osaka, Japan). AB1-42 and AB1-40 were dissolved in 0.1% NH; solution
according to the manufacturer’s instructions. Anti-phospho-Akt (Serine 473),
anti-Akt, anti-phospho-ERK1/2 (Thr202/Tyr204) antibodies were from Cell
Signaling (Beverly, MA). Anti-ERK antibody was from Santa Cruz (Santa
Cruz, CA). Wortmannin and PD98059 were from Calbiochem (San Diego, CA).
U0126 and SB203580 were from Promega (Madison, WI). All inhibitors were
resolved in DMSO. Mouse recombinant granulocyte-macrophage colony-sti-
mulating factor (mrGM-CSF) was from BD Pharmingen (San Diego, CA).

2.2. Cell culture

The microglial cell line Ra2 cells were established from neonatal C57BL/6J
(H-2") mice using a non-enzymatic and non-virus-transformed procedure
(Sawada et al.,, 1998). Ra2 cells proliferate in a culture medium containing
GM-CSF. The medium for maintaining Ra2 cells was MGI medium [Eagle’s
MEM supplemented with 0.2% glucose, 5 pg/ml bovine Insulin (Sigma—Aldrich,
St. Louis, MO), 10% fetal bovine serum (FBS, Invitrogen, Carlsbad, CA)] and
0.8 ng/ml mrGM-CSF (BD Pharmingen). Before AB-treatment, the Ra2 cells
were cultured in an MGI medium without mrGM-CSF for 16 h. The primary
microglia was prepared using newborn C57BL/6 mice as described previously
(Sawada et al., 1999), and then they were cultured in MGI medium containing
0.8 ng/ml mrGM-CSF. The purity of primary microglial cultures was estimated to
>95% based on the expression of CD11b marker using flow cytometry.

2.3. Quantitative real-time RT-PCR

Ra? cells and primary microglial cells were plated in 6 cm diameter dishes
at 1 x 10° cells/dish and treated with AR or 0.1% NHj; solution as a control.
Total RNA was isolated using an RNeasy mini kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. Two micrograms of total RNA was
reverse transcribed to 20 wl cDNA using Superscript I Reverse Transcriptase
(Invitrogen). Quantitative SYBR Green real-time PCR was performed on
Mx3000P (Promega) using the following program: 10s at 95 °C, followed
by 40 cycles of 5 s at 95 °C, 20 s at 60 °C. The reactions were carried out using
0.5 pl cDNA with SYBR Premix EX Taq (Takara, Shiga, Japan). The sequences
of the primer for real-time PCR are depicted in Table 1. As an endogenous
reference we used B-actin. Specificity of the PCR product was confirmed by
examination of dissociation reaction plots. A distinct single peak indicated that
single DNA sequence was amplified during PCR. In addition, end reaction
products were visualized on ethdium bromide-stained 2.0% agarose gels.
Appearance of a single band of the correct size confirmed specificity of the
PCR. Quantitative analysis of gene expression was performed using the
comparative cycle threshold (Cr) method, in which Cr is the threshold cycle
number (Livak and Schmittgen, 2001). The target gene (target, i.e. CCL2) was
normalized to an endogenous reference gene (B-actin). To indicate relative
expression, we calculated using the expression 2788CT where AACr = (Cryar-
get T CT,acu'n)trcatcd sample ™ (CT,largcl - CT,acLin)contml sample- Each Sample was
tested in triplicate with quantitative PCR, and samples obtained from three
independent experiments were used to calculate the means & S.D.

-T2

Table 1
The sequences of the primer for real-time PCR

Target (pruduct size) Sequence (5'-3")

Sense: TGAATGTGAAGTTGACCCGT
Antisense: AAGGCATCACAGTCCGAGTC

Sense: CCTCTGTCACCTGCTCAACA
Antisense: GATGAATTGGCGTGGAATCT

Sense: CCCACTTCCTGCTGTTTCTC
Antisense: GAGGAGGCCTCTCCTGAAGT

Sense: ATATGGCTCGGACACCACTC
Antisense: GGGAAGCGTATACAGGGTCA

Sense: GCCACACAGATCCCATGTAA
Antisense: GCAATGACCTTGTTCCCAGA

Sense: GCATGGAAGTCTGTGCTGAA
Antisense: AGAAAGAACAGCGGTGAGGA

Sense: TCAGCCCAGAGAAGCTGACT
Antisense: TCCAGCTTTGGCTGTCTCTT

Sense: CAAAGGAGGGCATTATGAGC
Antisense: CCTTGCTGTGCCTTCAGACT

Sense: GTCCTCAGGTATTGGCTGGA .
Antisense: GGGTCAGCACAGATCTCCTT

Sense: CAAGAACAAAGGCAACAGCA
Antisense: CGGCTTTATTGGAAGCTCTG

Sense: CGTCTGCTCTTCCTTGCTTT
Antisense: CTTCATCGGCCATCTGTCTT

Sense: TCCAGAGCTTGAGTGTGACG
Antisense: AGGCACATCAGGTACGATCC

Sense: AGTGTGACGTTGACATCCGT
Antisense: GCAGCTCAGTAACAGTCCGC

CCL2 (127 bp)

CCL3 (163 bp)

CCL4 (237 bp)

CCL5 (242 bp)

CCL6 (185 bp)

CCL7 (157 bp)

CCL8 (282 bp)

CCL9 (244 bp)

CCL12 (181 bp)

CCL19 (236 bp)

CCL20 (154 bp)

CXCL2 (258 bp)

B-Actin (298 bp)

2.4. Immunoblotting

The celis (1 x 10° cells/dish) were lysed in sample buffer (62.5 mM Tris—
HC], pH 6.8, 2% SDS, 10% glycerol, 5% 2-mercaptoethanol, and 5% bromo-
phenol blue). Protein concentrations were quantified by the Bradford assay
using the Bio-Rad protein assay (Bio-Rad, Herucules, CA). Then total protein
(50 pg per lane) was resolved by SDS-PAGE and then was transferred to PVDF
membranes (Millipore, Billerica, CA). The blots were incubated with anti-
phospho ERK or anti-phospho Akt overnight at 4 °C and then treated with HRP-
conjugated secondary antibody. Signals were detected by ECL system (Amer-
sham Biosciences, Little Chalfont, UK). The blots were stripped by incubation
in stripping buffer (100 mM 2-mercaptoethanol, 2% SDS, 62.5 mM Tris-HCI,
pH 6.8) and reprobed with anti-ERK or anti-Akt.

2.5. Statistical analysis

The results are expressed as the means + S.D. Comparisons among means
were performed using ANOVA, followed by the Scheffe’s test. The two-tailed
Student’s z-test was used for comparisons between two means.

3. Results

3.1. Production of several chemokines by AB-induced
microglia

We analyzed the effect of AR on the expression of
chemokines, in the microglia, which has been shown to be
secreted by inflammatory macrophages. The microglial cell



296 S. Ito et al. / Neuroscience Research 56 (2006) 294-299

50

7 control
£ Ap1-42

< 5

£ 2

9

o g

£ o

>

2

89

5 €

o g
8 ¥ e ¥ S W e £ W 5% _& —.«
R T T A T A I < T
Q Q QO O 0 QO 3 4 00
OO0 00O OO OO Bg
ISERSERS TS

Fig. 1. AB1-42 induced the expression of chemokine. Ra2 cells were treated
with 10 pM AB1-42 or 0.1% NHj solution as a control for 16 h. Real-time PCR
of a series of chemokine and B-actin mRNA were performed. The chemokine
mRNA expression was normalized to $3-actin. The results indicated relative
expression of chemokine in AB-treated cells compared with control cells. The
data represent the means = S.D. of triplicate of three separate experiments.
N.D.: the PCR signal was not detected.
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Fig. 2. Induction of the chemokine mRNA expression by AB1-42 in primary
microglia. Primary cultured microglial cells were treated with 10 pM AR1-42
or 0.1% NH; solution as a control for 16 h. Extracted mRNA was quantified by
real-time PCR. The results indicated relative expression of CCL2, CCL3, CCL4
and CCL7 in AB-treated cells compared with control cells. The data represent
the means =+ S.D. of triplicate of three separate experiments. p < 0.001 vs.
each control of chemokine.
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Fig. 3. The mRNA expression of chemokine induced with AB1-42 or AB1-40. Ra2 cells were stimulated 10 pM AB1-42 and 10 uM AB1-40 for 16 h. Extracted
mRNA was quantified by real-time PCR. The results indicated relative expression of CCL7 (A), CCL2 (B), CCL4 (C) in AR-treated cells compared with control cells.

The data represent the means =+ S.D. of triplicate of three separate experiments.

-73 -



S. Ito et al. /Neuroscience Research 56 (2006) 294-299

line Ra2 was treated with 10 pM AB1-42 for 16 h, and the
expression of chemokines was examined by quantitative real-
time PCR. We found the expression of CCL7 mRNA to be
highly increased by Af1-42 stimulation (Fig. 1). The
expressions of CCL2, CCL3, CCL4 and CXCL2 were also
increased by APB1-42. In the primary microglial cells cultured
from C57BL/6 mouse newborn brain, CCL2, CCL3, CCL4 and
CCL7 mRNA expression were induced by AB1-42 (Fig. 2).

3.2. ABI-42 but not AB1-40 induces chemokine production
in the microglia

As shown in Fig. 3A, AB1-42 but not AB1-40 induces CCL7
mRNA. In our assay, the high induction of CCL7 mRNA

15-

CCL7 mRNA
relative expression

297

expression was examined, when AB1-42 was added to the
culture. Interestingly, AB1-40 was not found to induce CCL7
(Fig. 3A). The expression of CCL2 and CCL4 also were
induced by AB1-42 but not AB1-40 (Fig. 3B and C).

3.3. AB induces CCL2 and CCL7 mRNA via the Erk and
PI3-kinase signal cascade

Next, we examined the signal cascades for AB-induced
CCL7 mRNA expression by using several chemical inhibitors
(Fig. 4A). Wortmannin, a phosphatidylinositol 3-kinase (PI3K)
inhibitor, clearly inhibited the CCL7 mRNA expression
induced by AB. Both U0126 and PD98059, MEK inhibitors,
also inhibited the increase in CCL7 mRNA expression.
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Fig. 4. Signal transduction for chemokine mRNA expression induced by AB1-42. Ra2 cells were preincubated with 200 nM wortmannin, 10 uM U0126, 10 uM
PD98059 or 10 wM SB203580 for 30 min before the addition of 10 uM AB1-42 or 0.1% NHj solution as a control for 6 h. Extracted mRNA was quantified by real-
time PCR. The results indicated relative expression of CCL7 (A), CCL2 (B) and CCL4 (C) in AB-treated cells compared with control cells. The data represent the
means %+ S.D. of triplicate of three separate experiments. “p < 0.001 vs. AB-treated cells (DMSO).
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Fig. 5. AB1-42 induces the phosphorylation of ERK and Akt. Ra2 cells were
treated with 10 uM A{31-42 for indicated times. Cell lysates were analyzed by
immunoblotting using anti-phospho ERKI/2 or anti-phospho Akt antibody. The
same blots were reprobed with anti-ERK or anti-Akt antibody.

However, SB203580, a p38 inhibitor, did not inhibit the CCL7
mRNA expression. These results indicate that AR induces
increase in CCL7 mRNA via both the PI3K/Akt and ERK
signaling pathways. For comparison, we also examined the
signaling pathway of CCL2 and CCLA4. The signaling pathway
for the CCL2 mRNA was similar to that for CCL7, namely both
the PI3K/Akt inhibitor and the MEK inhibitors blocked the
increase in CCL2 mRNA expression (Fig. 4B). However, the
CCLA4 expression was clearly blocked by the PI3K/Akt
inhibitor but not blocked by the MEK inhibitors (Fig. 4C).
Immunoblotting analysis revealed that the phosphorylation of
the ERK was induced by A 1-42 at a peak of 5 min (Fig. 5). In
addition, we confirmed that Akt was phosphorylated at serine
473 by AB1-42.

4. Discussion

Tissue resident macrophage is activated by various stimuli
such as infection, and secretes a range of cytokines and
chemokines. Chemokines recruit leukocytes (macrophage and
granulocyte) to sites of the tissue injury. In the case of AD, initial
injurious stimulus is AB. Microglia as one of the macrophage-
lineage cells might produce inflammatory chemokine induced by
AB. The data presented in this paper demonstrate that the CCL2,
CCL3, CCL4, CCL7 and CXCL2 mRNA expressions are
induced by AB1-42 in microglia. Among these chemokines, the
induction of CCL.7 mRNA expression was the highest. MCP-1
(CCL2) and MIP-13 (CCLA4) have been shown to be expressed in
THP-1 monocyte stimulated by AR (Giri et al., 2003). However,
it has not been reported that the induction of CCL7 mRNA by AR
stimulation. In our results, AB1-42 but not AB1-40 induced the
expression of CCLs. Because AB1-42 is easy to aggregate but
AB1-40 tends to remain monomer, the difference of the induction
of CCL mRNA expression may depend on the aggregation status
of these peptides.

‘We have herein shown that the A3-induced CCL7 and CCL2
mRNA expressions correlated with the activation of the ERK
and PI3K/Akt signaling cascades in the microglia. Several
groups have examined that AP activated ERK pathway in
microglia and THP-1 monocytes (McDonald et al., 1998;
Combs et al., 1999). Giri et al. showed that AP induced the
activation of MCP-1 (CCL2) via ERK pathway in THP-1 cells
(Giri et al., 2003). Their results partially correlate with ours. We
further showed that the PI3K/Akt pathway is also involved in
CCL2 expression induced by AB. In our result, the induction of
CCL7 and CCL2 mRNA need ERK and PI3K/Akt, but that of
CClLA4 correlated with only PI3K. A common transcriptional
mechanism may therefore participate in CCL7 and CCL2
mRNA expression.

Although the function of chemokine in AD pathogenesis has
not been clarified, the chemokine expression in AD patients has
recently been studied. A Dutch-Italian Alzheimer Research
group demonstrated the expressions of interferon-y-inducible
protein-10 (IP-10), CCL2, IL8 in CSF and serum of AD to be
up-regulated in comparison to the control (Galimberti et al.,
2003). A Swedish group reported an increase of CCL2 in the
CSF and serum of AD patients (Sun et al., 2003). These studies
suggest the importance of chemokine in AD pathogenesis. Our
in vitro work will give some suggestions to the clinical studies
of AD pathogenesis.

In conclusion, we have demonstrated that AR induces
several chemokines (CCL2, CCL3, CCL4, CCL7 and CXCL2)
in microglia. This study to our knowledge is the first to fully
demonstrate the expression pattern of macrophage-lineage
chemokine in microglia induced by AB. These chemokines
may have important function in the AD pathogenesis. The
signaling pathways from AP to chemokine mRNA expression
should help us to develop therapeutic methods of AD.
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17-AAG, an Hsp90 inhibitor, ameliorates polyglutamine-
mediated motor neuron degeneration

Masahiro Wazal*?, Hiroaki Adachi'?, Masahisa Katsuno!, Makoto Minamiyamal, Chen Sangl,
Fumiaki Tanaka!, Akira Inukai!, Manabu Doyu'! & Gen Sobue!

Heat-shock protein 90 (Hsp90) functions as part of a multichaperone complex that folds, activates and assembles its client
proteins. Androgen receptor (AR), a pathogenic gene product in spinal and bulbar muscular atrophy (SBMA), is one of the Hsp90
client proteins. We examined the therapeutic effects of 17-allylamino-17-demethoxygeldanamycin (17-AAG), a potent Hsp90
inhibitor, and its ability to degrade polyglutamine-expanded mutant AR. Administration of 17-AAG markedly ameliorated motor
impairments in the SBMA transgenic mouse model without detectable toxicity, by reducing amounts of monomeric and aggregated
mutant AR. The mutant AR showed a higher affinity for Hsp90-p23 and preferentially formed an HspS0 chaperone complex as
compared to wild-type AR; mutant AR was preferentially degraded in the presence of 17-AAG in both cells and transgenic mice
as compared to wild-type AR. 17-AAG also mildly induced Hsp70 and Hsp40. 17-AAG would thus provide a new therapeutic
approach to SBMA and probably to other related neurodegenerative diseases.

Hsp90, which accounts for 1-2% of cytosolic protein, is one of the
most abundant cellular chaperone proteins!. It functions in a multi-
component complex of chaperone proteins including Hsp70, Hop
(Hsp70 and Hsp90 organizing protein), Cdc37, Hsp40 and p23.
Hsp90 is involved in the folding, activation and assembly of several
proteins, known as Hsp90 client proteins'. As numerous oncoproteins
have been shown to be Hsp90 client proteins!, Hsp90 inhibitors have
become a new strategy in antitumor therapy’. Geldanamycin, a
classical Hsp90 inhibitor, is known as a potent antitumor agent?;
however, it has not been used in clinical trials because of its liver
xicity’. 17-AAG is a new derivative of geldanamycin that shares its
important biological activities? but shows less toxicity®.

Hsp90 requires several interacting, co-chaperone proteins to exert its
function on Hsp90 client proteins in Hsp90 complexes!, of which two
main forms exist’. One complex is a proteasome-targeting form
associated with Hsp70 and Hop, and the other is a stabilizing form
with Cdc37 and p23 (refs. 7,8). Particularly, p23 is thought to modulate
Hsp90 activity in the last stages of the chaperoning pathway, leading to
stabilized Hsp90 client proteins®. Hsp90 inhibitors, including 17-AAG,
inhibit the progression of the Hsp90 complex toward the stabilizing
form!®12, and shift it to the proteasome-targeting form”*%, resulting in
enhanced proteasomal degradation of the Hsp90 client protein”!*-13,

Because 17-AAG has less toxicity and higher selectivity for client
oncoproteins'®, 17-AAG is now in clinical trials for a wide range of
malignancies®’. Additionally, Hsp90 inhibitors also function as Hsp
inducers?®?!. Several previous studies have suggested that Hsp90
inhibitors could be applied to nononcological diseases as neuropro-
tective agents based on their induction of Hsps?>~28,

Androgen receptor (AR) is one of the Hsp90 client proteins'®, and
is a pathogenic gene product of spinal and bulbar muscular atrophy
(SBMA), one of the polyglutamine (polyQ) diseases?®. This disease is
characterized by premature muscular exhaustion, slow progressive
muscular weakness, atrophy and fasciculation in bulbar and limb
muscles’’, PolyQ diseases are inherited neurodegenerative disorders
caused by the expansion of a trinucleotide CAG repeat in the causative
genes®’. In SBMA, the number of polymorphic CAG repeats is
normally 14-32, whereas it is expanded to 40-62 CAGs in the AR
gene®?. A correlation exists between CAG repeat size and disease
severity>>, The pathologic features of SBMA are motor neuron loss in
the spinal cord and brainstem?/, and diffuse nuclear accumulation and
nuclear inclusions of the mutant AR in the residual motor neurons
and certain visceral organs>%,

We have already examined several therapeutic approaches in a
mouse model of SBMA®38, As a consequence, we confirmed that
castration and leuprorelin, a luteinizing hormone-releasing hormone
agonist that reduces testosterone release from the testis, substantially
rescued motor dysfunction and nuclear accumulation of mutant
AR in male transgenic mice’>¥. Although this hormonal therapy
was effective, it poses the unavoidable difficulty of severe sexual
dysfunction®”. In addition, this therapy cannot be applied to other
polyQ diseases.

Here, we present a new and potent strategy for SBMA therapy with
17-AAG, an Hsp90 inhibitor. Given that Hsp90 inhibitors have two
major activities, preferential client protein degradation and Hsp
induction, we hypothesized that 17-AAG would degrade mutant AR
more effectively than wild-type AR.

IDepartment of Neurology, Nagoya University Graduate School of Medicine, 65 Tsurumai-cho, Showa-ku, Nagoya 466-8550, Japan. 2These authors contributed equally
to this work. Correspondence should be addressed to G.S. (sobueg@med.nagoya-u.ac.jp).
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Figure 1 Effect of 17-AAG on the AR or chaperones in cultured-cell models. (a,b) Although the immunobiot and densitometric analysis showed a dose-
dependent decline in both wild-type (AR-24Q) and mutant (AR-97Q) AR expression in response to 17-AAG, the mutant AR decreased more than did the
wild-type. 17-AAG markedly increased the expression of Hsp70 and Hsp40, especially for Hsp70, but only slightly increased Hsp90 expression. (¢} The
decrease in mutant AR after treatment with 17-AAG was much higher than that of wild-type AR (88.9% versus 45.9%, P = 0.0063). Values are expressed
as mean = s.e.m. (n = 5). {d) Pulse-chase analysis of two forms of AR. Data from one representative experiment for wild-type and mutant AR. (e} Pulse-
chase assessment of the half-life of wild-type and mutant AR. The amounts of AR-24Q and AR-97Q remaining in the absence and presence of 17-AAG

are indicated. Values are expressed as mean + s.e.m. (n = 4). {f) Real-lime RT-PCR of wild-type and mutant AR mRNA. Quantities are shown as the ratio
to GAPDH mRNA. The wild-type and mutant AR mRNA levels were similar under 17-AAG treatments. Values are expressed as mean + s.e.m. (n = 4).

*P < 0.025, *P < 0.005.

In this study, we examine the effects of 17-AAG on a cultured-cell
model and the transgenic mouse model of SBMA. We show that the
mutant AR exists more frequently as a stabilized Hsp90 chaperone
complex than does the wild-type AR, and that 17-AAG selectively
degrades the mutant AR. Administration of 17-AAG inhibits neuronal
nuclear accumulation of the mutant AR and considerably ameliorates
motor phenotypes of the SBMA model mouse.

RESULTS

Effect of 17-AAG on expression of AR and Hsps in vitro

To address the question of whether 17-AAG promotes the degradation
of polyQ-expanded AR, we treated SH-SYSY cells highly expressing
the wild-type (AR-24Q) or mutant (AR-97Q) AR for 48 h with the
indicated doses of 17-AAG or with DMSO as control. Although
immunoblot analysis showed a dose-dependent decline in both
wild-type and mutant AR expression after treatment with 17-AAG
(Pig. 1a), the monomeric mutant AR decreased significantly more
than did the wild-type (P = 0.0063; Fig. 1b,c), suggesting that the
mutant AR is more sensitive to 17-AAG than is the wild-type. The
expression of Hsp70 and Hsp40 were also markedly increased
after treatment with 17-AAG, but Hsp90 was only slightly increased
(Fig. 1a,b). There were no significant differences, however, in the levels

of Hsp70, Hsp40 and Hsp90 induction between the wild-type and
mutant AR (Fig. 1c).

To determine whether the decrease in AR resulted from protein de-
gradation or from changes in RNA expression, we assessed the turn-
over of wild-type and mutant AR with a pulse-chase labeling assay.
Without treatment, the wild-type and mutant AR were degraded in a
similar manner, as previously reported®>, In the presence of 17-AAG,
however, the wild-type and mutant AR had half-lives of 3.5 h and 2 h,
respectively (Fig. 1d,e), whereas levels of mRNA encoding the wild-type
and mutant AR were quite similar (Fig. 1f). Cell viability did not differ
between wild-type and mutant AR transfected cells (data not shown).
These data indicate that 17-AAG preferentially degrades the mutant
AR protein without cellular toxicity or alteration of mRNA levels.

To address why 17-AAG preferentially degrades mutant AR, we
determined the levels of Hsp90, Hop and p23 associated with wild-
type or mutant AR in SH-SY5Y cells without 17-AAG treatment
(Fig. 2a). Hop and p23 are two essential components of multi-
chaperone Hsp90 complexes!. Without 17-AAG treatment, coimmu-
noprecipitation from the cell lysates with antibodies to AR showed
that p23 was more highly associated with mutant than with wild-type
AR (Fig. 2a,b). The total levels of Hsp90, Hop and p23 were similar in
the cells transfected with either wild-type or mutant AR (Fig. 2a).
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We next examined the status of the Hsp90 chaperone complex in
wild-type and mutant AR-expressing cultured cells treated with 17-
AAG. Immunoprecipitation with AR-specific antibody showed that
Hsp90 chaperone complex—associated Hop was markedly increased,
and p23 decreased depending on the dose of 17-AAG (Fig. 3a,b),
suggesting that treatment with 17-AAG resulted in the shifting of the
AR-Hsp90 chaperone complex from a mature stabilizing form with
P23 to a proteasome-targeting form with Hop. The loss of p23 from
the mutant AR-Hsp90 complex was significantly higher (P < 0.005)
than that from the wild-type AR-Hsp90 complex (Fig. 3c). The
degradation of wild-type and mutant AR by 17-AAG was completely
blocked by the proteasome inhibitor MG132 (Fig. 3d), suggesting that

Figure 3 Pharmacological change in the AR-Hsp30 complex, and the
correlation to proteasomal degradation. (a) Immunoblots of lysates of
transfected cells treated with 17-AAG. Lysates were immunoprecipitated
with AR-specific antibody. The short time exposure to 17-AAG did not
decrease the amount of mutant AR. There were dose-dependent changes in
both Hop and p23 after treatment with 17-AAG; however, no dissociation of
Hsp90 from the mutant AR complex was seen. There were no changes in
the expression of Hop, p23 and Hsp90 in whole lysates in the presence of
17-AAG. (b) Densitometric analysis of Hop and p23 in the bound fractions.
There was a marked increase in the amount of Hop, and a marked decrease
in p23 in both wild-type and mutant AR-bound Hsp30 complexes after
treatment with 17-AAG. R.S.1,, relative signal intensity. (¢) Comparisons of
induction rate of Hop and reduction rate of p23 in the HspS0 complexes of
wild-type and mutant AR. Although there was no significant difference in the
induction rate of Hop between the wild-type and mutant AR complexes, the
reduction rate of p23 was significantly higher in the mutant AR complex
compared with that in the wild-type complex (43.8% versus 79.0%,

P < 0.005). Values are expressed as means * s.e.m. (1 = 5). (d) Effect

of 17-AAG on AR expression under the inhibition of proteasomal
degradation. The mutant AR was more markedly reduced than

wild-type AR after 17-AAG treatments; however, this pharmacological
degradation was completely blocked by MG132 in both cases. DM, DMSO.
*P < 0.025, *P < 0.005.

Figure 2 Immunoprecipitation of wild-type and mutant AR in cultured-cell
models. (a) Wild-type and mutant AR were immunoprecipitated from cell
lysates with an AR-specific antibody and immunoblotted with antibodies to
the indicated western blot proteins. There was more mutant AR present in
multichaperone complexes with p23 than there was wild-type AR. There
were no differences in total expression levels of AR, Hsp90, Hsp70, Hop
and p23 between wild-type and mutant AR-expressing cells. Control
immunoprecipitations without antibodies did not immunoprecipitate any
co-chaperones (data not shown). (b) The densitometric analysis of p23 in
the bound and unbound fractions shows there was 1.6 times as much p23
associated with mutant AR than there was with the wild-type (P < 0.01).
This experiment was repeated with five sets of cells with equivalent results.
Values are expressed as mean + s.e.m. (n = 5), *P < 0.05, **P < 0.01.
R.S.1., relative signal intensity.

the pharmacological degradation by 17-AAG was dependent on the
proteasome system, as previously reported'”8, Furthermore, these
results strongly suggest that mutant AR is more likely to be in the
Hsp90-p23 multichaperone complexes, which eventually enhances 17-
AAG—dependent proteasomal degradation of mutant AR.

Moreover, mutant AR was markedly decreased after treatment with
17-AAG even when induction of Hsp70 and Hsp40 was blocked by the
protein-synthesis inhibitor cycloheximide (Supplementary Fig. 1
online), suggesting that 17-AAG contributes to the preferential degra-
dation of mutant AR mainly through Hsp90 chaperone complex
formation and subsequent proteasome-dependent degradation rather
than through induction of Hsp70 and Hsp40.

17-AAG ameliorates phenotypic expression of SBMA mice

We administered 17-AAG (2.5 or 25 mg/kg) to male transgenic mice
carrying full-length human AR-24Q or AR-97Q. The disease progres-
sion of AR-97Q mice treated with 25 mg/kg 17-AAG (Tg-25) was
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markedly ameliorated, and that of mice treated with the 2.5 mg/kg
17-AAG (Tg-2.5) was mildly ameliorated (Fig. 4a~d). The untreated
transgenic male mice (Tg-0) showed motor impairment assessed by
the rotarod task as early as 9 weeks after birth, whereas Tg-25 mice
showed initial impairment only 18 weeks after birth and with less
© deterioration than Tg-0 mice (Fig. 4a). Tg-2.5 mice showed inter-

mediate levels of impairment in rotarod performance (Fig. 4a). The
», locomotor cage activity of Tg-0 mice was also markedly decreased at
10 weeks compared with the other two groups, which showed
decreases in activity at 13 (Tg-2.5) and 16 (Tg-25) weeks of age
(Fig. 4b). Tg-0 mice lost weight significantly earlier and more
profoundly than the Tg-2.5 (P < 0.025) and Tg-25 mice (P <
0.005; Fig. 4c). Treatment with 17-AAG also significantly prolonged
the survival rate of Tg-2.5 (P = 0.004) and Tg-25 mice (P < 0.001) as
compared to Tg-0 mice (Fig. 4d). 17-AAG was less effective at the
close of 2.5 mg/kg than 25 mg/kg in all parameters tested. The lines
were not distinguishable in terms of body weight at birth; however, by
16 weeks, Tg-0 mice showed obvious differences in body size,
muscular atrophy and kyphosis compared to Tg-25 mice (Fig. 4e).
Additionally, Tg-0 mice showed motor weakness, with short steps and
dragging of the legs, whereas Tg-25 mice showed almost normal
ambulation (Fig. 4f.g).

When we immunohistochemically examined mouse tissues for
mutant AR using the 1C2 antibody, which specifically recognizes
expanded polyQ, we observed a marked reduction in 1C2-positve
nuclear accumulation in the spinal motor neurons (Fig. 5a) and
muscles (Fig. 5b) of Tg-25 mice compared with those of Tg-0 mice.
Glial fibrillary acidic protein (GFAP)-specific antibody staining
showed an apparent reduction of reactive astrogliosis in Tg-25
compared with Tg-0 mice in the spinal anterior horn (Fig. 5¢). Muscle
histology also showed marked amelioration of neurogenic muscle
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Figure 4 Effects of 17-AAG on behavioral and visible phenotypes in male AR-97Q mice. (a) Rotarod task (n = 27), {b) cage activity {n = 18), (c) body
weight (n = 27) and (d) survival rate (n == 27) of Tg-0, Tg-2.5 and Tg-25 mice. All parameters were significantly different between the Tg-0 and Tg-25

(P < 0.005 for all parameters). A Kaplan-Meier plot shows the prolonged survival of Tg-2.5 and Tg-25 compared with Tg-0, which had all died by 25 weeks
of age (P = 0.004, P < 0.001, respectively). (e) Representative photographs of a 16-week-old Tg-O (left) shows an obvious difference in size, and
iflustrates muscular atrophy and kyphosis compared with an age-matched Tg-25 (right). (f) Footprints of representative 16-week-old Tg-0, Tg-2.5 and Tg-25
mice. Front paws are indicated in red and hind paws in blue. (g) The length of steps was measured in 16-week-old Tg-0, Tg-2.5 and Tg-25 mice. Each
column shows an average of steps of the hind paw. Values are expressed as means + s.e.m. (n = 6). *P < 0.025, **P < 0.005.

atrophy in the AR-97Q mice treated with 17-AAG (Fig. 5d). We
confirmed a significant reduction of 1C2-positive nuclear accumula-
tion in both spinal cord (P < 0.01) and skeletal muscle (P < 0.05) by
quantitative assessment (Fig. 5e). AR-24Q mice and normal litter-
mates treated with 17-AAG showed no altered phenotypes (data
not shown).

To evaluate the toxic effects of 17-AAG, we examined blood samples
from 25-week-old mice treated with 25 mg/kg 17-AAG for 20 weeks.
Measurements of aspartate aminotransferase, alanine aminotransfer-
ase, blood urea nitrogen and serum creatinine showed that treatment
with 17-AAG resulted in neither infertility nor liver or renal dysfunc-
tion in the AR-97Q male mice at the dose of 25 mg/kg (Supplemen-
tary Fig. 2 online).

Mutant AR is preferentially degraded by 17-AAG in vivo

As the mutant AR was preferentially degraded as compared to the
wild-type AR in the presence of 17-AAG in vitro, we also examined the
level of AR in the SBMA mouse model. Western blot analysis of lysates
of the spinal cord and muscle of AR-97Q mice showed high mole-
cular-weight mutant AR protein complex retained in the stacking gel
as well as a band of monomeric mutant AR, whereas only the band of
wild-type monomeric AR was visible in tissues from the AR-24Q mice
(Fig. 6a,b). Treatment with 17-AAG notably diminished both the high
molecular—weight complex and the monomer of mutant AR in
the spinal cord and muscle of the AR-97Q mice, but only slightly
diminished the wild-type monomeric AR in AR-24Q mice (Fig. 6a,b).
Treatment with 17-AAG decreased the amount of the monomeric
AR in AR-97Q mice by 64.4% in the spinal cord and 45.0% in the
skeletal muscle, whereas these amounts were only 25.9% and 12.5%,
respectively, in AR-24Q mice (Fig. 6a,b). Thus, the reduction rate of
the monomeric mutant AR was significantly higher than the wild-type
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Figure 5 Effects of 17-AAG on the histopathology of male AR-27Q mice. (a,b) Immunohistochemical staining with 1C2-specific antibody showed marked
differences in diffuse nuclear staining and nuclear inclusions between Tg-0 and Tg-25 mice in the spinal anterior horn and skeletal muscle, respectively.

(c) Immunohistochemical staining with GFAP-specific antibody also showed an obvious reduction of reactive astrogliosis in the spinal anterior horn of mice
treated with 17-AAG. (d) Hematoxylin and eosin staining of the muscle in Tg-O mice showed obvious grouped atrophy and small angulated fibers, which were
not seen in Tg-25 mice. (e) There was a significant reduction in 1C2-positive cell staining in the spinal cord (P < 0.01) and skeletal muscle {P < 0.05) in
Tg-25 as compared to Tg-O mice. Values are expressed as mean + s.e.m. (n = 6). *P < 0.05, **P < 0.01.

AR in both spinal cord (P < 0.001) and skeletal muscle (P < 0.01;
Fig. 6¢). The levels of wild-type and mutant AR mRNA were similar in
the respective mice treated with 17-AAG (Fig. 6d). We also performed
filter-trap assays for quantitative analyses of both the large molecular
aggregated and soluble forms of the mutant AR, Both forms of
trapped AR-97Q protein were markedly reduced in the spinal cord
and muscle of Tg-25 mice, whereas those from the AR-24Q were not
(Supplementary Fig. 3 online). These observations strongly indicate
that 17-AAG markedly reduces not only the monomeric mutant AR
protein but also the high molecular—weight mutant AR complex,
because of the preferential degradation of the mutant AR.

Western blot analysis showed that the levels of Hsp70 and Hsp40 in

gg%spinal cord were increased by 47.1% and 29.5%, respectively, and in
‘muscle by 29.2% and 24.7%, respectively (Supplementary Fig. 4

online) after treatment with 17-AAG. These pharmacological effects of
chaperone induction were statistically significant (P < 0.05 for all
parameters), but not as marked as the 17-AAG-induced mutant AR

Figure 6 Effects of 17-AAG on AR expression in male AR-24Q or 97Q mice.
(a,b) Western blot analysis of the spinal cord and muscle of AR-24Q and
AR-87Q mice probed with AR-specific antibody. In both spinal cord and
muscle of mice treated with 17-AAG, there was a significant decrease in

the amount of mutant AR in the stacking gel and monomeric mutant AR in
AR-97Q mice, but only slightly less monomeric wild-type AR in AR-24Q
mice compared with that from untreated control mice. {¢) Comparison of
reduction rate of wild-type and mutant AR. Densitometric analysis showed
that the 17-AAG-induced reduction of monomeric mutant AR was
significantly greater than that of the wild-type monomeric AR. 17-AAG
resulted in a 64.4% decline in monomeric mutant AR in the spinal cord,
and a 45.0% decline in the skeletal muscle, whereas there was only a
25.9% decline in the spinal cord and a 12.5% decline in the skeletal
muscle of AR-24Q mice. These resuits show significant differences of

the reduction rate between wild-type and mutant AR in both spinal cord

and skeletal muscle. Values are expressed as mean = s.e.m. {n = 5).

*P < 0.05, **P < 0.01, ***P < 0.001. (d) Real-time RT-PCR of wild-type
and mutant AR mRNA in vivo. The expression levels of wild-type and mutant
AR mRNA in transgenic mouse spinal cord and skeletal muscie were similar
under 17-AAG treatments. Values are expressed as mean + s.e.m. (n = 3).

reduction, and were also not as pronounced as those arising from
genetic manipulation in our previous study>S.

Hsp90 inhibitors nonspecifically activate heat shock responses
through a dissociation of the heat-shock transcription factor
(HSF-1) from the Hsp90 complex?”#.. Although the expression of
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