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Fig. 4. (A) Sig-1Rs inhibits Caspase-4 processing. Processing of Caspase-4 in ER stress between Sigma-1Rs trahsféctant?andhmck transfectant were compared. Cells were
treated with 1 pg/ml of Tm, for the indicated period. (B) Protein levels of processed Caspase-4 in Fig. 4A were qua,nﬁﬁéd; values are means + S.D. from three independent
experiments. (C) Schematic representation of the results in this study. Sig-1Rs were upregulated via PERK/eIFZ'a/ATFfi pathway in ER stress and ameliolate cell death
signaling. Pathogenesis with two polymorphism (T-485A, GC-241-240TT) might be caused by impediment of Sig~1Rs induction by ATF4.

pathogenic polymorphisms (T-485A or GC-241-240TT) in the 5’
upstream region, luciferase activity in ER stress by ATF4 were
reduced. These data indicate that the nucleotide site -485T and
-241-240GC were important for the binding with ATF4 (Fig. 4C).

In this study, we could not identify CARE-like element; known
as ATF4 binding element, within the 5 promoter region (—582 to
—156). ATF4 is known to be bound with CARE-like element and in-
duces target genes by interaction with C/EBP [25]. One possible
explanation is ATF4 might compose complex with other unknown
co-factors and induce Sig-1Rs expression.

Although additional studies are necessary to understand the de-
tailed function of Sig-1Rs and mechanism regulating Sig-1Rs
expression, our present study is the first report identifying the
transcription factor ATF4 regulating Sig-1Rs expression to execute

protective function. This pathway upregulating Sig-1Rs expression

might become potential therapeutic target. And this result might
provide the clue to prevent mental disorders from cell
vulnerability.
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Abstract Endoplasmic reticulum (ER) stress response is
important for protein maturation in the ER. Some murine
models for bone diseases have provided significant insight
into the possibility that pathogenesis of osteoporosis is
related to ER stress response of osteoblasts. We examined a
possible correlation between osteoporosis and ER stress
response. Bone specimens from 8 osteoporosis patients and
8 disease-controls were used for immunohistochemical
analysis. We found that ER molecular chaperones, such as
BiP (immunoglobulin heavy-chain binding protein) and
PDI (protein-disulfide isomerase) are down-regulated in
osteoblasts from osteoporosis patients. Based on this result,
we hypothesized that up-regulation of ER molecular
chaperones in osteoblasts could restore decreased bone

S. Hino - S. Kondo - K. Yoshinaga - A. Saito -

T. Murakami - S. Kanemoto - H. Sekiya - K. Chihara -
Y. Aikawa - K. Imaizumi (E<) .
Division of Molecular and Cellular Biology,
Department of Anatomy, Faculty of Medicine,

. University of Miyazaki, Kihara 5200, Kiyotake,
Miyazaki 889-1692, Japan :

- e-mail: imaizumi @med.miyazaki-u.ac.jp

. H. Hara

Department of Biofunctional Evaluation,

Molecular Pharmacology, Gifu Pharmaceutical University,
5-6-1 Mitahora-higashi, Gifu 502-8585, Japan

T. Kudo .

Department of Clinical Neuroscience, Psychiatry,
Graduate School of Medicine, Osaka University,
2-2 Yamadaoka, Suita, Osaka 565-0871, Japan

T. Sekimoto - T. Funamoto - E. Chosa

Department of Orthopaedic Surgery, Faculty of Medicine,
University of Miyazaki, Kihara 5200, Kiyotake,
Miyazaki 889-1692, Japan

formation in osteoporosis. Therefore, we investigated
whether treatment of murine model for osteoporosis with
BIX (BiP inducer X), selective inducer BiP, could prevent
bone loss. We found that oral administration of BIX
effectively improves decline in bone formation through the
activation of folding and secretion of bone matrix proteins.
Considering these results together, BIX may be a potential
therapeutic agent for the prevention of bone loss in oste-
oporosis patients.

Keywords Osteoporosis - Osteoblast - BiP - BIX -
Endoplasmic reticulum stress response
Introduction

When cells synthesize secretory proteins in amounts that

~ exceed the capacity of the folding apparatus, unfolded

proteins accumulate in the endoplasmic reticulum (ER). To
alleviate such a stressful situation (ER stress), eukaryotic
cells activate a series of self-defense mechanisms referred
to collectively as the ER stress response or unfolded pro-
tein response (UPR) [1-3]. A malfunction of the UPR
caused by aging, genetic mutations, or environmental fac-
tors can result in various diseases such as diabetes and
neurodegenerative disorders [4, 5].

Osteoporosis is characterized by reduced bone mass,

" alterations in the microarchitecture of bone tissue, reduced
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bone strength, and an increased risk of fracture [6]. Many
factors influence the risk of osteoporosis, including genetics,
diet, physical activity, medication, and coexisting diseases,
but the pathogenesis of osteoporosis still remains unclear. A
very large number of genes have been identified as possible
candidates for the regulation of bone mass and susceptibility
to osteoporotic fractures [7]. Wolcott-Rallison syndrome
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(WRS) is a rare autosomal recessive disorder that is
characterized by permanent. neonatal insulin-dependent
diabetes, severe epiphyseal dysplasia, and osteoporosis [8].

The syndrome results from mutations in the gene encoding

the eukaryotic translation initiation factor 2-kinase 3

(EIF2AK3, also called PERK or PEK), one of the major ER

stress transducers [9]. EIF2AK3 deficient mice also exhib-
ited skeletal defects included deficient mineralization,
osteoporosis and abnormal compact bone development [10].
ATF4 is another ER stress-related gene and is a substrate for
. RSK2 (ribosomal serine/threonine-kinase 2). ATF4-defi-
" cient mice showed a delay in ossification and osteopenia
[11]. Patients with Coffin-Lowry syndrome, which is an
X-linked disease characterized by mental retardation,
delayed bone age, delayed closure of the fontanelle, and
short stature, have mutations in RSK2. Both ATF4—/— mice
and RSK2—/— mice showed disturbance in type I collagen
production [11]. Furthermore, abnormal ER retention of
type I procollagen was observed in PERK—/— osteoblasts
[12]. Taken together, normal ER stress responses could
play important roles in type I collagen synthesis and
secretion. ' -

The phenotypes of these murine models and human
-bone disease suggest that pathogenesis of bone disease,
such as osteopenia and osteoporosis, is related to ER stress
response of osteoblasts. However, little has been reported
on the relationship between osteoporosis and ER stress
response. In this report, we analyzed whether development

35-77 years, undergoing surgical procedures such as
amputation for hip osteoarthritis (Table 1, patient A-H).

Histological procéssing

Bone specimens were fixed at the earliest possible oppor-

" tunity in 10% neutral formalin and then decalcified with

10% EDTA. Hematoxylin—Eosin (HE) was performed
using 6 pm paraffin sections and standard protocols.

For immunohistochemistry, dewaxed paraffin sections
were pretreated with 3% hydrogen peroxide in PBS for
5 min and treated with 1% bovine serum albumin in PBS
for 60 min. Sections were subsequently incubated with
mouse anti-KDEL antibody (MBL) or mouse  anti-PDI
antibody (Affinity BioReagents) followed by an incubation
with horseradish peroxidase (HRP)-conjugated anti-mouse
IgG antibody (GE Healthcare). The immunoreaction was
visualized with DAB stain (Sigma). For immunofluores- .
cence, primary antibodies were visualized with alexa-
conjugated goat anti-mouse IgG (Molecular Probes).
Stained sections were viewed using a confocal microscope

- (FV1000D, OLYMPUS).

of osteoporosis correlates with ER stress response in

osteoblasts of osteoporosis patients.

BiP (immunoglobulin heavy-chain binding protein) is
one of the ER molecular chaperones, and is induced in
response to ER stress. BiP serves to restore folding of
misfolded or incompletely assembled proteins [13, 14] and
expression of BiP protects against various types of cell
death induced by ER stress [15, 16]. A chemical com-
pound, BIX (BiP inducer X), 1-(3,4-dihydroxyphenyl)-2-
thiocyanato-ethanone  (Fig. 3a), was developed as an
inducer of BiP mRNA [17]. In this paper, we also inves-
tigated whether treatment of murine model for 0steoporosis
with BIX could effectively prevent bone loss. '

Materials and methods
Patient details

Clinical osteoporosis was determined from the bone min-
eral density (BMD) by radiographic absorptiometry or dual
energy X-ray absorptiometry (DXA). Bone samples used in
this study were from 8 osteoporosis patients aged 53—
88 years (Table 1, patient I-P). As control sampleé, 8 bone
specimens from disease—controls were collected aged

@ Springer

Quantification of immunofluorescence

To quantify the expression levels of BiP and PDI, fluo-
rescence images of stained sections were measured by
Lumina Vision software (Mitani Corporation). Obtained
fluorescence intensity was normalized to the total surface
area of osteoblasts.

Cell culture materials

Primary cultures of osteoblasts were prepared from the cal-
varia of postnatal 4 daysin C57BL/6 mice and were grown in
alpha modified Eagle’s medium supplemented with 10%
fetal calf serum. To confirm that the osteoblastic genes were
expressed in primary culture, the mRNAs for Alkaline
phosphatase (Alp) and osteocalcin were examined using RT-
PCR at 14 days after the plating of cells. The amount of
secreted osteopontin in the supernatants from primary oste-
oblasts was determined by ELISA using commercial kits
(R&D Systems). The primers used for amplification were as
follows: Alp, 5-GCCCTCTCCAAGACATATA-3' and
5-CCATGATCACGTCGATATCC-3'; osteocalcin, 5'-AA

- GCAGGAGGGCAATAAGGT-3' and 5'-AGCTGCTGTG
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ACATCCATAC-3'.
RNA extraction and real-time RT-PCR
Female ICR mice (7-week old) were orally administered

BIX at 10 or 30 mg/kg or vehicle for 24 h, then the tibia -
from the hind limb was collected. Total RNA was isolated
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Table 1 Information on osteoporosis patients and controls
Patient  Disease Osteoporosis ~ Site of biopsy Sex (M/F) Age (years) ‘Active’ Remarks
(+/-) ' osteoblast
Knee osteoarthritis - Condyle of femur F - 77 ++ Figs. 1,2
Hip osteoarthritis - Femur head F 68 ++
Hip osteoarthritis - Femur head M 58 ++
Hip osteoarthritis - ‘Femur head M 60 ++
Hip osteoarthritis - Femur head F 78 +
Hemia of intervertebral disk (L5/S1) — Spine (L5) M 35 +
Hemia of intervertebral disk (L4/L5) - Spine (L5) M 72 +
Hernia of intervertebral disk (L4/L5) — Vertebral arch I4) M 52 e
Osteoporosis (mild) - + Tibia M 78 -
Osteoporosis (mild) + Femur head F 85 +
Osteoporosis + Condyle of femur F 88 -
Osteoporosis + Spine (L4) M 71 -
Osteoporosis/theumatoid arthritis + Condyle of femur F 66 +
Osteoporosis/rheumatoid arthritis + Condyle of femur F 53 —
Osteoporosis/knee osteoarthritis + Femur neck F 81 -
Osteoporosis + Spine (L2) F 69 +

TOZEOARSSZOTWMHUOT >

++, Large population of active osteoblasts; +, small population of active osteoblasts; —, no active osteoblast (bone lining cell only)

from the tibia using an RNeasy Mini kit (Qiagen) and
reverse transcribed using the High-Capacity cDNA Archive
kit (Applied Biosystems). TagMan real-time PCR was
performed using specific primer sets of BiP and f-actin. The
primers used for amplification were as follows: BiP, 5'-GT
TTGCTGAGGAAGACAAAAAGCTC-3' and 5'-CACTT
CCATAGAGTTTGCTGATAATTG-3'; p-actin, 5'-TCCT
CCCTGGAGAAGAGCTAC-3 and 5-TCCTGCTTGCT
GATCCACAT-3' Expression of mRNA for BiP and f-actin

endogenous control was measured in each specimen with -

real-time PCR on an ABI PRISMs 7900HT Sequence
Detection System (Applied Biosystems). ‘

Ovariectomized mice

As a model for osteoporosis (estrogen deficiency), female
ICR mice (20 to 36-week old) were either ovariectomized
(OVX) or sham operated. After surgery, the mice were orally
administered 10 or 30 mg/kg/day BIX for 8 weeks. The
vehicle control group received 0.5% sodium calboxymeth-
ylcellulose solution. As a positive control, OVX mice were
"administered 17f-estradiol. Body weight and bone length
were measured. The whole tibial bone mineral densities
(BMD) were measured using a DCS-600EX (Aloka).

Statistics
Data are presented as the mean =+ SE. The statistical sig-

nificance of differences was evaluated using the Student’s ¢
test or Aspin-Welch’s ¢ test. '
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Ethics

Full consent was obtained prior to surgery and these studies
were approved by the Miyazaki University Ethics Com-
mittees (date of issue: 5 February 2007, registration num-
ber: 323).

Results

Morphological analysis of osteoblasts
from osteoporosis patients

Clinical osteoporosis was determined from the bone mineral
density (BMD) by radiographic absorptiometry or dual
energy X-ray absorptiometry (DXA) (Table 1, patient I-P).
As control samples, 8 bone specimens from disease-controls
were collected (Table 1, patient A-H). Compared with a
previous report using human bone [18], there was no sig-
nificant difference in the morphology between normal-con-
trol and 8 disease-control specimens. The reduction of bone
mass with loss of trabecular bone and enlargement of med-
ullary space were observed in all osteoporosis samples, as
previously reported [19] (Fig. 1a, b). Moreover, consistent
with a previous study [20], the bone marrow cavity was filled
with adipocytes instead of stromal cells and hematopoietic
cells. Although we could not detect any differences in the
number of osteoblasts between osteoporosis and disease-
control specimens, there was a morphological difference.
Disease-control bone specimens showed a considerable
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Fig. 1 Most osteoporosis
‘osteoblasts are bone lining cells
with decreased matrix synthesis.
H&E staining of the condyle of
the femur seen in controls
(patient A; a) and osteoporosis
patients (patient N; b). ¢ Higher
magnification of a. Osteoblasts
with a cuboidal shape (arrows).
d Higher magnification of b.
Note, most osteoporosis
osteoblasts are bone lining cells
(arrows). Scale bars 500 pm (a,
b), 50 um (c, d)

population of ‘active’ osteoblasts with a cuboidal shape
(Fig. 1c). On the other hand, notable flattened epithelium-
like cells, called bone lining cells, were observed on the bone
surface from osteoporosis patients (Fig. 1d). As shown in
Table 1, osteoblasts from almost all patients that we exam-
ined showed this type of morphology..

Expression levels of ER stress-related genes are weaker
in osteoporosis osteoblasts

To investigate whether ER stress occurs in human osteo-
blasts from osteoporosis patients, we next examined the
~expression level of the ER stress-related proteins BiP and
PDI in osteoporosis and dis€ase-control osteoblasts. Both
BiP and PDI are up-regulated when ER stress occurs [21].
Immunohistochemical analysis using the anti-KDEL anti-
body “which recognizes BiP protein, showed strong
expression of the protein in disease-control osteoblasts
(Fig. 2a, ). Immunoreactivity for BiP was weak in other
cell types, such as osteocytes and blood cells. These
staining patterns in disease-control osteoblasts showed that
the level of BiP in the ER is high, indicating that there
might be ER stress response that occurs physiologically in
osteoblasts with a cuboidal shape. On the other hand, in
osteoporosis osteoblasts, immunohistochemical analysis
using the anti-KDEL antibody showed weak expression of

4| Springer

osteoporosis {-)
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osteoporosis (+)

the BiP protein in the cytosol around the nucleus (Fig. 2b,
d). Strong immunoreactivity for PDI, which is also an ER
stress-related ‘protein, was observed in the ER of disease-
control osteoblasts (Fig. 2e, g), but no im‘munoreacﬁvity,

for PDI was observed in osteoblasts from osteoporosis

patients (Fig. 2f, h). By quantitative analysis, as described
in “Materials and methods”, the expression levels of BiP
and PDI were significantly decreased in osteoblasts from 8
osteoporosis patients compared with those from 8 disease-
control specimens (Fig. 2i, j). These results indicate that
ER stress response, including induction of ER molecular
chaperones, is physiologically activated in cuboidal shaped
active osteoblasts in the disease-controls. In contrast, it is
down-regulated in bone lining cells from osteoporosis
patients. -

Based on these results, we hypothesized that induction
of ER molecular chaperones could restore the decreased
bone formation in osteoblasts from osteoporosis patients.
Therefore, we next tested our hypothesis using a murine
model for osteoporosis. '

BIX induces BiP mRNA expression in mouse bone
tissue

We used é chemical compound BIX (Fig. 3a), which has
potential to induce BiP at the transcriptional level, for
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Fig. 2 Bone lining cells show weaker expression of ER stress-related
genes. Immunohistochemistry for anti-KDEL that recognizes BiP, in
the condyle of the femur seen in a control (patient A; a) and an
osteoporosis patient (patient N; b). Immunofluorescence for anti-
KDEL that recognizes BiP, in the spine seen in a control (patient G; ¢)
and an osteoporosis patient (patient L; d). The inset is a higher
magnification image of the white box. Cytosol and nucleus are
encircled by dashed lines. N nucleus. Note, the immunoreactivity for
KDEL (arrows) is weak in bone lining cells of the osteoporosis
patient compared to the osteoblasts in the control. Immunohisto-
chemistry for PDI protein in the condyle of the femur seen in a control
(patient A; e) and an osteoporosis patient (patient N; ). Immunoflu-
orescence for PDI protein, in the spine seen in a control (patient G; g)
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osteoporosis (+)
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and an osteoporosis patient (patient L; h). Note, immunoreactivity for
PDI (arrows) is notably weak in bone lining cells of the osteoporosis
patient compared to control osteoblasts. i Quantitative analysis of BiP
protein levels between (¢) and (d). j Quantitative analysis of PDI
protein levels between (g) and (h). These results shown (i, j) were
normalized to the total surface area of osteoblasts. Note, there was no
notable difference in the number of osteoblasts between osteoporosis -
patients and controls. The corresponding quantification results for BiP
and PDI protein levels were expressed as the fold decrease compared
with those in the control. Data are means + SE, n = 8 (8 controls:
patient. A~H, 8 osteoporosis: patient I-P). **p < 0.01 felative to the
control. Scale bars 50 pm (a-h)
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activation of declined osteoblasts. We first examined
whether BIX induces BiP mRNA in mouse bone tissue.
Mice were orally administered BIX at 10 or 30 mg/kg. At
24 h after the administration, total RNA was prepared from
the tibia and then the expression levels of BiP were ana-
lyzed by real-time RT-PCR. As shown in Fig. 3b, BiP
mRNA in tibia showed a tendency to increase in mice
treated with BIX at 10 mg/kg and to significantly increase
at 30 mg/kg, compared with the vehicle-treated. group.
These results indicate that oral administration of BIX
induces BiP mRNA in mouse bone tissues. ‘

BIX promotes secretion of osteopontin

To investigate the effects of BIX on bone matrix formation
of osteoblasts, we measured the amounts of secreted bone
matrix protein from the primary Qsteoblasts. Initially, we
tried to measure the secreted osteocalcin by ELISA.
However, we could not consistently detect it in the
supernatants of the primary culture of osteoblasts, because
the levels of secreted osteocalcin were at very low. We
then tried to measure osteopontin in the supernatants, and

A
HO
"HO S/\§ N
O v
B i : _A : *
14|  BiP/-actin
"5 L
°
3
£
k)
£
=3
=2
0@
£

30 mglkg

10

vehicle BIX

Fig. 3 BIX induces BiP mRNA in the tibia of mice. a Chemical
structure of BIX (BiP inducer X), 1-(3,4-dihydroxy-phenyl)-2-thio-
cyanato-ethanone. b Real-time RT-PCR analysis of BiP mRNA in
tibial bone. Mice were orally administered BIX (10 or 30 mg/kg) or
vehicle for 24 h. Total RNA prepared from the tibia was subjected to
real-time RT-PCR using specific primer sets of BiP and f-actin. The
results shown were normalized by the f-actin mRNA levels, and the

corresponding quantification results for the BiP mRNA levels were

expressed as the fold induction compared with that of the vehicle
control group. Data are means % SE, n = 5. *p < 0.05 vs. vehicle
(Student’s ¢ test)

@ Springer

66

we could easily and reproducibly detect it. Therefore, we
measured secreted osteopontin after treatment of primary
cultured osteoblasts with 5 pM BIX for 12, 16, or 24 h. As
shown in Fig. 4a, secretion of osteopontin was significantly
elevated by the treatment with BIX for 24 h compared with
that of the non-treated control. We confirmed that BIX
induced BiP mRNA in the primary osteoblasts (Fig. 4b). In

“contrast, the treatment of BIX did not have an impact on

the expression levels of ALP and osteocalcin mRNA
(Fig. 4b), indicating that BIX could not affect the differ-
entiation or maturation of osteoblasts. These results indi-
cate that treatment with BIX enhances bone matrix
secretion leading to augmentation of bone formation
through facilitating protein folding in the ER of osteoblasts.

BIX prevents bone loss in ovariectomized mice

To examine the effects of BIX on bone formation in vivo,
we used ovariectomized (OVX) osteoporosis mouse

A 600 |
= O BIX ()
%) 500 @ BIX (+) .
2 . .
= 400}
£
=
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Fig. 4 BIX promotes secretion of osteopontin. a Primary cultured
osteoblasts were treated with 5 pM BIX or without for 12, 16, or
24 h. Supernatants. were analyzed for secretion of osteopontin by
ELISA. Data are means * SE from five independent experiments.
*p < 0.05 vs. vehicle (Student’s ¢ test). b Total RNA prepared from
the primary cultured osteoblasts was subjected to RT-PCR using
specific primer sets of Alkaline phosphatase (Alp), osteocalcin, BiP,
and f-actin. RT-PCR analysis of primary cultured osteoblasts at
14 days after the plating (lane 2). PCR reaction was subjected without
reverse transcription as a control (lane I). The expression levels of
Alp and osteocalcin mRNAs were high, indicating that cultured cells
prepared from the calvaria are sufficiently differentiated to. mature
osteoblasts. The effects of BIX on the Alp, osteocalcin, and BiP
expression (lane 3—6). Primary cultured osteoblasts were treated with
vehicle (lane' 3 and 4) or 5 pM BIX (lane 5 and 6) for 12 or 24 h.
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models. OVX mice were orally administered BIX at 10 or
30 mg/kg for 8 weeks. The ovariectomy did not affect
body weight change and bone length in each group (data
not shown). The whole tibial bone mineral density (BMD)
was significantly decreased in OVX mice compared with
the sham-operated group (Fig. 5). Consistent with previous
studies [22, 23], the BMD loss in OVX mice was recovered
by treatment with 17f-estradiol, but this treatment caused
hyperplasia of the bone matrix. The administration of BIX
into sham-operated mice did not affect their bone forma-
tion (data not shown). The administration of BIX into OVX
mice significantly prevented the whole tibial BMD loss (at
10 and 30 mg/kg BIX) (Fig. 5). However, treatment with
30 mg/kg BIX showed weak effects on the improvement of
bone loss compared with 10 mg/kg BIX. Treatment with
30 mg/kg BIX caused a decrease of voluntary exercise,
indicating that treatment with high doses of BIX could
cause some toxic effects in mice. It is possible that this
toxicity weakens the effects of BIX on the facilitation of
bone formation. In addition, pathologically abnormal
findings were not observed in bone tissues of BIX-treated
mice, different from the case of treatment with 17f-estra-
diol. The administration of BIX did not lead to alteration of
TRAP positive osteoclasts numbers (data not shown),
suggesting that BIX does not affect the activities of
osteoclasts. These results indicate that oral administration
of BIX effectively improves decline in bone formation of

osteoporosis mouse models through acting on osteoblasts.
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Fig. 5 BIX prevents bone loss in ovariectomized mice. Whole tibial
BMD. Ovariectomized mice were orally administered 10 or 30
mg/kg/day BIX, or treated with 0.03 pg/mouse/day 17B-estradiol
(17B) subcutaneously for 8 weeks after the operation. Data are
means & SE, n = 11 to 12. ™p < 0.01 vs. sham vehicle (Student’s

t test). *p < 0.05, **p < 0.01 vs. OVX vehicle (Student’s ¢ test,

Aspin-Welch’s ¢ test)
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Discussion

In the present study, we have shown that control osteo-
blasts with a cuboidal shape strikingly express ER stress-
related genes such as BiP and PDI (Fig. 2a, c), suggesting -
that an ER stress response occurs in ‘active’ osteoblasts.
High-level secretory protein synthesis and secretion could
lead to an overload of the ER in active osteoblasts and this
could cause ER stress. It is conceivable that activation of
the ER stress response is a physiological adaptation for
osteoblasts to properly fold and secrete massive amounts of
proteins as a protection against ER overload, and that this
response is essential for osteoblasts to synthesize bone
matrix.

In osteoporosis patients, most osteoblasts are bone lining
cells and there are few active osteoblasts (Fig. 1d), sug-
gesting that the loss of active osteoblasts is associated with
the pathogenesis of osteoporosis and causes a reduction in
matrix synthesis. Further, bone lining cells showed a
weaker expression of ER stress-related genes such as BiP

~and PDI (Fig.2b, d) and down-regulated ER stress

response. The results are consistent with a declining bone
matrix synthesis in osteoporosis bone lining cells. Taken
together, folding capacity of secreted proteins in the ER
could be declined in osteoblasts from the patients followed
by augmentation of reduced bone formation. v

It is well known that loss of estrogen is an important risk
factor for pathogenesis of osteoporosis. Ovariectomy in the
mice results in an increase in bone turnover rate and sig-
nificant loss of trabecular bone, vertebral bodies and the
metaphysis of long bones [24]. In this study, we also
observed ovariectomy caused decrease in whole tibial
BMD involving trabecular bone loss as shown in previous
studies. Oral administration of BIX prevented whole tibial
BMD loss of this mouse model. BIX is an inducer of ER
molecular chaperone BiP. BiP has a potential to facilitate
folding of proteins in the ER. The possible mechanisms
responsible for prevention of bone loss and acceleration of
bone formation by BIX are that induced BiP could increase
folding capacity in the ER followed by facilitating secre-
tion of bone matrix proteins from osteoblasts. This hyper-
secretion of bone matrix proteins by BIX could lead to an
increase in the bone formation rate that superpasses bone
resorption by osteoclasts. Although various agents have
been developed for the treatment of osteoporosis, the
majority of these reduce bone resorption by affecting
osteoclast activity. Considering our finding that BIX
accelerates the osteoblast-mediated bone formation, BIX
could be an alternative therapeutic agent for high-turnover
0Steoporosis.
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ABSTRACT

Depression is a significant publzc health concern but its pathology remains unclear. Previously, increases in an endo-
plasmic reticulum (ER) stress-related protein were reported in the temporal cortex of subjects with major depressive
disorder who had died by suicide. This finding suggests an association between depression and ER stress. The present
study was designed to investigate whether acute stress could affect the ER stress response. Mice were immobilized for a
period of 6 hr and then expression of ER stress response-related genes was measured by real-time PCR. We also used
enzyme-linked immunosorbent assay for concomitant measurement of the plasma corticosterone levels in the mice. The
- effect of corticosterone on ER stress proteins was further. investigated by treating mice with corticosterone for 2 weeks
and then measuring ER protein expression by Western blotting. After a 6 hr restraint stress, mRNA levels of ER
stress-related genes, such as the 78-kilodalton glucose regulated protein (GRP78), the 94-kilodalton glucose regulated
protein (GRP94), and calreticulin, were increased in the cortex, hippocampus, and striatum of mouse brain. Blood
plasma corticosterone level was also increased. In the corticosterone-ireated mouse model, the expression of GRP78
and GRP94 was significantly increased in the hippocampus. These results suggest that acute siress may affect ER func-
tion and that ER stress may be involved in the pathogeneszs of restraint stress, including the development of depression.

Keywords: Corticosterone, Depression, Endoplasmic Retzculum Stress, Restraint Stress '

1. Introduction ‘ _ teins and may trigger stress responses in the cell (ER
stress). To overcome ER stress, an unfolded protein re-
sponse (UPR) is invoked by the activation of several
signaling pathways; this UPR promotes an adaptive re-
sponse to ER stréss and reestablishes homeostasis in the

,Major‘ depression, along with bipolar disorder, has' be-
come a common psychiatric disorder in modern society.
About 1% of the population is estimated to be affected

" by major depression one or more times during their life- X > '
time [1]. Even though extensive studies have led to a ER [2,3]. Molecular chaperones such as the 78-kilodalton

variety of hypotheses regarding the molecular mecha- glucose regulated protein (GRP78) and the 94-kilodalton
nism underlying depression, the pathogenesis of this dis-  glucose regulated protein are induced and promote cor-
order remains to be fully elucidated. rect protein folding. If the damage is too severe to repair,

The endoplasmic reticulum (ER) is the cell organelle =~ C/EBP-homologous protein (CHOP) and other factors
where secretory and membrane protems are synthesized  are activated and induce cell apoptosis [4]. On the other
and folded. It also functions as a Ca”" store and resource hand, if misfolded protein aggregates into insoluble
of calcium signals. The disturbance of ER functions higher-order structures, it can give rise to' various dis-
through events such as disruption of Ca** homeostasis, eases. For example, thodopsin misfolding causes auto-

inhibition of protein glycosylation or disulfide bond for- somal dominant retinitis pigmentosa [5], while the ac-
mation, hypoxia and viral or bacterial infection, can re- cumulation of amyloid B-peptide is associated with Alz-
sult in the accumulation of unfolded or misfolded pro- heimer’s disease [6].

Copyright © 2011 SciRes. . PP
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Some reports have also suggested a relationship be-
tween mental disorder and ER stress. In bipolar disorder
patients, DNA microarray analysis of cell derived from
twins discordant with respect to the disease revealed a
‘down-regulated expression of genes related to ER stress
responses such as x-box binding protein 1 (XBP1) and
GRP78 [7]. In schizophrenia patients, a similar abnor-
mality of these genes was found [8]. In addition,
mood-stabilizing drugs such as valproate and lithium
have been reported to increase the expression of GRP78,
GRP94, and calreticulin [9]. Similarly, olanzapine, one
.of the second-generation “atypical” anti-psychotic drugs,
_appears to potentiates neuronal survival and neural stem
cell differentiation by regulation of ER stress response
proteins [10].

A recent study reported that significantly increased
levels of GRP78, GRP94, and calreticulin were found in
the temporal cortex of subjects with major depressive

disorder who had died by suicide compared with control

subjects who had died of other causes [11]. In addition,
hippocampal atrophy [12] and reduction of glial density

11

g were used for real-time PCR studies. Mice were placed
into 50-mL perforated plastic tubes, which prevented

“them from turning in any direction. Each mouse was

maintained in the tube for 6 hr without any access to food
or water. )

2.3. Sampling -

After this restraint stress, a blood sample was collected
from the tail and the mouse was -decapitated. The brain -
was quickly removed from the skull, briefly washed in
ice-cold saline, and laid on a cooled (4°C) metal plate.

* The brain was rapidly dissected to separate the hippo-

in the subgenual prefrontal cortex [13] were found in

patients with major depression. Stress, a risk factor for
depression, has been shown to induce atrophy of the api-
cal dendrites of the hippocampal neurons [14], and to
" promote neuronal apoptosis in the cerebral cortex [15] in
animal depression models. These findings suggest that a
stressful situation, which may increase the risk for sui-
cide, serves as an ER stressor. To clarify the relationship
between exogenous stress and ER stress, in the present

study, we investigated the expression of ER stress-related

~ genes after restraint stress. We also focused on the eleva-
tion of corticosterone in the plasma and used a corticos-
terone-treated depression model to clarify the relation-
ship between chronic corticosterone elevation and ER
stress.

2. Materials and Methods
2.1. Animals

Male 9-week-old ddY mice and male 6-week-old ICR
mice (Japan SLC, Hamamatsu, Japan) were used for all
- experiments. Mice were housed at 24 + 2°C under a 12 hr
light-dark cycle (lights on from 8:00 to 20:00) and had ad

libitum access to food and water when not under restraint.

Animals were acclimatized to laboratory conditions be-
fore the experiment. All procedures relating to animal
care and treatment conformed to the animal care guide-
lines of the Animal Experiment Committee of Gifu
Pharmaceutical University. All efforts were made to
minimize both suffering and the number of animal used.

2.2. Restraint Stress .
Male 9-week-old ddY mice (Japan SLC) weighing 30-40

Copyright © 2011 SciRes.

campus, striatum, and cortex and stored at -80°C until
use. ‘

2.4. RNA Isolation

Total RNA was isolated from frozen brain using High
Pure RNA Isolation Kit (Roche, Tokyo, Japan). RNA
concentrations were determined spectrophotometrically
at 260 nm. First-standed cDNA was synthesized in a
20-pl reaction volum using a random primer (Takara,
Shiga, Japan).and Moloney murine leukemia virus re-
verse transcriptase (Invitrogen, Carlsbad, CA, USA).

2.5. Reai-Time PCR

Real-time PCR (TagMan; Applied Biosystems, Foster
City, CA, USA) was performed as described previously
[16]. Single-standard cDNA ‘was synthesized from total
RNA- using a high capacity cDNA archive kit (Applied
Biosystems). Quantitative real-time PCR was performed
using a sequence detection system (ABI PRISM 7900HT;
Applied Biosystems) with a PCR master mix (TagMan
Universal PCR Master Mix; Applied Biosystems), ac-
cording to the manufacturer’s protocol. A gene expression
product (Assays-on-Demand Gene Expression Product;
Applied Biosystems) was used for measurements of
mRNA expression by real-time PCR. The primers used
for amplification were as follows: GRP78: 5°-GTTTG

CTGAGGAAGACAAAAAGCTC-3’ and 5’-CACTTCC

ATAGAGTTTGCTGATAATTG-3’; CHOP: 5°-GGAG
CTGGAAGCCTGGTATGAGG-3’ and 5>-TCCCTGGT
CAGGCGCTCGATTTCC-3’; GRP94: 5’-CTCACCATT
TGGATCCTGTGTG-3* and 5’-CACATGACAAGATT
TTACATCAAGA-3’; calreticulin: 5’-GCCAAGGACG
AGCTGTAGAGAG-3’ and 5’-GGTGAGGGCTGAAG
GAGAATC-3’; ERdj4: 5>-TCTAGAATGGCTACTCCC
CAGTCAATTTTC-3* and 5-TCTAGACTACTGTCCT
GAACAGTCAGTG-3’; EDEM: 5°-TGGGTTGGAAAG
CAGAGTGGC-3’ and 5’-TCCATTCCTACATGGAGG
TAG-3’; p58IPK 5’-GAGGTTTGTGTTTGGGATGCAG-
3’ and 5>-GCTCTTCAGCTGACTCAATCAG-3’; ASNS:
5-AGGTTGATGATGCAATGATGG-3’ and 5°-TCCC
CTATCTACCCACAGTCC-3’; B-actin: 5°-TCCTCCCT
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GGAGAAGAGCTAC-3’ and 5°-TCCTGCTTGCTGAT
CCACAT-3’ The thermal cycler conditions were as fol-
lows: 2 min at 50°C and then 10 min at 95°C, followed:
by two-step PCR for 50 cycles consisting of 95°C for 15s
followed by 60°C for 1 min. For each PCR measurement,
we checked.the slope value, R? value, and linear range of
a standard curve of serial dilutions. All reactions were
performed in duplicate. The results were expressed rela-
tive to a B-actin internal control.

2.6. Measurement of Plasma Corticosterone

Plasma was obfained as desbribed preViously [17] and

~ the concentration of corticosterone was determined via a

corticosterone EIA kit (Assay Designs, Inc., ‘Ann Arbor,
MI, USA) according to the manufacturer’s protocol.

2.7. Chronic Corticosterone T reatment

Male 6-week-old ICR mice (Japan SLC) weighing 20-25
g were used for chronic oral corticosterone exposure as
described in a previous report [18]. Briefly, corticoster-
one (25 pg/mL free base; 4-pregnen-11p 21-DIOL-3
20-DIONE 21-hemisuccinate; Steraloids, Inc., RI, USA)
was add to tap water and the pH was brought to 12-13
with 10 N NaOH (Kishidai Chemical, Osaka, Japan),
followed by stirring at 4°C until dissolved (3 to 7 hr).
Following dissolution, the pH was brought to 7.0-7.4
with 10 N HCl (Wako, Osaka, Japan). Group-housed
ICR mice were presented with this corticosterone solu-
tion in place of normal drinking water for 14 days, re-
sulting in a dose of approximately 8.7 mg/kg/day (p.o).
Animals were weaned with 3 days of 12.5 pg/mL, and
then 3 days with 6.25 pg/mL, to allow for gradual recov-
ery of endogenous corticosterone secretion.

2.8. Western Blot Analysns

At 35 days, each mouse was decapitated and its brain ‘

was quickly removed from the skull, briefly washed in
ice-cold saline, and laid on a cooled (4°C) metal plate.
The brain was rapidly dissected to separate the hippo-
campus and stored at -80°C until use. Brain samples were
homogenized in 10 mL/g tissue ice-cold lysis buffer [50
mM Tris-HCI (pH 8.0) containing 159 mM NaCl, 50 mM
EDTA, 1% Triton X-100, and protease/phosphatase in-
hibitor mixture] using a homogenizer (Physcotron; Mi-
crotec Co. Ltd., Chiba, Japan). Lysates were centrifuged
at 12,000xg for 15 min at 4°C. Supernatants were col-

lected and boiled for 5 min in SDS sample buffer (Wako)..

Equal amounts of protein were subjected to 10% SDS-
PAGE gradient gel and then transferred to poly (vi-
nylidene difluoride) membranes (Immobilon-P; Millipore,
MA, USA). After blocking with Block Ace (Snow Brand
Milk Products Co. Ltd., Tokyo, Japan) for 30 min, the
membranes were incubated with primary arntibody. The

Copyright © 2011 SciRes.

primary antibodies used were as follows: mouse anti-BiP
antibody (BD Bioscience, CA, USA) for GRP78, mouse
anti-KDEL antibody (Stressgen Bioreagents Limited
Partnership, B.C., Canada) for GRP94, and mouse anti-
actin antibody (Sigma-Aldrich,- St. Louis, MO, USA).
Subsequently, the membrane was incubated ‘with the
secondary antibody [goat anti-mouse (Pierce Biotech-
nology, IL, USA)]. The immunoreactive bands were
visualized using Super Signal West Femto Maximum
Sensitivity Substrate (Pierce Biotechnology) and then
measured using LAS-4000 mini (Fujifilm, Tokyo, Ja-

- pan).

2.9. Statistical Analysis

Statistical comparisons were made by Student’s t-test
using Statview version 5.0 (SAS Institute Inc., NC, USA),
with p <0.05 being considered statistically significant. -

3. Results and Discussion

Real-time PCR was carried out to investigate whether the
expression of ER stress response-related genes in the '
brain was changed by 6-hr restraint stress. In this study,
we investigafed the expression of GRP94, carleticulin,
ER degradation-enhancing o-mannosidase-like protein
(EDEM), protein kinase inhibitor of 58 kDa (p358™%),
asparagines synthetase (ASNS), GRP78, ER-localized
Dnal 4 (ERdj4), and C/EBP homologous protein (CHOP).
The expression of GRP78, GRP94, and calreticulin
mRNA was significantly increased in the hippocampus,
striatum, and cortex (Figure 1). In addition, there was.
significantly increased expression of p5 8"X mRNA in the
cortex, but not in the hippocampus or striatum. i
We next investigated whether restraint stress affected
the plasma concentrations of corticosterone, as previ-
ously reported. Immediately following the 6-hr restraint
stress, significantly higher plasma corticosterone concen-
trations were found in stressed mice compared to un- .
stressed mice. Seven days after the restraint stress, the -

‘plasma corticosterone recovered to the normal control

level (Figure 2). .

To clarify the mechanism of ER stress-related mRNA
elevation, we artificially elevated the plasma concentra-
tions of corticosterone in mice for 2 weeks and then
measured the levels of ER stress-related proteins. In the
corticosterone-treated  animal model, the expression of
GRP78 and GRP94 in the hippocampus was significantly

-increased compared to control levels (Figure 3).

Restraint stress is used widely to induce stress re-
sponses in animals, and it is known that a number of
stresses, including restraint stress, can cause depression
in animals. In the present study, we found that several
ER stress-related genes were increased in the mouse
hippocampus, striatum, and cortex after restraint stress.
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Figure 1. The expression mRNA of ER stress-related factors
in the mouse brain after 6 hr restraint-stress. Mice were
immobilized for 6 hr in a 50-mL perforated plastic tube.
White and black bars represent the control group and the

restraint group, respectively. Immediately after restraint,

mice were killed and real-time PCR was performed on
brain tissues from the (a) hippocampus, (b) striatum, and (c)
cortex. Data represent means and S.EMM., n =3 to 5. *p <
0.05, **p < 0.01 vs. control group. GRP94: the 94-kilodalton
glucose regulated protein, EDEM: ER degradation-enhancing
a-mannosidase-like protein, pS8IPK: protein kinase inhibi-
tor of 58 kilodalton, ASNS: asparagines synthetase, GRP78:
the 78-kilodalton glucose regulated protein, ERdj4: ER-
localized DnaJ 4, CHOP: C/EBP-homolegous protein.

The significant increéses in expression of GRP78,

GRP94, and calreticulin agreed with the findings of a -

previous report of changes in the temporal cortex of sub-

- jects with major depression who died by suicide [11].

However, no study has yet specifically investigated ex-

pression changes of these genes in the hippocampus or
the striatum in subjects with depression.

Copyright © 2011 SciRes.

osterone (ng/ml.)
Tl
<«
.

Control Q
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Figure 2. The effect of 6 hr restraint stress on the concen-
tration of corticosterone in mouse plasma, Mice were im-
mobilized for 6 hr. Immediately after restraint and 7 days
later, blood samples were collected and concentration of
plasma corticosterone was measured by ELISA. Restraint
stress significantly increased the concentration of corticos-
terone in plasma. The corticosterone levels decreased to the
normal control levels 7 days after restraint stress. Data
represent means and S.E.M., n = 7. *p < 0.05 vs. control
group. ’ .

GRP7S, otherwise known as BiP, is one of the best-
characterized ER chaperone proteins and is regarded as a -

‘classical marker of UPR activation. Overexpression of

GRP78 has been reported to inhibit the upregulation of

" CHOP, which plays a key role in regulating cell growth

and which has been implicated. in - apoptosis [19,20].
GRP94 and calreticulin are also ER chaperone proteins

“and show protective effects against ER stress [21]. The

increase in these chaperones after restraint stress (Figure
1) may represent an attempt to oppose the toxic effect of

- prolonged stress and the high concentrations of glucocor-
- ticoid, such as corticosterone; on the brain. Dysregulation

of the hypothalamic-pituitary-adrenal (HPA) axis, which
controls glucocorticoid levels, has been reported in most

depression patients and glucocorticoid level of depres-

sion patients was higher than those of normal ones

" [22-24]. In the mice in the present study, 6-hr restraint

stress elevated the concentration of corticosterone in
plasma suggesting that restraint stress induced a re-
sponse similar to depression. .

Recently, corticosterone has been reported to exert
immunostimulatory effects on macrophages via induction
of ER stress [25]. Following corticosterone treatment, the

- glucocorticoid receptor (GR) binds onto B-cell lym-

phoma 2 (Bcl-2), a protein that affects cytochrome C and
calcium release from mitochondria. Subsequently, this
GR/Bcl-2 complex moves into mitochondria and regu-
lates mitochondrial functions in an inverted “U”-shaped
manner—i.e., a high dose treatment with corticosterone
decreased levels of GRs and Bcl-2 in mitochondria and

intracellular calcium was increased [26,27]. Substances
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Figure 3. The expression of GRP78 and GRP94 in the hip-
pocampus in a mouse model of chronic corticosterone in-
duced depression. (a) Representative band images show
immunoreactivities against GRP94, GRP78, and B-actin. (b)
GRP78 expression was significantly increased by corticos-
terone exposure. (¢) GRP94 expression was also increased
by corticosterone exposure. Data represent means and
S.E.M., n =5 or 6. *p < 0.05 vs. control group. ‘

Corticosterone

that deplete the ER Ca®* stores, such as thaps1garg1n are
widely used an ER stressors. Therefore, elevation of Ca**
via GR may be sufficient for control of ER stress re-
" sponses. In the present study, the restraint stress induced
the expressions of only GRP78, GRP94, and calreticulin,
but not other ER protems GRP78, GRP9%4, and cal-
reticulin function as Ca®>* binding protelns [28]. Under
the high concentration of corticosterone, the intracellular
Ca* level might be higher, therefore, the expressions of
GRP78, GRP94, and calreticulin might be increased.
Intracerebroventricular administration of thapsigargin
has been reported to produce a depressant-like behavior

Copyright © 2011 SciRes.

[29]. A 14-days corticosterone treatment has also shown
to induce depression symptoms in mice [18]. We used
this animal model to investigate the effect of chronic
elevation of corticosterone on ER stress responses in
brain. As expected, significant increases in GRP78 and
GRP94 proteins were observed in the hippocampus (Fig-
ure 3). The increase of GRP78 was consistent with the
result of a.previous report [30]. On the other hand, no

. change in these proteins was observed in the cortex (data -

not shown). Mineralocorticoid receptor (MR) and GR,
which are the targets of corticosterone, are known to be
well expressed in the hippocampus [31,32]. These reports,

together with our findings, indicate that the hippocampus -

may be more sensitive to corticosterone exposure than
are other brain regions. Many reports have referred to
hippocampal atrophy in patients with depression [12,14].
In the cortex, it had been reported that chronic stress in-
creased the caspase-3 positive neurons, in other words,
exogenous stress was contributing to the cell apoptosis
[15]. In -our study, corticosterone exposure was per-
formed for 2 weeks, but, in fact, long-term cortisol eleva-
tion has been observed in most depression patients. More
extended corticosterone treatment may affect the expres-
sion of ER stress proteins in the cortex.

Recently, many experiments have focused on the rela-
tionship between depression and neurogenesis. Interest-
ingly, ER stress -also affects adult neurogenesis in the
brain- [33]. Brain-derived neurotrophic factor (BDNF),
which promotes neurogenesis, is also known to inhibit
neuronal cell death induced by ER stress [34]. These
reports may also point to an involvement of ER stress in
depression.

4. Conclusions

Restraint stress, which may contribute to depression in
mice, may up-regulate the ER stress response via corti-
costerone elevation. This suggests the possibility -of an
ER stress involvement in the pathogenesis of stress-related
depression disorders.
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We report phosphorylated and ubiquitinated aggregates of TAR DNA binding protein of 43 kDa (TDP-
43) in SH-SY5Y cells similar to those in brains of amyotrophic lateral sclerosis (ALS) and frontotem-
poral lobar degeneration with ubiquitinated inclusions (FTLD-U). Two candidate sequences for the
nuclear localization signal were examined. Deletion of residues 78-84 resulted in cytoplasmic local-
ization of TDP-43, whereas the mutant lacking residues 187-192 localized in nuclei, forming unique
dot-like structures. Proteasome inhibition caused these to assemble into phosphorylated and ubiq-
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. uitinated TDP-43 aggregates. The deletion mutants lacked the exon skipping activity of cystic fibro-
Keywords: sis transmembrane: conductance regulator (CFTR) exon 9. Our results suggest that intracellular
TDP-43 localization of TDP-43 and proteasomal function may be involved in inclusion formation and neu-
FTLD-U rodegeneration in TDP-43 proteinopathies.
ALS © 2008 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
Phosphorylation . , '

Ubiquitination

1. Introduction

Frontotemporal lobar degeneration with ubiquitinated
inclusions (FTLD-U) and amyotrophic lateral sclerosis (ALS) are
well-known neurodegenerative disorders. FTLD is the second
most common form of cortical dementia in the population below
the age of 65 years [1]. ALS is the most common of the motor
neuron diseases, being characterized by progressive weakness
and muscular wasting, resulting in death within a few years.
Ubiquitin (Ub)-positive inclusions were found as a pathological
hallmark in brains of patients with FTLD-U and ALS, as well as
in Alzheimer's disease (AD) and Parkinson's disease (PD). Re-
cently, TAR DNA binding protein of 43 kDa (TDP-43) has been

Abbreviations: FTLD-U, frontotemporal lobar degeneration with ubiquitinated
inclusions; ALS, amyotrophic lateral sclerosis; Ub, ubiquitin; TDP-43, TAR DNA
binding protein of 43 kDa; CFIR, cystic fibrosis transmembrane conductance
regulator; NLS, nuclear localization signal; TX, Triton X-100; Sar, Sarkosyl.

* Corresponding authors. Fax: +81 3 3329 8035 (T. Nonaka).

E-mail addresses: nonakat@prit.gojp (T. Nonaka),
(M. Hasegawa). :

masato@pritgo.jp

identified to be a major protein component of ubiquitin-positive
inclusions in FTLD-U and ALS brains [2,3]. TDP-43 was first iden-
tified-as a cellular factor that binds to the TAR DNA of HIV type 1

. [4], and was also identified independently as part of a complex -

involved in inhibition of the splicing of the cystic fibrosis trans-
membrane conductance regulator (CFTR) gene [5]. TDP-43 aggre-
gates in neuronal cytoplasm and nuclei in a variety of
neurodegenerative disorders, which are now collectively referred
to as TDP-43 proteinopathies. For understanding molecular path-
ogenesis and evidence-based therapies for TDP-43 proteinopa-
thies, it is necessary to study the molecular mechanisms of
aggregation of TDP-43.

To elucidate these issues, in this study, we have established

" the cellular models for intracellular aggregates of TDP-43 similar

to those in brains of TDP-43 proteinopathies patients. Expression
of deletion mutants of TDP-43 lacking two candidate sequences
for the nuclear localization signal (NLS), residues 78-84 or
187-192, resulted in the formation of Ub- and phosphorylated
TDP-43-positive cytoplasmic inclusions in the presence of a pro-
teasome inhibitor. These results suggest that intracellular locali-
zation of TDP-43 and proteasomal function may be involved in-
the pathological process of TDP-43 proteinopathies.

0d14—5793/$34.00 © 2008 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
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2. Materials and methods
2.1. Construction of plasmids

The PCR product of the open-reading frame of human TDP-43
using pRc-CMV-TDP-43 as a template was subcloned into the mam-
malian expression vector pcDNA3 (Invitrogen) using restriction
sites BamH I and Xba I, creating pcDNA3-TDP-43. To construct plas-
mids of the deletion mutants, we used a site-directed mutagenesis
kit (Strategene). PCR was performed using the forward primer (5'-
GTATGTTGTCAACTATATGGATGAGACAGATGC-3') and the reverse
primer (5-GCATCTGTCTCATCCATATAGTTGACAACATAC-3') for the
deletion mutant of 78-84 residues (ANLS), and the forward primer
(5'-GCAAAGCCAAGATGAGGTGTTTGTGGGGCGC-3') and the reverse

primer (5'-GCGCCCCACAAACACCTCATCTTGGCTITGC-3') for the

deletion mutant of 187-192 residues (A187-192), with pcDNA3-

8 PKDNKRK 84
(NLS)

B 7 anti-TDP-43.
none §

C
wild-type

ANLS [

A187-192 |

189 193

TDP-43 as a template, respectively. For the construction of the dou-
ble-deletion mutant ANLS&187-192, PCR was performed using the
forward primer (5-GCAAAGCCAAGATGAGGTGTTTGTGGGGCGC-3")
and the reverse primer (5~-GCGCCCCACAAACACCTCATCTTG
GCTTTGC-3") with pcDNA3-TDP-43ANLS as a template.

The reporter plasmid pSPL3-CFTR9 was constructed as follows.
Healthy human genomic DNA (a gift from Dr. Makoto Arai, Tokyo
Institute of Psychiatry, Japan) was subjected to PCR with the use
of the forward primer (5-CGGAATTCACTTGATAATGGGCAAA-
TATC-3') and the reverse primer (5-CCCTCGAGCTCGCCAT
GTGCAAGATACAG-3'), containing EcoR I and Xho I sites, respec-'
tively. The genomic region containing 221 bp of intron 8, the entire
exon 9 (183 bp), and 266 bp of intron 9 of the human CFIR gene
was amplified and digested with the two restriction enzymes, fol-
lowed by ligation into pSPL3 (Life Technologies), affording the plas-
mid pSPL3-CFTRO. All constructs were verified by DNA sequencing.

257 274 314

187 p| RSRK 192
(187-192)

Fig. 1. Subcellular localization of wild-type and mutant TDP-43 in SH-SY5Y cells. (A) Schematic diagram of the structural domains of TDP-43. RNA recognition motifs (RRM-1 )
and -2: blue) and glycine-rich domain (Gly-rich: red) are shown. (B-E) Immunostaining of untransfected SH-SY5Y cells (B) and cells 72 h post transfection with wild-type
TDP-43 (C), ANLS (A78-84) TDP-43 (D), and A187-192 TDP-43 (E) with anti-TDP-43 antibody (Left panel, green), nuclear staining by TO-PRO-3 (middle panel, blue) and the

merged image (right panel) are shown. .
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| 4 MG132
ani P43 TOPROS

none §

ANLS |

D

A187-192 |

Fig. 2. Expression of mutant TDP-43 followed by proteasome inhibition with MG132 results in the formanon of mtranuclear inclusions. Immunostaining of untransfected
cells (A) and cells 72 h post transfection with wild-type TDP—43 (B) ANIS (C), and A187=192 (D) followed by MG]32 treatment (20 uM for 6 h) with anti-TDP-43 antibody
(left panel, green) nuclear staining by TO-PRO-3 (mxddle panel blue) and merged-image (right panel) : :

: mdxcated tlme the ‘transfected cells on the coverslips were fixed

o . s BN with’ 4% (wjv) paraformaldehyde in phosphate-buffered saline
A polyclonal TDP-43 antibody 10782-1-AP- (anti-TDP-43) was (PBS) for 30 min. The coverslips were then incubated with 0.2% (v/
purchased from ProteinTech Group Inc. A polyclonal antibody spe- v) Triton X-100 (TX) in PBS for 10 min. After blocking for 30 min in
cific for phosphorylated TDP-43 (anti-pS409/410) was prepared as 5% (w/v) BSA in PBS, cells were incubated with anti-phosphorylated .
described {6]. Anti-ubiquitin monoclonal . antibody (mAb), TDP-43 antibody, pS409/410 (1:500 dilution), anti-TDP-43 (1:500),
MAB1510, was purchased from Chemicon. Monoclonal anti-HA anti-Ub (1:500) or anti-HA (1:500) for 1 hat 37 °C, followed by FITC-

2.2. Antibodies

clone HA-7 were obtained from Sigma. : " or TRITC-labeled goat anti-rabbit or-mouse IgG (Sigma, 1:500 dilu-
. - : - tion)as a secondary antibody for 1 hat 37 °C. After washing, the cells
2.3. Cell culture and expression Of plasmids - : were further incubated with TO-PRO-3 (Molecular Probes, 1:3000

s : . i . . ~ dilution in PBS) for 1 h at 37 °C to stain nuclear DNA, and analyzed
SH-SY5Y cells were cultured in DMEM/F12 medium (Sigma)  ysing a LSM5 Pascal confocal laser microscope (Carl Zeiss).
supplemented with 10% (v/v) fetal calf serum, penicillin-strepto- ‘

mycin-glutamine (Gibco), and MEM ‘non-essential amino ‘acids .
solution (Gibco). Cells were then transfected with “expression .~ 2.5, Sequential extraction of proteins and immunoblotting
plasmids using FuGENES6 (Roche) according to the manufacturer S

instructions. In the proteasome  inhibition experiments, final SH-SY5Y cells were grown in 6-well plates and transfected tran-
1 utM MG132 (Peptide institute) in DMSO was added to the cul- siently with expression plasmids (1 ig). After incubation for the
ture medium, and incubated overnight. ; indicated time, cells were harvested and lysed in TS buffer

2 . [50 mM Tris-HCl buffer, pH 7.5, 0.15 M NaCl, 5 mM ethylenedi-
2.4. Confocal immunofluorescence microscopy : aminetetraacetic acid, 5mM ethylene glycol bis(p-aminoethyl

o | ether)-N,N,N,N-tetraacetic acid, and protease inhibitor cocktail
~ SH-SY5Y cells were grown on a coverslip (15 x 15mm) and = (Roche)]. Lysates were centrifuged at 290,000xg for 20 min at
transfected with expression vector (1 pg). After incubation for the 4 °C, and the supernatant was recovered as the TS-soluble fraction.
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