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Purrosk. The effect of a preferential inducer of 78 kDa glucose-
regulated protein (GRP78)/immunoglobulin heavy-chain bind-
ing protein (BiP; BiP inducer X, BIX) against tunicamycin-
induced cell death in RGC-5 (a rat ganglion cell line), and also
against tunicamycin- or N-methyl-p-aspartate (NMDA)-induced
retinal damage in mice was evaluated.

MEeTHODS. In vitro, BiP mRNA was measured after BIX treatment
_ using semi-quantitative RT-PCR or real-time PCR: The effect of
¢ BIX on tunicamycin (at 2 ug/mL)-induced damage was evalu-
ated by measuring the cell-death rate and CHOP protein ex-
pression. In vivo, BiP protein induction was examined by
immunostaining. The retinal cell damage induced by tunicamy-
cin (1 pg) or NMDA (40 nmol) was assessed by examining
ganglion cell layer (GCL) cell loss, terminal deoxyribonucleoti-
dyl transferase (TdT)-mediated dUTP nick-end labeling
(TUNEL) staining, and CHOP protein expression.

Resurts. In vitro, BIX preferentially induced BiP mRNA expres-
sion both time- and concentration-dependently in RGC-5 cells.
BIX (1 and 5 uM) significantly reduced tunicamycin-induced
cell death, and BIX (5 puM) significantly reduced tunicamycin-
induced CHOP protein expression. In vivo, intravitreal injec-
tion of BIX (5 nmol) significantly induced BiP protein expres-
sion in the mouse retina. Co-administration of BIX (5 nmol)
significantly reduced both the retinal cell death and the CHOP
protein expression in GCL induced by intravitreal injection of
tunicamycin or NMDA.

Concrusions. These findings suggest that this BiP inducer may
have the potential to be a therapeutic agent for endoplasmic

From the Departments of 'Biofunctional Evaluation, Molecular
Pharmacology and *Medicinal Chemistry, Gifu Pharmaceutical Univer-
sity, Gifu, Japan; *Department of Psychiatry, Osaka University Graduate
School of Medicine, Osaka, Japan; *Division of Molecular and Cellular
Biology, Department of Anatomy, Faculty of Medicine, University of
Miyazaki, Miyazaki, Japan; and *Department of Ophthalmology, Uni-
versity of Tokyo School of Medicine, Tokyo, Japan.

Supported in part by a Grant-in-Aid (No.18209053) for scientific ‘

research from the Ministry of Education, Science, Sports, Culture of the
Japanese Government; by a research grant (No.18210101) from the
Ministry of Health, Labor, and Welfare of the Japanese Government,
and by Grantin-Aid for Japan Society for the Promotion of Science
Fellows. '

Submitted for publication April 4, 2008; revised July 25, 2008;
accepted Octoher 27, 2008.

Disclosure: Y. Inokuchi, None; Y. Nakajima, None; M.
Shimazawa, None; T. Kurita, None; M. Kubo, None; A. Saito, None;
H. Sajiki, None; T. Kudo, None; M. Aihara, None; K. Imaizumi,
None; M. Araie, None; H. Hara, None

The publication costs of this article were defrayed in part by page
charge payment. This article must therefore be marked “advertise-
ment” in accordance with 18 U.S.C. §1734 solely to indicate this fact.

Corresponding author: Hideaki Hara, Department of Biofunctional
Evaluation, Molecular Pharmacology, Gifu Pharmaceutical University,
5-6-1 Mitahora-higashi, Gifu 502-8585, Japan; hidehara@gifu-pu.ac.jp.

334

39

Yoshimi Nakajima," Masamitsu Shimazawa,' Takanori Kurita,”
Takashi Kudo,”> Makoto Aibhara,”
Makoto Araie,” and Hideaki Hara'

reticulum (ER) stress-induced retinal diseases. (Invest Opb-
thalmol Vis Sci. 2009;50:334—344) DOI:10.1167/i0vs.08-2123

he endoplasmic reticulum (ER) is the cellular organelle in

which proteins (destined for secretion or for diverse sub-
cellular localizations) are not only synthesized, but acquire
their correct conformation. Perturbations of the environment
normally required for protein folding in the ER, or the produc-
tion of large amounts of misfolded proteins exceeding the
functional capacity of the organelle, trigger a pattern of phys-
iological response in the cell, collectively known as the un-
folded protein response (UPR).""® The UPR serves to cope
with ER stress by transcriptionally regulating ER chaperones
and other ER-resident proteins, attenuating the overall transla-
tion rate, and increasing the degradation of misfolded ER pro-
teins. ER stress is caused by the accumulation of unfolded
proteins in the ER lumen, and it is associated with various
neurodegenerative diseases such as Alzheimer’s, Huntington’s,
and Parkinson’s diseases, and with type-1 diabetes.? "¢ Recent
reports have shown that ER stress is also involved in a variety
of experimental retinal neurodegenerative models, such 'as
those of diabetic retinopathy,” retinitis pigmentosa,®*® and
glaucoma. %! ‘

Recently, we reported that BiP expression is upregulated in
the retina after intravitreal injection of either tunicamycin or
NMDA (a glutamate-receptor agonist).**? Tunicamycin, a glu-
cosamine-containing nucleoside antibiotic, produced by genus
Streptomyces, is an inhibitor of N-linked glycosylation and the
formation of N-glycosidic protein-carbohydrate linkages.** Tu-
nicamycin, which reduces the N-glycosylation of proteins,
causes an accumulation of unfolded proteins in the ER and thus
induces ER stress. Awai et al.'® previously had demonstrated
that NMDA induces CHOP protein (a member of the CCAAT/
enhancer-binding protein family induced by ER stress) in GCL
and the inner plexiform layer (IPL), and that CHOP” mice are
more resistant to NMDA-induced retinal cell death than wild-
type mice. These findings indicate that ER stress may be in-
volved in these models of retinal injury.

BiP, a highly conserved member of the 70 kDa heat shock
protein family, is one of the chaperones locahzed to the ER
membrane,'®*” and it is 2 major ER-luminal Ca®*-storage
protein.'® i BiP works to restore, foldmg in misfolded or
incompletely assembled proteins,”® >? the interaction be-
tween BiP and misfolded proteins being dependent on its
hydrophobic motifs.?>~?* Proteins stably bound to BiP are
subsequently translocated from the ER into the cytosol,
where they are degraded by proteasomes.’®?” Previous re-
ports have show that induction of BiP prevents the neuronal
death induced by ER stress.”®™>' Hence, a selective inducer
of BiP might attenuate ER stress and be a new, useful
therapeutic agent for the treatment of ER stress-associated
diseases.

This seemed an interesting idea, and we recently identi-
fied BiP inducer X (BIX) while screening for low molecular
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mass compounds that might induce BiP using high-through-
put screening (HTS) with a BiP reporter assay system (Dual-
Luciferase Reporter Assay; Promega Corporation, Madison,
WI).?? We found that BIX preferentially induced BiP mRNA
and protein in SK-N-SH cells and reduced tunicamycin-in-
duced cell death. Intracerebroventricular pretreatment with
BIX reduced the infarction size after focal cerebral ischemia
in mice. In view of the retinal research described above, we
wondered whether BIX might reduce the retinal ganglion
cell loss and CHOP expression induced by tunicamycin or
NMDA treatment.

In the present study, we examined primarily whether in-
duction of BiP might inhibit the retinal cell death induced by
tunicamycin in RGC-5 cells in vitro, and/or that induced by

" tunicamycin or NMDA in mice in vivo.

MATERIALS AND METHODS

All experiments were performed in accordance with the ARVO State-
ment for the Use of Animals in Ophthalmic and Vision Research, and
they were approved and monitored by the Institutional Animal Care
and Use Committee of Gifu Pharmaceutical University, Gifu, Japan.

Materials

Dulbecco modified Fagle medium (DMEM) and NMDA were purchased
from Sigma-Aldrich (St. Louis, MO). The other drugs used and their
sources were as follows: BIX, 1-(3,4-dihydroxyphenyD-2-thiocyanato-
ethanone, was synthesized in the Department of Medicinal Chemistry,
Gifu Pharmaceutical University, while tunicamycin ‘was purchased
from Wako (Osaka, Japan). Isoflurane was acquired from Nissan Ka-
gaku (Tokyo, Japan) and fetal bovine serum (FBS) was from Valeant
(Costa Mesa, CA). ‘

RGC-5 Culture

RGC-5%* were gifted by Neeraj Agarwal (Department of Pathology and
Anatomy, UNT Health Science Center, Fort Worth, TX). Cultures of
RGC-5 were maintained in DMEM supplemented with 10% FBS, 100
U/mL penicillin (Meiji Seika Kaisha Ltd., Tokyo, Japan), and 100 ug/mL
streptomycin (Meiji Seika Kaisha. Ltd.) in a humidified atmosphere of
‘95% air and 5% CO, at 37°C. The RGC-5 cells were passaged by
- trypsinization every 3 days, as in our previous reports.’>'>** We used
RGC-5 without any differentiation.

RNA Isolation and Semi-Quantitative
~ RT-PCR Analysis

To examine the effect of BIX on BiP mRNA expression, RGC-5 cells
were seeded in six-well plates at a density of 1.4 X 10° cells per well.
After the cells had been incubating for 24 h, they were exposed to 50
1M BIX in 1% FBS DMEM for 0.5, 1, 2, 4, 6, 8, or 12 h, or to 2, 10, 50,
or 150 uM BIX in 1% FBS DMEM for 6 h. Total RNA was extracted
(RNeasy Mini Kit; QIAGEN KK, Tokyo, Japan) according to the manu-
facture’s protocol. The total RNA was divided into microtubes, and
frozen to —80°C. RNA concentrations were determined spectropho-
tometrically at 260 nm. First-strand cDNA was synthesized in a 20-ul
reaction volume using a random primer (Takara, Shiga, Japan) and
Moloney murine leukemia virus reverse transcriptase (Invitrogen,
Carlsbad, CA). PCR was performed in a total volume of 30 pL contain-
ing 0.8 uM of each primer, 0.2 mM dNTPs, 3 U Tag DNA polymerase
(Promega), 2.5 mM MgCl,, and 1X PCR buffer. The amplification
conditions for the semi-quantitative RT-PCR analysis were as follows:
an initial denaturation step (95°C for 5 minutes), 20 cycles of 95°C for
1 minute, 55°C for 1 minute, and 72°C for 1 minute, and a final
extension step (72°C for 7 minutes). The numbers of amplification
cycles for the detection of BiP and B-actin were 18 and 15, respec-
tively. The primers used for amplification were as follows: BiP: 5'-
GITTGCTGAGGAAGACAAAAAGCTC-3' and 5'-CACTTCCATAGAGTT-
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TGCTGATAATTG-3'; Bactin: 5'-TCCTCCCTGGAGAAGAGCTAC-3’ and
5" TCCTGCTTGCTGATCCACAT-3".

PCR products were resolved by electrophoresis through 6% (W/v)
polyacrylamide gels. The density of each band was quantified using an
imaging program (Scion Image Program; Scion Corporation, Frederick,
MD).

Real-Time PCR

Realtime PCR (TagMan; Applied Biosystems, Foster City, CA) was
performed as described previously.>® Single-stranded cDNA was syn-
thesized from total RNA using a high-capacity ¢cDNA archive kit (Ap-
plied 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), according to the manufacturer’s protocol. mRNA expres-
sion was measured by real-time PCR using a gene expression product
(Assays-on-Demand Gene Expression Product; Applied Biosystems)
and a BiP probe (Assay ID Details: Mm00517691). The thermal cycler
conditions were as follows: 2 minutes at 50°C and then 10 minutes at
95°C, followed by two-step PCR for 50 cycles consistihg of 95°C for 15
seconds followed by 60°C for 1 minute. For each PCR, we obtained the
slope value, R? value, and linear range of a standard curve of serial
dilutions. All reactions were performed in duplicate. The results are
expressed relative to the B-actin (Assay ID Details: Mm00661904)
mtemal control.

Cell Viability

To examine the effects of BIX on the cell death induced by tunicamy-
cin (2 pg/mL) or staurosporine (an ER stress-independent apoptosis
inducer, 30 nm) RGC-5 cells were seeded at a low density of 700 cells
per well into 96-well plates. After pretreatment with BIX for 12 h,
tunicamycin or staurosporine was added to the cultures for 48 h or
24 h, respectively. Cell death was assessed on the basis of combination

staining with the fluorescent dyes Hoechst 33342 and propidium

iodide (PI; Molecular Probes, Eugene, OR) or the change in fluores-
cence intensity after the cellular reduction of WST-8 to formazan.
Hoechst 33342 (Aex 350 nm, Aem 461 nm) and PI (Aex 535 nm, lem
617 nm) were added to the culture medium at final concentrations of
8 and 1.5 uM, respectively, for 30 minutes. Images were collected
using a CCD camera (DP30VW; Olympus America, Center Valley, PA)
via an epifluorescence microscope (IX70; Olympus, Tokyo, Japan)
fitted with fluorescence filters for Hoechst 33342 (U-MWU; Olympus),
and PI (U-MWIG; Olympus). In WST-8 assay, cell viability was assessed
by culturing cells in a culture medium containing 10% WST-8 (Cell
Counting Kit-8; Dojin Kagaku, Kumamoto, Japan) for 3 h at 37°C, with
quantification being achieved by scanning with a microplate reader at
492 nm.*® This absorbance is expressed as a percentage of that in -
control cells (which were in 1% FBS DMEM) after subtraction of
background absorbance.

Animals
Mice used were male adult ddY mice (Japan SLC, Hamamatsu, Japan),
male adult Thy-1-cyan fluorescent protein (CFP) transgenic mice (The
Jackson Laboratory, Bar Harbor, Maine),>® and ER stress-activated
indicator (ERAD-transgenic mice carrying the FXBP1ADBD-venus, a
variant of green fluorescent protein (GFP) fusion gene, which allows
effective identification of cells under ER stress in.vivo, as previously
described by Iwawaki.et al.*” Briefly, when ER stress in ERAI transgenic
mice.was induced, splicing of mRNA encoding the XBP-1 fusion gene
occurs and the spliced form of F-XBP1ADBD-venus fusion gene could
be translated into fluorescent protein. Thus, it is visualized by the
fluorescence intensity arising from the XBP-A-venus fusion protein
during ER stress, and we measured it by fluorescence microscopy and
immunoblotting in the present study.

All mice were kept under controlled lighting conditions (12 h:12 h
light/dark). The mouse genotype was determined by applying standard
PCR methodology to tail DNA.
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NMDA- or Tunicamycin-Induced Retinal Damage

NMDA- or tunicamycin-induced retinal damage was produced as
previously reported by Siliprandi et al. (1992).% Briefly, mice were
anesthetized with 3.0% isoflurane and maintained with 1.5% isoflu-
rane in 70% N,O and 30% O, via an animal general anesthesia
machine (Soft Lander; Sin-ei Industry Co. Ltd., Saitama, Japan). The
body temperature was maintained between 37.0 and 37.5°C with
the aid of a heating pad. Retinal damage was induced by the

injection (2 pl/eye) of NMDA (Sigma-Aldrich) at 20-mM or tunica- -

mycin at 1 pg/mL dissolved in 0.01 M PBS with 5% dimethyl
sulfoxide (DMSO). Each solution was injected into the vitreous body
of the left eye under the above anesthesia. One drop of 0.01%
levofloxacin ophthalmic solution (Santen Pharmaceuticals Co. Ltd.,
Osaka, Japan) was applied topically to the treated eye immediately
after the intravitreal injection. Seven days after the injection, eye-

balls were enucleated for histologic analysis. For comparative pur- ~

poses, nontreated retinas from each mouse strain were also inves-
tigated. BIX (0.5 or 5 nmol) or vehicle (5% DMSO in PBS) was
co-administered with the NMDA or tunicamycin in each mouse.

Histologic Analysis

In mice under anesthesia produced by an intraperitoneal injection of
sodium pentobarbital (80 mg/kg), each eye was enucleated and kept
immersed for at least 24 h at 4°C in a fixative solution containing 4%
paraformaldehyde. Six paraffin-embedded sections (thickness, 4 pum)
cut through the optic disc of each eye were prepared in a standard
manner and stained with hematoxylin and €osin. The damage induced
by NMDA or tunicamycin was then evaluated, with three sections from
each eye being used for the morphometric analysis, as described
below. Light-microscope images were photographed, and the cells in
the GCL at a distance between 375 and 625 pum from the optic disc
" were counted on the photographs in a masked fashion by a single

observer (Y.L). Data from three sections (selected randomly from the

six sections) were averaged for each eye and used to evaluate the cell
. count in the GCL.

Retinal Flatmounts and Analysis in
Transgenic Mice

Transgenic mice were given an overdose of sodium pentobarbital, and
retinas were dissected out and fixed for 30 minutes in 4% paraformal-

dehyde diluted in 0.1 M phosphate buffer (PB) at pH 7.4. Retinas were .

subsequently washed with PBS at room temperature, flatmounted on
clean glass slides using fluorescent mounting medium (Dako Corp.,
Carpinteria, CA), and stored in the dark at 4°C for 1 week. The damage
induced by tunicamycin was then evaluated, with four sections (dorsal,
ventral, temporal, and nasal) from each eye being used for the mor-
phometric analysis, as described below. At varjious times after intrav-
itreal injections (24 h in ERAI mice and 7 days in Thy-1-CFP transgenic
mice), fluorescent images were photographed (X200, 0.144 mm?)
using an epifluorescence microscope (BX50; Olympus) fitted with a

~ CCD camera (DP30VW; Olympus). In the case ‘of Thy-1-CFP transgenic
mice, Thy-1-CFP-positive cells at a distance of 1 mm from the optic disc
were counted on the photographs in a masked fashion by a single
observer (Y.L). Data from the four parts of each eye were used to
evaluate the RGC count.?”

Immunostaining

Eyes were enucleated as described under Histologic Analysis, fixed in
4% paraformaldehyde overnight at 4°C, immersed in 25% sucrose for
48 h at 4°C, and embedded in optimum cutting temperature (OCT)
compound (Sakura Finetechnical Co. Ltd, Tokyo, Japan). Transverse
10-um thick cryostat sections were cut and placed onto slides (MAS
COAT; Matsunami Glass Ind., Ltd., Osaka, Japan). Immunohistochem-
ical staining was performed according to the following protocol:
Briefly, tissue sections were washed in 0.01 M PBS for 10 minutes, and
then endogenous peroxidase was quenched by treating the sections
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with 3% hydrogen peroxide in absolute methanol for 10 minutes,
followed by a pre-incubation with 10% normal goat serum. They were
then incubated overnight at 4°C with the following primary antibodies:
against CHOP (1:1000 dilution in PBS; Santa Cruz, CA), and against
BiP/GRP78 (1:1000 dilution in PBS; BD Transduction Laboratories,
Lexington, KY). Sections were washed and then incubated with bio-
tinylated anti-rabbit IgG or anti-mouse IgG. They were subsequently
incubated with the avidin-biotin-peroxidase complex for 30 minutes,
and then developed using diaminobenzidine (DAB) peroxidase sub-
strate. Images were obtained using a digital camera (COOLPIX 4500;
Nikon, Tokyo, Japan).

Quantitation of Density

In the DAB-labeled areas of anti-BiP/GRP78 (BD Transduction Labora-
tories) and anti-CHOP (Santa Cruz) in the GCL and IPL at a distance
between 475 and 525 pm (50 X 50 pum) from the optic disc, retinal
DAB-labeled cell density was evaluated by means of appropriately
calibrated computerized image analysis, using median density in the
range of O to 255 as an analysis tool (Image Processing and Analysis in
Java, Image J; National Institute of Mental Health, Bethesda, MD) and
averaged for two areas.*® The data lie within the dynamic range of this
assays ) '

Briefly, light-microscope images of the above-mentioned areas were
photographed, inverted in a gradation sequence using image editing
software (Adobe Photoshop 5.5; Adobe Systems Inc., San Jose, CA),
and then optical intensity was evaluated using Image J. The score for
the negative-control (nontreated with first antibody), as the back-
ground value, was subtracted from the scores.

TUNEL Staining

TUNEL staining was performed according to the manufacturer’s
protocol (In Situ Cell Death Detection Kit; Roche Biochemicals,
Mannheim, Germany) to detect the retinal cell death induced by
NMDA. Mice were anesthetized with pentobarbital sodium at 80
mg/kg, IP, 24 h after intravitreal injection (either of NMDA 40
nmol/eye or of tunicamycin 1 pg/eye). The eyes were enucleated,
fixed overnight in 4% paraformaldehyde, and immersed for 2 days in
25% sucrose with PBS. The eyes were then embedded in a support-
ing medium (OCT compound) for frozen-tissue specimens. Retinal
sections at 10-pum thick were cut on a cryostat at —25°C, and stored
at —80°C until staining. After twice washing with PBS, sections
were incubated with terminal TdT enzyme at 37°C for 1 h, then
washed 3 times in PBS for 1 minute at room temperature. Sections
were subsequently incubated with an anti-fluorescein antibody-
peroxidase conjugate at room temperature in a humidified chamber
for 30 minutes, then developed using DAB tetrahydrochloride per-
oxidase substrate. Light~microscope' images were photographed,
and the labeled cells in the GCL at a distance between 375 and 625
um from the optic disc were counted in two areas of the retina in
a masked fashion by a single observer (Y.1.). The number of TUNEL-
positive cells was averaged for these two areas, and plotted as the
number of TUNEL-positive cells.

Western Blot Analysis

RGC-5 cells were lysed using a cell-lysis buffer (RIPA buffer R0278;
Sigma-Aldrich) with protease (P8340; Sigma-Aldrich) and phosphatase
inhibitor cocktails (P2850 and P5726; Sigma-Aldrich), and 1 mM EDTA.
In vivo, mice were euthanatized using sodium pentobarbital at 80
mg/kg, IP, and their eyeballs were quickly removed. The retinas were

carefully separated from the eyeballs and quickly frozen in dry ice. For

protein extraction, the tissue was homogenized in the cell-lysis buffer
using a2 homogenizer (Physcotron; Microtec Co. Ltd., Chiba, Japan).
The lysate was centrifuged at 12,0008 for 20 minutes, and the super-
natant was used for this study. Assays to determine the protein con-
centration were performed by comparison with a known concentra-
tion of bovine serum albumin using a BCA protein assay kit (Pierce
Biotechnology, Rockford, IL). A mixture of equal parts of an aliquot of
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Ficure 1. The structure of BIX (1-(3, 4—d1hydroxyphenyl)-2 thiocya-
nate- cthanone)
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protein and sample buffer with 10% 2-mercaptoethanol was subjected
to 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The
separated protein was then transferred onto a polyvinylidene difluo-
ride membrane (Immobilon-P; Millipore Corporation, Bedford, MA).
For immunoblotting, the following primary antibodies were used:
rabbit anti-CHOP polyclonal antibody‘ (1:1000; Santa Cruz), mouse
anti-B-actin monoclonal antibody (1:4000; Sigma-Aldrich), and rabbit
anti-green fluorescent protein (GFP) polyclonal antibody (1:1000; Med-
ical & Biological Laboratories Co. Ltd., Nagoya, Japan). The secondary
antibody used was either goat anti-rabbit HRP-conjugated (1:2000) or
goat anti-mouse HRP-conjugated (1:2000). The immunoreactive bands
were visualized using a chemiluminescent substrate (SuperSignal West
Femto Maximum Sensitivity Substrate; Pierce Biotechnology). The band
intensity was measured using an imaging analyzer (Lumino Imaging Ana-
lyzer; Toyobo, Osaka, Japarn) and a gel analysis electrophoresis analysis
software (Gel Pro Analyzer; Media Cybernetics, Atlanta, GA).

‘Statistical Ahalysis

Data are presented as the means * SE. Statistical comparisons were
made by way of Dunnett’s test or Student’s test using statistical
analysis software (STAT VIEW version 5.0; SAS Institute, Cary, NC). P <
0.05 was considered to indicate statistical significance.
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Resurrs

BiP mRNA in RGC-5 Preferentially Induced by BIX

To clarify whether BIX (Fig. 1) induces BiP in RGC-5, we used
semi-quantitative RT-PCR and realtime PCR, using a specific
primer and a TagMan probe recognizing BiP mRNA, respec-
tively. Real-time PCR revealed that the level of BiP mRNA was
significantly elevated at 0.5 to 12 h (peak at approximately 6 h)
after treatment with 50 uM BIX (Fig. 2A). At 6 h after treatment
with BIX (2 to 150 uM), BiP mRNA was increased concentra-
tion-dependently (Fig. 2B). Next, we used realtime PCR to
investigate whether BIX might affect the expressions of any
other genes related to the ER stress response, such as GRP94,
calreticulin, protein kinase inhibitor of 58 kDa (p58™%), or
asparagine synthetase (ASNS; Fig. 2C). Realtime PCR revealed
significant inductions of ASNS and calreticulin mRNAs at 6 h
after treatment with BIX at 2 and 10 pM, respectively. At 50
uM, BIX induced the mRNAs for GRP94 at 12 h, calreticulin at
6 and 12 h, p58™* at 6 h, and ASNS at 12 h. In contrast, GRP94
mRNA was significantly reduced at 4 h after treatment with 50
mM BIX.

Protectwe Effect of BIX against ER Stress-Induced
Cell Death in RGC-5 Cells

To investigate whether BIX can prevent the cell death induced
by ER stress, RGC-5 cells were pretreated for 12 h with or
without BIX, then treated with 2 ug/mL tunicamycin, and
finally incubated for a further 48 h. Fluorescence micrographs
of Hoechst 33342 and PI staining revealed 38.4 * 4.5% cell
death (n = 8) at 48 h after tunicamycin treatment, (control:
0.9 = 0.2%, n = 8), and pretreatment with BIX at 1 and 5 uM
significantly reduced this cell death (Figs. 3A, 3B). Next, we
evaluated the expression of CHOP protein after tunicamycin
treatment. There was no CHOP protein expression in either
nontreated or BIX-treated cells. (Figs. 3C, 3D). On the other
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Ficure 2. Effect of BIX on BiP
mRNA expression BIX in RGC-5 cells.
(A) Time-dependent induction of BiP
mRNA after treatment with 50 uM
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FIGURE 3. Effects of BIX on tunica-
mycindnduced cell death and CHOP
protein expression in RGC-5 cells.

(A) RGC-5 cells were pretreated
with vehicle or with 1 uM BIX for
12 h, and then immersed in fresh

medium (control) or in medium
supplemented with 2 ug/mL tuni-
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camycin (Tm; labeled Tm or Tm -+
BIX). Upper photomicrographs show
Hoechst 33342 and lower ones pro-
pidium iodide (PD staining at 48 h
after tunicamycin stimulation. Scale
bar represents 25 pm. (B) Numbers
of Pl-positive cells after tunicamy-
cin treatment. Pretreatment of cells
with BIX (1 and 5 uM) significantly
reduced the amount of cell death
(vs. cells treated with tunicamycin
alone). (C) Immunoblot of CHOP
protein shows that tunicamycin in-
duced significant CHOP expres-
sion, and that pretreatment of cells
with BIX at 5 uM reduced this ex-
pression with no change in the
level of B-actin. Upper panel shows
CHOP and lower panel shows f-ac-

BIX

tin. (D)'Quantitative representations of B-actin-based tunicamycin-induced CHOP protein expression (in arbitrary units). Data are shown as
mean * SE (n = 6 or 8). *P <0.05, **P < 0.01 versus tunicamycin alone. .

hand, tunicamycin markedly induced CHOP protein, while
pretreatment with BIX at 5 uM reduced this expression to
almost half the value seen after tunicamycin treatment alone
(Figs. 3C, 3D).

Effects of BIX on Cell Damage Induced by
Staurosporine in RGC-5 Culture

To investigate whether BIX protects non-ER stress-induced cell
death, we examined staurosporine-induced cell death. Stauro-
sporine at 30 nM-for 24 h reduced cell viability to approxi-
mately 60% of control (Fig. 4). There was no statistical differ-
ence between BIX (1 and ‘5 p,M}treated and VCthlC treated
group-

. 120’ .
ST
£ 100
g
S s
60
£ 40
=
=20
o
| Ry
Control
‘ - BIX
Staurosporine

Ficure 4. Effect of BIX on the cell death induced by staurosporine in
RGC5. RGC-5 cells were pretreated with vehicle or with BIX (1 or 5
uM) for 12 h, and then immersed in fresh medium (control) or in
medium supplemented with staurosporine at 30 nM. At the end of this
culture period, cell death was assessed by WST-8 assay (Cell Counting
Kit-8; Dojin Kagaku) Data are shown as mean = SE (n = 0).
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BiP Protein in the Mouse Retina Induced by
Intravitreous Injection of BIX |

Compared with that in the nontreated retina, BiP protein ex-
pression in GCL and IPL was significantly increased at 6 and
12 h after intravitreal injection of BIX (5 nmol; Figs. 5A, 5B).
Optical density analysis confirmed that administration of BIX
induced BiP protein in vivo (Fig. 5D).
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FIGURE 5. BiP protein expression in the mouse retina induced by
intravitreous injection of BIX. Immunostaining probed with an anti-
body against BiP/GRP78. (A) Nontreated, (B) 6 h, and (C) 12 h after
intravitreous injection of BIX (5 nmoD. (D) Expression ratio for BiP
induction intravitreous injection of BIX is represented as the ratio of
intensity values. Data are shown as mean * SE (n = 6). *P < 0.05,
=p < .01 versus nontreated normal retina. Each scale bar represents
25 pm.
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FIGURE 6. Effects of B]X on retmal
damage induced by mt.rawtreal injec-
tion of tunicamycin in mice. Hema-
toxylin and eosin staining. of. cross-
sections of (A) nontreated, (B) Tm-
treated, and (C) Tm plus BIX-treated
mouse retinas at seven days after in-
travitreal injection of tunicamycin (1
jg) either alone or with BIX (5
nmol). (D) Damage was evaluated by

counting cell numbers. in . GCL -at D 1807
seven days after the above injections. £ e
TUNEL staining of cross-sections of g W
(B) nontreated; (F) Tm-treated, and 5
(G) Tm plus BIX-treated mouse reti- Y el
nas at seven days after the above in- t';
jections. (H) Effect of BIX on Tm- Sé’ 8
induced expression of TUNEL- 3 6o
positive cells at 24 h after the above z @
injections. Data are shown as 1
mean * SE (2 = 9 or 10). *P < 0.05 »
versus tunicamycin alone. Scale bars o

each represent 25 um.

Protective Effect ,'of BIX against Tunicamycin-
Induced Retinal Damage in Mice

Tunicamycin decreased the cell number in GCL at 7 days after

its intravitreal injection (vs. nontreated retinas; Figs. GA, 6B).
There was significantly less cell loss in GCL when BIX (5 nmoD)
was co-administered with the tunicamycin (Figs. 6B-6D). In

Normal Tm Tm+ BIX

addition, intravitreal injection of tunicamycin increased the -

number of TUNEL-positive cells in GCL at 24 h (vs. nontreated

- retinas; Figs. 6E, GF). BIX (5 nmol), when co-administered with
the tunicamycin, significantly reduced the number of TUNEL—
positive cells (vs. tunicamycin alone; Figs. GF- 6H)

' Protective Effect of BIX against Tunicamycin-
Induced Retinal Damage in Thy-1-CFP -
Transgenic Mice

In this expenment on Thy-1-CFP transgenic mice, we con-
firmed the effect of BIX in a larger retinal area than that
evaluated in Figure 6D. We counted the number of Thy-1-CFP-
positive cells (in flatmounts) in the four white areas shown 1
. mm from the center of the optic disc in Figure 7E, and then

FiGURe 7. Effects of BIX on retinal
damage induced by intravitreal injec- {8
tion of tunicamycin in Thy-1-CFP
transgenic mice. Mouse retinas (flat-
mounts) at seven days after intravit-
real injection of (A) vehicle, (B) BIX
(5 nmol), (C) Tm (1 ug), or D) Tm
(1 pg) plus BIX (5 nmol). Damage
was evaluated by counting  Thy-1-
CFP-positive cell numbers in the.
four white areas shown in (E) (each
area 0.144 mm? X 4 areas; total
0.576 mm?®) at seven days after the
above intravitreal injections. (F) Ef-
fect of BIX against Tm-induced dam-
age (indicated by decreased number
of Thy-1-CFP-positive cells) at seven
days after intravitreal injection. Data
are shown as mean = SE (# = 9 or
10). *P < 0.05 versus tunicamycin
alone. Scale bar represents 25 pm.

D 3 6.144 mm?
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Tm+ BIX

- Normal

totaled these values. In the Thy-1-CFP-transgenic mouse retina,
axonal fibers were evenly and densely distributed. There were

‘congested CFP-positive cells in the vehicle-treated retina (Fig.

7A), and no change was observed in BIX-treated retinas with-
out tunicamycin treatment (Fig. 7B). Intravitreal injection of
tunicamycin decreased the Thy-1-CFP-positive cell count at 7
days (vs. vehicle- treated retina; Figs. 7A, 7C). BIX at 5 nmol,
when co-administereéd with the tumcamycm 51gmﬁcanﬂy in-
hibited this- cell loss (Figs. 7C, 7D, 7B).

Effect of BIX on TunicamYcin—Induced CHOP
Expression in Mice

Representative photograph of a2 nontreated retina is shown in
Figure 8A. No change was observed in the BIX-treated retina
(Fig. 8B). Optical density analysis of CHOP protein immunore-
activity in: GCL and IPL showed that intravitreal injection of
tunicamycin .(1- ug) significantly increased the level of CHOP
protein at 72-h after the injection (Fig. 8C). BIX (5 nmol), when
co-administered with the tunicamycin, significantly inhibited
this effect (Figs. 8D, 8E).
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GCL
1PL

Tm + BIX

- Ficure 8. Effect of BIX on tunica-
mycin-induced CHOP expression in
the mouse retina. Mouse retinas
(cross-sections) either (A) nontreated
or at three days after intravitreal injec-
tion of B) BIX (5 nmoD), (O Tm (1 pg)
or (D) Tm (1 pug) plus BIX (5 nmoD.
(E) Relative density of CHOP protein
expression in GCL and IPL at three
days after the above intravitreal injec-
tions. Data are shown as mean * SE

Normal BIX Tm

Effect of BIX on Tunicamycin-Induced XBP-1
Expression in ERAI Mice

In ERAI mice, the fluorescence intensity arising from the XBP-
1-venus fusion protein (indicating ER stress activation) can be
easily visualized, allowing evaluation of the effect of ER stress
on the retina. In the representative photographs of flatmount
retinas from ERAI mice shown in Figure 9, no difference was
observed between vehicle-treated and BIX-treated retinas (Fig.
9B). Intravitreal injection of tunicamycin (1 pg) induced XBP-
1-venus expression (vs. the vehicle-treated rétina; Fig. 9C).

B F
KEBP-1 venus @ E -
{anti-GFP) §§V s00 ¢

Z5
, 2 i
Anti-actin gz
?,g .
Vehicle BIX Tm Tm+BIX £2 m.
H
=

]

Tm+BIX

(@ = 6).*P < 0.01 versus tunicamycin
alone. Scale bar represents 25 pum.

Immunoblot analysis of XBP-1-venus protein expression in the
retina (using an anti-GFP antibody) showed that intravitreal
injection of tunicamycin (1 pg) significantly raised the level of
XBP-1-venus protein, and that BIX (5 nmol), when co-admin-
istered with the tunicamycin (Fig. 9D), significantly inhibited
this effect (Figs. 9E, 9F). '

Protective Effect of BIX against NMDA-Induced
Retinal Damage in Mice

A representative photograph of a nontreated retina is shown in
Figure 10A. Intravitreal injection of NMDA (a) decreased the

Ficure 9. Effect of BIX on tunica-
mycin-induced XBP-1 venus expres-
sion in ERAI mice. Mouse retinas
(flatmounts) at 24 h after intravitreal
injection of (A) vehicle, (B) BIX (5
amoD, (C©) Tm (1 pg) or D) Tm (1
1g) plus BIX (5 nmoD. (B) Upper
panel shows XBP-1 venus protein ex-
pression, while lower panel shows
B-actin protein expression at 24 h
after the above injections. (F) West-
ern blot analysis showing effect of
BIX on Tm-induced expression of
Bactin-based XBP-1 venus protein
expression at 24 h after the above
injections. Data are shown as

£33

mean + SE (n = 8). *P < 0.01 versus
tunicamycin alone. Scale bars in

o

Vehicle

45

BIX

main photomicrographs and in insets
represent 25 and 5 um, respectively.

Tm Tm+BIX
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Ficure 10. Effects of BIX on retinal Normal BIX 0.5 nmol BIX 5 nmol
damage induced by intravitreal injec- NMDbA

tion of NMDA in mice. Mouse retinas E F

(cross-sections) either (A) non- 160 g ™

treated or at seven days after intrav- 140 - E w0l

itreal injection of (B) NMDA (40 E 5

nmol) alone or (C, D) NMDA (40 & 120} o solf

nmol) plus BIX (0.5 or 5 nmol). (E) 2w }f

Damage. was evaluated by counting £ B 40

cell numbers in GCL at seven days g L g gl

after the above intravitreal injections. = 60t 27

(F) Effect of BIX on NMDAdnduced g 29

expression of TUNEL-positive cells at o ; =

24 h after intravitreal injection of 20 - 2 mwi

NMDA (40 nmol) either alone or . . E —

with BIX (5 nmol). Data are shown as : - : i 2oy :
wich B2 S(ES o )9 P 0L Normal Vehicle 0.5 » 5 nmol ‘ Normal Vehicle BIX S amol
versus NMDA-treated control group. BIX NMDA
Scale bar represents 25 um. NMDA

cell number in GCL at 7 days (Figs. 10B, 10E) and (b) increased
the number of TUNEL-positive cells in GCL at 24 h (vs. non-
treated normal retina; Fig. 10F). BIX (5 nmol), when co-admin-
istered with the NMDA, significantly reduced (vs. NMDA
alone) both the cell loss in GCL (Figs. 10D, 10E) and the
number of TUNEL-positive cells (Fig. 10F). On the other hand,
there was no statistical difference between BIX (0.5 nmol)- and

vehicle-treated group in NMDA-induced cell death in GCL
(Figs. 10C, 10E).

Effect of BIX on NMDA-Induced CHOP Expression
“in Mice '

A representative photograph of a nontreated retina is shown in
Figure 11A and no change was detected between nontreated

GCL
PL

NMDA+BIX
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BIX NMDA
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. Ficure 11.  Effect of BIX on NMDA- ~ 5 1000 -
induced CHOP expression in mice. - 24 s
0 X ” e X
Mouse retinas (cross-sections) either B> spph
(A) nontreated or at three days after e
intravitreal injection of (B) NMDA = &
(40 nmol) alone or (C) NMDA (40 P 600
nimoD), or (D) NMDA (40 nmol) plus = B
BIX (5 nmol). (E) Relative density of 5 w3 400
CHOP protein expression in GCL and ; [
IPL at three days after the above in- =D 200
travitreal injections. Data are shown
as mean = SE (n = 6). *P < 0.01
versus NMDA alone. Scale bar repre- e

© sents 25 um.
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retina and the BIX-treated retina without NMDA treatment
(Figs. 11A, 11B). Optical density analysis of CHOP protein
immunoreactivity in GCL and IPL showed that intravitreal in-
jection of NMDA (40 nmol) significantly increased the level of
CHOP protein at 72 h after the injection (Fig. 11C). When
co-administered with the NMDA, BIX (5 nmol) significantly
inhibited this effect (Figs. 11D, 11E). :

DISCUSSION

In the present study, we confirmed that BIX preferentially
induces BiP mRNA in RGC-5. Although it also induced GRP94,
calreticulin, p58™%, and ASNS, these inductions were lower
than that of BiP. This is consistent with our previous study that
. BIX preferentially induced BiP with slight inductions of GRP94,
calreticulin, and CHOP mediated by the activating transcrip-
tion factor 6 (ATF6) pathway accompanied by activation of
ERSEs, and that BIX does not affect the pathway downstream of
IRE1 or the translational control branch downstream of PERK

in SK-N-SH cells.?? Therefore, BIX is not just an ER stressor

such as tunicamycin or thapsigargin, and we consider that the
induction of BiP by BIX is mediated by the ATF6 pathway in
RGC-5 similar to that in SK-N-SH cells. Next, we evaluated the
effects of BIX, as a preferential inducer of BiP, on ER stress-
induced in vitro cell death in RGC-5 (a rat ganglion cell-line)
and in vivo retinal damage in mice. We found that BIX reduced
tunicamycin-induced cell death in RGC-5 and also reduced
both tunicamycin-induced and NMDA-induced retinal damage
in mice. Our previous study revealed that BIX (2 reduced
tunicamycin-induced cell death in SK-N-SH cells, (b) contrib-
uted to the induction of BiP expression via the ATF-6 pathway
(but not via the PERK or IRE1 pathways), and (¢) on intrace-
rebroventricular injection, prevented the neuronal damage in-
duced by focal ischemia in mice.?? Furthermore, immunostain-
ing revealed that intravitreal injection of BIX significantly
induced BiP protein in mouse retina. Particularly, it expressed
" in GCL and IPL (versus both the normal and the sham retina).
" On the other hand, there was little protective effect of BIX
against RGC-5 damages after staurosporine treatment. Stauro-
sporine is well known as a nonspecific inhibitor of protein
kinases and initiates caspase-dependent apoptosis in many cell
types.“¥¥2 Our previous studies revealed that staurosporine
induced cell death without any changes in the expression of
BiP or CHOP protein."*** Furthermore, preliminary study
showed that treatment with BIX (1 and 5 uM) did not inhibit
RGC-5 cell death 48 h after serum deprivation, which does not
induce any UPR-responses such as BiP or CHOP (unpublished
data). These results strongly support that BIX selectively pro-
tects cell damage induced by ER stress.

Recently, we reported that in mice, increased expressions
of XBP-1 splicing, BiP, and CHOP could be detected after the
induction of retinal damage by tunicamycin, NMDA, or an
elevation of intraocular pressure.'? That report was the first to
demonstrate an involvement of ER stress and BiP in retinal cell
death in mice. Hence, in the present study we asked whether
BIX can prevent such retinal damage. By histologic analysis and
TUNEL staining, we estimated that BIX reduced tunicamycin-
induced retinal damage in GCL. However, the cell counts in
partial cross sections provide a comparatively small sample on
which quantitative morphometry can be used to judge such an
effect. Therefore, we used Thy-1-CFP transgenic mice®® to
examine the effect of BIX in a large retinal area. This transgene
contains a CFP gene under the direction of regulatory elements
derived from the mouse Thy-1 gene, and the transgenic mice
express CFP protein in RGC and in the inner part of the IPL of
the retina.*® Our results show that BIX exerted a protective
effect against tunicamycin-induced retinal damage in the Thy-

. IOVS, January 2009, Vol. 50, No. 1

1-CFP transgenic mouse. However, it is possible that microglial
cells become co-labeled with CFP by phagocytosis of the dying
RGCs. In this study, we evaluated CFP-positive cells in 7 days
after tunicamycin injection. In our previous and preliminary
studies, activated microglia cells in GCL were increased at 3
days after NMDA injection'® and their increases were almost
ceased within the 7 days (unpublished data). Furthermore,
microglial cells can be distinguished with neuronal cells by

" their morphologic features. ™ In fact, microglial cells were

scarcely observed at seven days after tunicamycin injection,
similar to that at seven days after NMDA injection. When we
investigated the effect of BIX on NMDA-induced retinal damage
in ddY mice, we found that it significantly attenuated such
damage. NMDA is well known to induce RGC death and optic-
nerve loss (effects mediated by excitatory glutamate receptor),
and such neuronal death is believed to play a role in many
neurologic and neurodegenerative diseases.*>*¢ Recently, Ue-
hara et al.*” noted that mild exposure to NMDA induced
apoptotic cell death in primary cortical culture, and they dem-
onstrated this effect to be caused by an accumulation of polyu-
biquitinated proteins and increases in XBP-1 mRNA splicing
and CHOP mRNA (reflecting activation of the UPR signaling
pathway). They also found that protein-disulphide isomerase,
which assists in the maturation and transport of unfolded
secretory proteins, prevented the neurotoxicity associated
with ER stress. These findings suggested that activation of ER
stress may participate in the retinal cell death occurring after
NMDA-receptor activation and/or an ischemic insult.*”

In our investigation of the mechanisms underlying the
above-mentioned effects, we focused on CHOP. Since CHOP is -
a member of the CCAAT/enhancer-binding protein family that
is induced by ER stress and participates in ER-mediated apo-
ptosis, CHOP may be a key molecule in retinal cell death.*® We
found that treatment with tunicamycin induced apoptotic cell
death in RGC-5 and also induced a production of ER stress-
related proteins (BiP, the phosphorylated form of elF2«, and
CHOP protein). BIX reduced both the cell death and the CHOP
protein expression induced by tunicamycin in RGC-5 in vitro.
BIX also attenuated the CHOP protein expression induced by
either tunicamycin or NMDA in the mouse retina in vivo. As
mentioned above, BIX may affect CHOP protein expression
through ATF6 pathway, but no change was observed in BIX-
treated RGC-5. In our previous data in SK-N-SH cells, BIX
slightly increased CHOP mRNA only at 2 h after the treatment.
Expression of CHOP is mainly regulated by three transcription
factors—ATF4, cleaved ATFG, and x-box binding protein-1
(XBP-1)—which are downstream effectors during ER stress in
similar to other ER chaperones. These differences between BiP
and CHOP expression by BIX may be due to the difference of
their promoters. CHOP promoter contains at least two ERSE
motifs (CHOP ERSE-1 and CHOP ERSE-2) located in opposite
directions with a 9 bp overlap, and one of ERSEs is inactive.*®
On the other hand, BiP promoter has three functional ERSE
motifs of the rat GRP78 promoter (ERSE-163, ERSE-131, and
ERSE-98).° These variations in each promoter may contribute
to the differences among the expressions of ER chaperons

" induced by BIX and the lack of CHOP expression.
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Subsequently, we monitored XBP-1 activation in the mouse
retina in vivo, using ERAI transgenic mice.3” Effective identifi-
cation of cells under ER stress conditions is possible in the
retina in these mice, as described in our previous report.”
Here, ERAI mice carrying the FFXBP1ADBD-venus expression
gene were used to monitor ER stress. The fluorescence inten-
sity arising from the X-box binding protein (XBP1)-venus fu-
sion protein, indicating ER stress activation, was increased in
cells within GCL and IPL at 24 h after injection of tunicamycin
into the vitreous. BIX significantly reduced this expression,
indicating that BIX may attenuate the retinal damage induced
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by ER stress-associated factors. In our previous study,> we
found that BIX induced BiP protein expression via the ATF-6
pathway (not via other ER stress-associated factors such as the
PERK and IRE1 pathways) in SK-N-SH cells. Possibly, the pro-
tective mechanism underlying the effect of BIX on the mouse
retina may be the same as that revealed by our previous study,
but further experiments will be needed to clarify this issue.

In conclusion, we have demonstrated that BIX, a preferen-
tial inducer of BiP, inhibits both the neuronal cell death in-
duced by ER stress in vitro in RGC-5 cells and in vivo in the
mouse retina. Hence, an increase in BiP might be one of the
targets of mechanisms bestowing neuroprotection in retinal
diseases. “
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ARTICLE INFO ABSTRACT
Article history: We previously reported the effect of a selective inducer of BiP (a BiP inducer X; BIX) after permanent
Received 25 May 2010 middle cerebral artery occlusion (MCAO) in mice. However, in acute stroke, almost all drugs have been
Received in revised form 3 August 2010 used clinically after the onset of events. We evaluated the effect of post-treatment of BIX after permanent
Accepted 6 August 2010 MCAO in mice, and examined its neuroprotective properties in in vivo mechanism. BIX (intracerebroven- -
tricular injection at 20 pg) administered either at 5min or 3h after occlusion reduced both infarct
Keywords: volume and brain swelling, but at 6h after occlusion there was no reduction. BIX protected against
. Q]I:Zf:::: the d‘ecrease ina dose—de]&)endent manner. Fur_ther{nore, BIX reducgd. the nurgber of termina‘l deox;_rm}—
Immunoglobulin heavy chain binding Fleotldyl transferase-mediated dUTP mgk end-labeling (TUNEL)—pos}tlve cells md.uced by the ischemiain
protein (BiP) ischemic penumbra. These findings indicate that post-treatment with BIX after ischemia has neuropro-
Ischemia tective effects against acute ischemic neuronal damage in mice even when given up to 3 h after MCAO.
Mouse BIX may therefore be a potential drug for stroke.

© 2010 Elsevier Ireland Ltd. All rights reserved.

Stroke is the third most common cause of death after heart attack
and cancer, and it has profound negative social and economic
effects. The only preventive treatment for stroke is anti-platelet
therapy for patients with transient ischemic attack or stroke, which
produces a modest but clinically worthwhile benefit {3]. In acute
stroke, only a small fraction of patients benefit from intravenous
administration of recombinant tissue plasminogen activator (t-PA),
which is the only drug with proven effectiveness in reducing the
size of infarct in humans {1,17].

BiP is one of the molecular chaperones localized to the ER mem-
brane, and is a highly conserved member of the 70-kDa heat shock
protein family [10,11}]. It has been reported that the expression
of BiP, an endoplasmic reticulum (ER) molecular chaperone, was
upregulated by ischemia in focal and global transient ischemia
models [7,16,19]. Furthermore, previous reports showed that the
induction of BiP prevents neuronal death induced by ER stress
[8,14,15,21]. By contrast, inhibition of GRP78 (78kDa glucose-
regulated protein) mRNA induction increases cell death inresponse
to calcium release from the ER, oxidative stress, hypoxia, and T-

* Corresponding author. Tel.: +81 58 230 8126; fax: +81 58 230 8126.
E-mail address: hidehara@gifu-pu.ac.jp (H. Hara).

0304-3940/$ - see front matter © 2010 Elsevier Ireland Ltd All rights reserved.
doi:10.1016/j.neulet.2010.08.015
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cell-mediated cytotoxicity [4,13,18]. Therefore, BiP activators will
be effective agents against cerebral ischemia. -

ER stress, which is caused by an accumulation of unfolded
proteins in the ER lumen, is associated with stroke and with neu-
rodegenerative diseases such as Parkinson's and Alzheimer’s. An
earlier study showed that pretreatment with BIX (intracerebroven-
tricular injection at 5 or 20 ug) protects cells from ER stress [9]. BIX
is an inducer of BiP mRNA found by using a BiP reporter assay sys-
tem [9]. Our previous report showed that BIX selectively induces
BiP in SK-N-SH cells and pretreatment with BIX (intracerebroven-
tricular injection at 5 or 20 p.g) reduces the area of infarction and
the neuronal cell death due to focal cerebral ischemia in mice
[9]. :
In the present study, we examined the neuroprotective effects
of post-treatment with BIX on infarction, brain swelling, neurolog-
ical deficits, and apoptosis in a murine permanent focal cerebral

~ ischemia model.

The experimental designs and all procedures were in accordance
with the U.S. National Institutes of Health Guide for the Care and .
Use of Laboratory Animals and the Animal Care Guidelines issued by
the Animal Experimental Committee of Gifu Pharmaceutical Uni-
versity, and approved by the Animal Experimental Committee of
Gifu Pharmaceutical University. All in vivo experiments were per-
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D) Effects of BIX on infarct volume and brain swelling (measured at 24h after MCAO) Values are expressed as the mean+S.D. ‘P< 0.05, **P<0.01 vs. control (n=7-11).

formed using male adult ddY'mice (body weight 26-32 g; Japan SLC
Ltd., Shizuoka, Japan). The animals were housed at 24 £2°C under
al2h llght/dark cycle (lights on from 07:00 to 19:00). Each animal
was used for one experimentonly. - -
Anesthesia was induced using 2.0-3. 0% 1soﬂurane and main-
tained using 1.0-1.5% isoflurane (both in- 70% N;0/30%:-04) by
means of an animal general anesthesia machine (Soft Lander; Sin-ei
Industry Co. Ltd., Saitama, Japan). Body temperature was main-

tained at 37. 0-37.5°C with the aid of a heating pad and heating -

lamp. After a midline skin incision, the left external carotid artery
was exposed, and its branches were occluded [5,6]. An 8-0 nylon
monofilament (Ethicon, Somerville, NJ, USA) coated with a mix-
ture of silicone resin (Xantopren; Bayer Dental, Osaka, Japan) was
introduced into the left internal carotid artery through the common
carotid artery so as.to occluded the origin of the middle cerebral
artery. Then, the left common carotld artery was occluded. After
the surgery, the mice were kept in the preoperative condition (room
temperature; 24 + 2 °C) until sampling.

BIX was dissolved in 10% DMSO, and fresh solutlon was made
daily. Two microliters of vehicle (10% DMSO in saline) or BIX 1,5
" or 20 pg was administered intracerebroventricularly at 5min, 3h,
and 6 h after ischemia. Used animals were divided into each group
so as not to make significant differences in average body weight.

To analyze infarct volume, mice were euthanized using sodium
pentobarbital at 24 h after MCAO, and forebrains were sectioned
coronally into five slices (2 mm thick). These were placed in 2%
TTC at 37°C for 30min. The infarcted areas and volumes were
recorded as images using a digital camera (Coolpix 4500; Nikon,
Tokyo, Japan), then quantified using Image ], and calculated as in
our previous report [5]. Brain swelling was calculated according

to the followmg formula (mfarct volume +ipsilateral undamaged

'volume contralateral volume) x 100/contralateral volume (%) [6].

To minimize potential bias in infarct volume assessment, the inves-
tigator who analyzed the cerebral infarction was blinded.

Mice were tested for neurologlcal deficits at 24 h after MCAO.
Scormg was done as described in our previous study [6], using the
following scale: (0) no observabie neurological deficits (normal);
(1) failure to extend the right forepaw (mild); (2) circling to the
contralateral side (moderate); and (3) loss of walking or righting
reflex (severe). The investigator who rated the mice was blinded as
to the group to which each mouse belonged. -

The terminal deoxynucleotidyl transferase-mediated dUTP nick
end-labeling (TUNEL) assay was performed according to the
manufacturer’s instructions (Roche Molecular Biochemicals Inc.,
Mannheim, Germany). Ischemic areas of cortical brain sections
0.4-1.0 mm anterior to bregma (through the anterior commissure)
were excised and used. The brains were removed, fixed overnight
in 4% paraformaldehyde, and immersed for 1 day in 25% sucrose
with phosphate-buffered saline (PBS). The brains were then embed-
ded in a supporting medium for frozen-tissue specimens (OCT
compound; Tissue-Tek). Cerebral sections 20 um thick were cut
on a cryostat at —25°C, and stored at —80°C until staining. After
washing twice with PBS, sections were incubated with terminal
deoxyribonucleotidyl transferase (TdT) enzyme at 37°C for 1h.
The sections were washed three times in PBS for 1 min at room
temperature. Sections were subsequently incubated with an anti-
fluorescein antibody-peroxidase conjugate at room temperature
in a humidified chamber for 30min, and then developed using
DAB tetrahydrochloride peroxidase substrate. To quantify the num-
ber of DNA-fragmented cells present after MCAO, the numbers of

'
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TUNEL-positive cells such as necrotic and apoptotic cells) in the
caudate-putamen (as the ischemic core) and cortex (as the ischemic
penumbra, two areas) were counted in a high-power field (x200)
on a section through the anterior commissure by a blinded inves-
tigator. Each count was expressed as number/mm? (n=7).

Data are presented as the mean +S.D. Statistical comparisons
were made using a one-way ANOVA followed by Dunnett’s test and
Mann-Whitney U-test (using STAT VIEW version 5.0: SAS Institute,
Cary, NC). P<0.05 was considered to indicate statistical signifi-
cance.

Using TTC staining, we examined whether BIX would reduce
infarct volume. Twenty-four hours after MCAO, the mice had devel-
oped infarcts affecting the cortex and striatum (Fig. 1A). When
administered at 5 min or 3 h after MCAO, BIX significantly reduced
the infarct area, infarct volume, and brain swelling, but had no such
effect when administered at 6 h (Fig. 1B and D). Our previous results
indicate that the induction of BiP by BIX was transient, peaking
at 4h after treatment, but the levels of BiP protein continued to
increase until 12h [9]. Although some drugs for cerebral infarc-
tion are permitted for clinical use, most drugs aim to improve the
CBF. These drugs must be administered in the early phase of infarc-
tion; otherwise they cause adverse effects. For example, t-PA, a
most remarkable therapeutic agent for cerebral infarction, must be
administered within 3 h after the onset of the infarction, but some-
times causes serious complications such as cerebral hemorrhage
. [20]. In our previous report, we checked the physiological parame-
ters between control and BIX-treated in permanent MCAO model,
and there were no significant differences [9]. It would appear that
BIX could save neurons from cell death even if it was glven as late
as 3 h after the onset of ischemia.

At 24 h after MCAOQ, an ischemic zone was consistency identi-
fied in the cortex (penumbra area) and subcortex (core area) of the
left cerebral hemisphere. By measuring infarction, we noted that
BIX significantly reduced both the infarct area and the volume ina

dose-dependent manner (Fig. 2A and B). Moreover, BIX (intracere- -

broventricular injection at 20 p.g) improved neurological deficits
(Fig. 2C). When BIX was administered at 5 min after MCAO, it exhib-
ited dose-dependent neuroprotective effects and, with a dose of
20 p.g, reduced both the infarct volume and the neurological deficits
significantly. BIX induced BiP mRNA in a concentration-dependent
manner; its effects were significant at 1-50 wM [9]. Furthermore,
BIX does not induce other ER stress-associated signals (such as XBP-
1 splicing or CHOP), and does not evoke ER stress. In cultured human
neuroblastoma SK-N-SH cells; BIX at 5 uwM inhibited tunicamycin
(Tm)-induced cell death [9]. Even a high dosage of BIX at 50 pM
did not induce BiP mRNA mediated by non-activating transcrip-
tion factor 6 pathways [9]. These results imply that the mechanism
~ of BiP induction utilized by BIX may be different from those used
by ER stressors, such as thapsigargin and Tm. It has been reported
that the activation of transducers of ER stress is caused by dissocia-
tion of BiP from luminal domains of PKR (protein kinase regulated
by RNA)-like ER-associated kinase and inositol-requiring kinase 1
[2]. It may be assumed that the artificial induction of BiP induced
by BIX disturbs the activation of transducers of ER stress, because
abundant BiP remains bound to these transducers preventing their
activation.

The morphological features of TUNEL-stained cells (indicative
of the ischemic damage and apoptotic cell death induced by 24h
MCAO) are shown in Fig. 3B. Cells exhibiting shrunken cell bodies
and condensed nuclei were distributed in both the ischemic core
and penumbra of the territory affected by MCAO, with the TUNEL-
positive cells being among the population displaying such features.
Lei et al. [12] reported that numerous cells in the penumbra were
TUNEL-positive at 24 h after MCA occlusion, while only a small
number of cells in the core were TUNEL-positive at that time. In
this study, TUNEL-positive cells (necrotic and apoptotic cells) were

!
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Fig. 2. Effects of BIX administered at 5 min after ischemia on infarction and neuronal
damage at 24 h after MCAO in mice. (A) Brain infarct area measured at 24 hafter MCA
occlusion. Brains were removed and the forebrains sliced into five coronal 2 mm sec-
tions. *P<0.05, vs. control (n=7-11). (B) Effects of BIX on infarct volume (measured
at24 hafter MCAO). BIX protected against the decrease in a dose-dependent manner.
Values are expressed as the mean +S.E. **P<0.01 vs: control (n=7-11). (C) Effects
of BIX on neurological score (assessed at 24 h after MCAO). Values are expressed as
the mean=+S.D. *P<0.05 vs. control (n=10-11).

predominantly located in the ischemic core region rather than in
the ischemic penumbra, and BIX significantly reduced the number
of TUNEL-positive cells in the ischemic penumbra (Fig. 3C). We next
distinguished apoptotic cells from necrotic cells, and each type was
counted. Only densely labeled cells showing cell shrinkage, chro-
matin condensation, and fragmented nuclei indicating apoptosis
were considered to be apoptotic cells, whereas cells with light dif-
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Fig. 3. Effects of BIX on TUNEL stammg at 24 h after MCAO in mice. (A) Schematic
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photomicrographs of TUNEL-positive cells in ischemic core and penumbra. Scale
bar=50 wm. (C) Quantitative analysis of TUNEL-positive cells (necrotic and apop-
totic cells). TUNEL-positive cells were significantly reduced in ischemic penumbraat
24 hafter MCAO. (a and b): the number of necrotic cells and apoptotic cells, respec-
tively, among all positive cells. Values are expressed as the mean:£5.D. *P<0.05,
**P<0.01 vs. control (n=7).

fuse labeling were taken as.necrotic. BIX reduced the number of
necrotic and apoptotic cells significantly in the ischemic penumbra
area at 24 h after MCAO (Fig. 3C).

In conclusion, we suggest that post-treatment of BIX, even
if it was administered at 3h after ischemia, provides significant
protection against focal ischemia and has a wide therapeutic
window. Hence, drugs which selectively induce BiP may exert'a

neuroprotective effect and may be the seeds of new treatment of

stroke.
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Slgma—l receptors (Sig-1Rs) are the ER resident proteins. Sig-1Rs in the brain have been reported to be
. s;gmﬁcantly reduced in patients with schizophrenia. The impediment of regulating Sig-1Rs expression
levels increases the risk for schizophrenia. Thus elucxdatmg the mechanism regulating Sig-1Rs expression
might provide the strategy to prevent mental disorders. In this study, we have demonstrated that Sig-1Rs
were transcriptionally upregulated by ATF4 in ER stress. Moreover, ATF4 directly bounds to the 5’ flank-
ing region of Sig-1R gene. The reporter activities using this region were enhanced in ER stress, or by ATF4
alone. The reporter activities with the pathogenic polymorphisms (GC-241-240TT, T-485A) were reduced.
_In addition, the processing of Caspase-4 was inhibited by Sig-1Rs. These results indicate that Sig-1Rs are
transcriptionally upregulated via the PERK/elF20,/ATF4 pathway and ameliolate cell death signaling. This
study is the first report identifying the transcription factor regulating Sig-1Rs expression.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The endoplasmic reticulum (ER) is a cellular compartment in-
volved in the localization and folding of proteins [1,2]. Cellular
stress conditions lead to the accumulation of unfolded proteins
in the ER, thereby representing a fundamental threat to cell viabil-
ity. To avoid the excessive accumulation of unfolded proteins in the
ER, eukaryotic cells have signaling pathways. This process is re-
ferred to as the unfolded protein response (UPR) [3,4]. The UPR
consists of the following three pathways: (1) suppression to gener-
ate more proteins; (2) the induction of protective proteins to refold
proteins; and (3) activation of the degradation of unfolded proteins
by ubiquitin-proteasome pathway. If these strategles fail, cells go
into ER stress-induced apoptosis.

Dysfunction of UPR is considered as one of the candidate cas-
cades related to the pathology of mental disorders [5]. The patients
with Wolfram syndrome (WS), who have mutations for-wolframin
gene, encoding ER chaperone have severe psychiatric. symptoms
(51
_ Reduced induction of XBP-1, the transcription factor which in-
duce ER chaperone, is involved in pathophysiology of bipolar
disorder [6] and depression [7]. The reason that dysfunction of
UPR increases the risk of mental disorders has not been clearly
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understood, but continuous translational attenuation and cell fra-
gility induced by ER stress might result in dysfunction. of signal
transduction by neurotransmitters.

Sigma-1 receptors (Sig-1Rs) are the ER resident proteins. And
they bind broad range of synthetic compounds including antipsy-
chotics [8]. Therefore they are thought ds therapeutic target for
mental disorders, including schizephrenia. Although the physio-
logical role of Sig-1Rs has been poorly understood, recent studies
support that Sig-1Rs play pivotal roles in neuroprotection [9,10].

In postmortem studies; Sig-1Rs in the brain have been reported
to be reduced in patients with schizophrenia [11]. In genetic asso-
ciation studies, two functional polymorphisms on the 5' flanking
region of the transcription start site of Sig-1R gene were detected:
GC-241-240TT and T-485A, were found to be associated with
schizophrenia [12,13]. Thus the impediment of Sig-1Rs expression
are thought as one of pathogenesis for schizophrenia.

In this study, we tried to elucidate the mechanism to regulate-
Sig-1Rs expression, and verified its protective role.

2. Materials and methods

" 2.1. Cell culture and chemicals

HEK293 cells or mouse neuroblastoma (Neuro2a) cells were
cultured in DMEM (Invitrogen) with 10% FCS at a density of
1 x 10° cells/well in 6-well plates. We used tunicamycin (Tm)
(1 pg/ml) or thapsigargin (Tg) (1 pM) (SIGMA) as ER stressors.
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2.2, Immunoblotting

For Immunoblotting, cells were lysed with RIPA buffer (Thermo
scientific) with the protease inhibitor and the phosphatase inhibi-
tor (Roche). The lysates were incubated on ice for 15 min. After
centrifugation at 13,000g for 20 min, the soluble proteins were
loaded onto SDS-polyacrylamide gels. Antibodies against the fol-
lowing proteins were used: Sig-1R from Abcam (1:250), PERK
(1:1000; Cell Signaling), phospho-PERK (1:1000; Santa Cruz) elF2a
(1:1000; Cell Signaling), phospho-elF2a (1:1000; Cell Signaling),
ATF4 (1:1000; SantaCruz), CHOP (1:1000; SantaCruz) GAPDH
(1:2500 Thermo scientific). Specific antigen-antibody complexes
were visualized using HRP-conjugated secondary antibodies and
ECL plus kit (GE Healthcare) '

2.3. RNA extraction and semi- quatltatwe RT-PCR

Total RNA was extracted from cells by TRlzol reagent (Invitro-
gen), according to the manufacturer’s protocol. For each extraction,
RNA concentration was determined spectrophotometrically at
‘260 nm, and 2 pg of RNA was used for reverse transcription reac-
tion with PrimeScript 1 1st strand ¢cDNA Synthesis Kit (Takara).
PCR was performed in a total volume of 50 pl with Ex-Taq poly-
merase (Takara) using each specific primer set as described in sup-
plemental Table S1.

The PCR was performed for 25 cycles of 30 s at 95°C, 30s at
57 °C, and 1 min at 72 °C.

2.4. Transfection

Transfectxon was performed using calcium phosphate reagent
(Invitrogen).

2.5. Knock down of ATF4

ATF4-shRNA-pSuper (Oligoengene) plasmids were transfected
into cells to generate ATF4 knockdown cells as previously de-

scribed {14] Ohgonucleotlde used are descrxbed in supplemental )

Table S1.
2.6. Chromatin immunoprecipitation assay

Assay was performed using Chip-IT kit (active motif)-according
to manufacturer’s instruction. Briefly, cells transfected with ATF4
expression plasmids were fixed in 1% formaldehyde/HBSS and then
homogenized and sheared with sonication. Chromatin was precip-
jtated with anti-ATF4 antibody (1:200), or rabbit IgG (Santa Cruz
Biotechnology). The human Sig-1R promoter region from bp

582 to —156 (the number is the distance in base pairs from the -

putative transcription start site, +1) was amplified by PCR with
primers as described in supplemental Table S1.

N

2.7. Luciferasé assoy

5 Upstream region of human Sig-1R gene (from —582 to —156)
was subcloned into upstream of firefly luciferase in pGL4.12 vector.
The reporter plasmids were transfected into HEK293 cells. pRL-TK
were co-transfected to correct transfection efficiency.

Forty-eight hours after transfection, luciferase assay was per-
formed using the Dual-Luciferase Reporter Assay System (Prome-
ga) and Wallac 1420 ARVOsx luminometer (Perkin-Elmer).

2.8. Statistical analysis

To determine whether the treatment was significantly different
from the control, 2-tailed paired Student’s t test was used. A P

value less than 0.05 was considered statistically significant. In
the figures, the intensity of bands was quantified by Adobe Photo-
shop software. All graphical data are shown as mean + S.D.

" 3. Results

~ 3.1. Sig-1Rs expression increases in ER stress

We first performed a time course analysis of Sig-1Rs expression
levels during ER stress. HEK 293 cells were treated with tunicamy-
cin (Tm, N-glycosylatlon 1nh1b1tor) to.induce ER stress, for 15, 30,
60, and 120 min. Lysates were subjected to immunoblot analysis.
In order to monitor the induction of ER stress, we observed activa-

- tion of PERK-elF2a pathway and induction of ATF4 and BiP (Grp78

and Grp94). In the early stage in ER stress, PERK, the ER resident
kinase is phosphorylated, then transduce the signaling to elF2a.
Phosphorylated elF2a. selectively activates ATF4 translation [15].

After treatment with Tm, Sig-1Rs expression was immediately
and dramatically induced (Fig. 1A and B). This upregulation was
observed within 30 min, and peaked after 60 min. And phosphory-
lation of PERK and phosphorylation of elF2a was observed within
30 min. In addition to these results, translation of ATF4 was also
activated within 60 min. These data indicated that ER stress was
sufficiently induced after 60 min with Tm. In this condition,
Sig-1Rs expression was simultaneously induced. BiP is an ER chap-
eron that does not express under normal conditions; however, we
detected BiP expression, this result also supported that ER stress
was actually induced.

32 ‘Induction of Sig-IRs is also veﬁ'ﬁed in neuronal cells

Slg—le are Wldely expressed in central nervous system, includ-
ing hypocampus and frontal cortex [16]. And dysregulation of

- Sig-1Rs expression are thought as one of pathogenesis for mental

disorders. Next, in.order to. verify the replicative of Sigma-1Rs
induction in neuronal cells, we used neuroblastoma Neuro2a célls.
Neuro2a cells were treated with another ER stressor, thapsigargin
(Tg), an inhibitor of ER Ca**-ATPase. Similarly in HEK 293 cells trea-

ted with Tm phosphorylatlon of PERK and elF2q, translation of

ATF4 was 1mmed1ately observed after treatment with Tg within
60 min (F}g IC) Interestingly, Sigma-1Rs expression was induced
W1thm 60.min (Fig. 1C and D). Induction of Sig-1Rs was also ob-
served in neuronal cells regardless of the ER stressor types.

3.3: :Sig-fR is fronscriptionally upregulated

In genetic association studies, polymorphic sites located on the
5 flanking region of the transcription start site in Sig-1R gene have
been detected. Therefore, we hypothesized that upregulation of
Sig-1Rs expression in ER stress. was due to transcriptional
activation. We performed semi-quantitative RT-PCR to measure -
Sigma-1R mRNA levels. To monitor the induction of ER stress, we
monitored the splicing of Xbpl mRNA.

Xbp1 is a transcription factor; it is activated by sphceosome—
independent mRNA splicing initiated by Irela in ER stress [17].
Xbp1 protein from the spliced mRNA (Xbp1s protein) is a potent
transcription factor inducing expression of UPR-related genes.
After treatment with Tm, the mRNA levels spliced Xbp-1 were
gradually up-regulated (Fig. 1E). This result indicated that ER stress
actually occurred in this condition.

Sig-1R mRNA levels were immediately and dramatically upreg-
ulated within 30 min, and peaked at 60 min (Fig. 1E and F).

Our data regarding upregulation of mRNA levels of Sig-1R indi-
cated that transcription of Sig-1R gene was induced immediately i m
the acute phase of ER stress.
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Fig. 1. Sig-1Rs increases in ER stress. (A) Time course of Sig-1Rs upregulation in HEK293 cells with Tm treatment. Cells were treated with 1 pg/ml Tm, for the indicated
period. Sig-1Rs protein levels were elevated in ER stress. (B) Sig-1Rs protein levels in Fig. 1A were quantified; values are means + S.D. (*p < 0.05, **p < 0.01, n = 3). (C) Time
course of Sig-1Rs upregulation in Neuro2a cells with Tg treatment. Cells were treated with 1 uM Tg, for the indicated period. Sig-1Rs protein levels were elevated in ER stress.
(D) Sig-1Rs protein levels in Fig. 1C were guantified; values are means + S.D. (*p < 0.05, **p < 0.01, n = 3). (E) Time course of Sig-1R mRNA induction in HEK293 cells with Tm
treatment is shown by semi-quantitative RT-PCR. Cells were treated with 1 pg/ml Tm, for the indicated period. Slg—lR mRNA levels were elevated in ER stress. (F) Sig-1R
mRNA levels in Fig. 1E were quantxﬁed values are means + S.D. (*p < 0.05, *p< 0 01, n=3),

3.4. ATF4 is the pwatal transcnptzon factor for Szg—IR gene expresszon
in ER stress -

In order to understand the molecular mechanism underlying
this transcriptional regulatlon ‘we next tried to identify the tran-
scription factor that activates S:g-IR transcrlptlon In ER stress,
ATF4, ATF6, and XBP—l are known as major transcrlptlon ‘factors
which mduce expressmn of UPR-related genes [18-20]. HEK293
~ cells were transfected with the expression plasmids for ATF4,

ATF6, and XBP-1, then subjected to immunoblot analysis. )

Forty-eight hours after transfection, we confirmed that Sigma-
1Rs expression was increased in accordance with ATF4 expres-
sion (Fig. 2B). Only ATF4 induced Sig-1Rs expression. ATF6 and
XBP-1 did not induce Sigma-1Rs expression (data not shown).

Under ER stress, three UPR pathways are known, PERK-elF20-~

ATF4 pathway, Irelo pathway, and ATF6 pathway. Among these
pathways, PERK-elF2a-ATF4 pathway is promptly activated in
the acute phase of ER stress.
" From our data regarding expression of Sig-1Rs in ER stress; S_1g-
1Rs were immediately induced in the acute phase of ER stress. And
“among transcription factors which work in ER stress, only ATF4 in-
duced expression of Sig-1Rs. These results were consistent with
the fact that PERK-elF20-ATF4 pathway is preferentlally activated
in the acute phase of ER stress. -~

3.5. Knock down of ATF4 results in decreased Sig-1R level

In order to confirm upregulation of Sigma-1Rs is controlled
by ATF4, we generated ATF4 knock down HEK 293 (ATF4KD)
cells. The shRNA expression plasmids for ATF4 or control shRNA
were transfected into cells. We compared the expression levels
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JIn" control - cells,

of Sig-1Rs in ATF4KD cells with control cells by immunoblotting.
‘induction of ATF4 was observed after Tm
treatment, - simultaneously phosphorylation of PERK and elF2a
were observed (Fig. 2C). But in ATF4 knock down (ATF4KD) cells,
induction of ATF4 was not observed after Tm treatment, never-
theless phosphorylation of PERK and elF2a were observed (fig.

- 2C). In this condition, the expression levels of Sig-1Rs in control

cells were upregulated after Tm treatment. But in ATF4KD cells,
the upregulation’ of Sigma-1Rs ‘was cancelled nevertheless ER
stress was actually induced (Fig. 2C and D). These results indi-
cated that ATF4 was necessary for the induction of Sig-1Rs in
ER stress. -

3.6. ATF4 directly binds to 5' upstream region of Sig-1R

‘In genetic association studies, two polymorphic sites in the 5’
flanking region of Sig-1R gene were found to be associated with
schizophrenia. We hypothesized that the recruitment of ATF4 to
the 5’ flanking region of Sig-1R gene is critical for transcriptional
activation. We tried to confirm whether ATF4 directly binds to
the region including these polymorphic sites (—582 to —156) of
Sigma-1R gene (Fig. 2A). The chromatin immunoprecipitaion assay
was performed. The 5 flanking region of Sig-1R gene (-582 to
—156) was amplified by PCR with immunoprecipitated chroma-
tin-transcription factor complex. As shown in Fig. 2E, a 426-bp
DNA fragment corresponding to the 5 upstream region of Sig-1R
gene (—582 to —156) was detected in immunoprecipitated com-
plex with anti-ATF4 antibody. But no bands were observed in the
complex with IgG, used as negative control (Fig. 2E). This result
indicated that ATF4 directly bound to the 5 upstream region of
Sig-1R gene. :
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Fig. 2. ATF4 is the pivotal transcription factor for Sig-1Rs expression. (A) Schematlc representation of human Slg—lR gene. Two functional polymorphnsms of the Slg—]R
genotype are known; GC-241-240TT and T-485A, were found to be associated with schxzophrema (B) Upregulatlon of Sig-1Rs in HEK293 cells transfected with ATF4. Cells
were transfected with plasmids encodmg full-length ATF4 or mock. Forty-eight hours after transfection, overexpression of ATF4 results in the increase of expression levels of
Sig-1Rs protein; values are means +S.D. (n=3). (C) Cancellation of Sig-1Rs upregulatlon in ATF4KD cells. Sig-1Rs upregulatlon could not be observed in ATF4KD cells
nevertheless with Tm treatment. (D) Sig-1Rs protein levels in Fig. 2C were quantxﬁed values are means + SD.("p< 0.05,**p<0.01, n'=3). (E) ChIP assay was performed with
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3.7. The promoter regiqn’éf SyngI'R‘(‘—582 to-156) is sufficient for
induction of Sig-1R gene .+~

From these results, we next tried to determine that the pro-
moter region of Sig-1R gene (— 582 to —156) is sufficient to activate
transcription of Sig-1R by reporter assay.

The promoter region was. fused with. the ﬁreﬂy 1uc1ferase plas-
mid (Fig. 3A). This reporter plasmld Was. mtroduced into HEK293
cells, and then treated with tumcamycm for 2 htoinduce ER stress
Relative luciferase activity was enhanced to 72 fold compared
with cells treated with DMSO (Flg 3A). We next determmed that
this region is sufficient to-activate transcrlptlonal activity of Sig-
1R by ATF4. The expression plasmids for ATF4 was co-transfected

. with this reporter plasmids intoHEK293 cells. Relative luciferase

activity was enhanced to 8.8 fold, compared with cells co-transfec-
ted with mock plasmids (Fig. 4A).

3.8. Knock down of ATF4 results in decreased reporter activity

In order to verify that ATF4 is essential for transcriptional acti-
vation of Sig-1R gene by interaction with this promoter region, we
measured the reporter activity in ATF4 knock down cells. The
shRNA expression plasmids for ATF4 or control shRNA were
co-transfected with the reporter plasmid into cells. Forty-eight
hours after transfection, cells were treated with Tm for 2 h. We
compared the relative luciferase activity in ATF4KD cells with con-
trol cells (Fig. 3B). In the control cells, the luciferase activity was
enhanced. This result was consistent with our data with Immuno-
blotting. Whereas the upregulation of luciferase activity was not
observed in the ATF4KD cells (Fig. 3B). The inhibition of ATF4
‘expression resulted in the cancellation of the enhancement of re-
porter activity. This result supported that ATF4 was essential for
transcriptional activation of Sig-1R gene.

3 9 Inductlon of reportei actnnty in 'ER stress was decreased in
pathogemc polymorph' ~

. As mentloned ab‘ ve. two polymorphlsms in Sig-1R gene,
GC—241-24OT1‘ and T-485A are thought to be associated with
schlzophrema These polymorphlsms are located on the 5 up-
stream: region of the transcnptlon start site. .

To determme the effect of these polymorphlsms on the tran-
SCI’Ipt]OI‘l of the human Slg—IR in ER stress, the plasmids corre-
sponding to two haplotypes (T-485A, GC-241-240TT) were
generated by the mutagenesis (Fig. 3C), and transfected into HEK
293 cells to measure reporter activity. Forty-eight hours after
transfection, cells were treated with Tm for 2 h. We compared
the relative luciferase activity in the cells transfected with the plas-
mids corresponding to two hap]otypes (T -485A, GC-241-240TT) to
wild type cells (Fig. 3C). :

In WT cells, luciferase activity was enhanced to 7. 2 fold, but in
the cells corresponding to two haplotypes enhancement of activity
was decreased (4 2 fold in T—485A and 2.7 fold in GC-241 -2401‘1")

3.10. Inductton of reporter actmty by ATF4 was’ decreased in
pathogenic polymorphlsms :

In Fig. 2, we verified that ATF4 directly bound to the 5 flanking
region (—582 to —156) and ‘induced Sig-1Rs expression. We next
tried to determine the effect of pathogenic polymorphisms
(T-485A, GC-241-240TT) on the bmdmg with ATF4 and transcrip-
tional activation. The each reporter plasmids (WT, T-485A, or
GC-241-240TT) were co-transfected with ATF4 expression plas-
mids. Forty-eight hours after transfection, we compared luciferase
activity.

In WT cells, luciferase actmty was enhanced to 9.1 fold, butin the
cells corresponding to pathogenic haplotypes, enhancement of
activity was decreased as shown in Fig. 3D (3.4 fold in T-485A, and
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Fig. 3. (A) The promoter region of Sig-1R (= 582 to ‘1 56) is sufﬁcnent for induction of Sig-1R gene. The promoter region was fused with the firefly luciferase plasmid.
Luciferase activity was enhanced to 7.2 fold with Tm treatment. And with ATF4 transfection, luciferase activity was enhanced to 8.8 fold. (*p < 0.01, n = 3) (B) Knock down of
ATF4 results in decreased activity. Luciferase activity in ATF4KD cells and control cells were compared. The inhibition of ATF4 expression resulted in the cancellation of the
enhancement of reporter activity. (C) Induction of reporter activity in ER stress was decreased in pathogenic polymorphisms. Cells were treated with Tm for 2 h. We compared
luciferase activity in the cells transfected with the plasmids corresponding to two haplotypes (T-485A, GC-241-240TT) to wild type cells. In WT cells, relative luciferase
activity was enhanced to 7.2 fold, but in the cells corresponding to two haplotypes, enhancement of activity was decreased (4.2 fold in T-485A, and 2.7 fold in GC-241-240TT).
(*p < 0.05, ™p < 0.01, n=3) (D) Induction of reporter activity by ATF4 was decreased. in pathogenic polymorphisms. The each reporter plasmids (WT, T- 485A, or GC-241-
240TT) were co-transfected with ATF4 expression plasmids. In WT cells, relative luciferase activity was enhanced to 9.1 fold, but in the cells corresponding to pathogenic
haplotypes, enhancement of activity was decreased (3.4 fold in T-485A, and 0.9 fold in GC-241-240TT). "p < 0.01, n=3).

0.9 fold in GC-241 —240'[’1") In pathogemc allele (-485A -421—2401’1')
transcriptional activation of of Sig-1R gene was decreased. These re-
sults mdlcated that these polymorphic sites (-485T, -241-240GC)
were pivotal for transcriptional activation of Sig-1R gene by ATF4.

3.11. Sig-1Rs inhibits Caspase-4 processing

Finally, we tried to elucidate the physiological role of Sig-1Rs in
ER stress. Caspases are a family of proteins that are the main exec-
utors of the apoptotic process. Caspase-4 is thought as ER stress-
specific Caspase [21].

So we compared processing of Caspase-4 in ER stress between
Sigma-1Rs transfectant and mock transfectant. We generated
HEK 293 cells stably expressing Sig-1Rs.

As shown in Fig. 4A, Caspase-4 was processed after Tm treat-
ment in mock control, but in Sigma-1Rs transfectant, processed
Caspase-4 was prominently decreased (Fig. 4A and B). ~ ~

This result indicates that induction of Sig-1Rs mhlblted Cas-
pase-4 processing to ameliolate cell death signaling.

4. Discussion

Result of the present study has provided the clue to exploit the
mechanism to regulate Sig-1Rs expression and the role of Sig-1Rs.
The expression of Sig-1Rs was induced via PERK-elF20-ATF4 path-
way in ER stress, to execute protective function (Fig. 4C).

In this study, induction of Sig-1Rs in ER stress was observed
within 60 min. This results regarding time course analysis of
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Sig-1Rs induction were unexpected for us. Sig-1Rs were more
rapidly “ upregulated than our expectation. Sig-1Rs might be
immediately induced in acute phase of ER stress to collect cellu-
lar dysfunction. The reason that dysfunction of UPR increases the
risk of mental disorders has not been clearly understood, but
continuous translational attenuation and cell fragility induced
in ER stress might result in dysfunction of signal transduction
by neurotransmitters. ‘And the reason that the decrease of Sig-
1Rs expression levels increases the nsk of mental disorders has
also not been clearly understood. Sig-1Rs are immediately
upregulated in acute phase ER stress, and collect cellular dys-
function due to continuous translational attenuation and cell
fragility. ' '
We focused about upregulation of Sig-1Rs by ATF4 in ER stress.

» But elF20-ATF4 is activated not only in ER stress. There are three

known elF2a kinases other than PERK: protein kinase R(PKR),
heme-regulated elF2a kinase(HRI), and GCN2(general control non-
derepressible-2) [22,23], all of which are activated by distinct
forms of stress. Upregulation of Sig-1Rs by ATF4 might be also acti-
vated via these pathways, and Sig-1Rs might play protectwe role in
various stress; not only ER stress.

In previous studies, not only Sig-1Rs, ATF4 was reported to be
associated with schizophrenia [24]. One possible explanation is
that Sig-1Rs induction by ATF4 might be disturbed in the patient
with pathogenic allele. Dysregulation of this protective pathway
(ATF4-Sig-1Rs) might increase the risk of schizophrenia.

In luciferase reporter assay, we identified that 5 promoter re-

" gion (—582 to —156) is important to induce Sig-1R expression in
"ER stress by ATF4. In the chimeric mutant corresponding the



