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Figure 4, Expression and localization of XBP-1.venus fusion protein in ERAI mouse retinas afler varions types of retinal damage. A Repre-
sentative fluorescence photographs of increased XBP-1-venus fusion protein in ERAI mouse flstmounted retina after N-methyl-D-aspartate
(NMDA,), intraocular pressure (I0F) elevation, or tunicamycin insult. The fluorescence (green) arising from XBP- I-venus fusion protemn was
observed under an epifluorescence microscope, The scale bar represents 25 pm. B: Distribution of increased XBP: |-venus fusion protein in
retinal cross-sections from ERAI mice afier NMDA injection at 40 nmol/eye. The distribution of fluorescence (green) arising from XBP-1-
venus fusion protein was observed under a laser confocal microscope. Each large box shows an enlargement of the area within the correspond-
ing small box. C: Localization of XBP-1-venus fusion protein in ERAI mouse retina after NMDA injection. In the retinal nerve fiber layer
(upper panels), Thy-1-positive cells (red) can be seen to merge with XBP-1-venus fusion protein (green). In the middle pancls, OX-42 (a
microglin marker}-positive cells (red) are partly merged with XBP- 1-venus fusion protein (green). In the inner plexiform layer (lower panels),
HPC-1 (an amscrine marker)-positive cells (red) are merged with XBP-1-venus fusion protein (grecn)
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pressure (IOP) elevation, and tunicamycin all induced increases
in fluorescence intensity at the time-points indicated in Fig-
ure 4A. In the NMDA-treated retinas of ERAl mice, the back-
ground fluorescence intensity was time-dependently increased
in the period from 12 to 72 h, but little change was observed
in the NMDA -treated retinas of wild-type mice.

These changes in background could reflect increases in
the lower part of the ganglion cell layer, such as the inner
plexiform layer and neurocpithelial layer, of the retina. In trans-
verse sections, i ases in fl intensity were first
observed in cells of the GCL and inner plexiform layer at 12
and 24 h, respectively, after NMDA injection, and the increases
peaked in GCL cells at 24 h (Figure 4B). The increase in fluo-
rescence had diminished at 72 h after the NMDA injection,
but morphologically distinct cells (such as microglia cells) had
appeared in GCL. On the other hand, the retinas of wild-type
and non-wreated ERAI mice showed a low fluorescence inten-
sity (below background), while a slight fluorescence intensity
was observed in the neuroepithelial layer of the retina (Figure
4B). These cells merged with Thy-1-positive cells (ganglion
cells) and some OX-42-positive cells (microglia) in GCL, and
with HPC-1-positive cells (amacrine cells) in IPL (Figure 4C).
Together, these results suggest that XBP-1 splicing, represent-
ing activation of the ER-stress signal pathway, may be induced
in retinal ganglion and amacrine and microglia cells during
the carly stages of retinal cell damage.

Increases in GRP78/BiP and CHOP in mouse retina af-
ter NMDA injection: To clarify whether ER stress-related pro-
teins other than XBP-1 are induced in the mouse retina by
NMDA stimulation, we examined the changes in BiP, a
biomarker of ER stress, in the retina afier intravitreal injec-
tion of NMDA. As shown in Figure 5B, cell loss in GCL and
thinning of IPL. were observed at 72 h after NMDA injection
(versus non-treated control retinas; Figure 5A). Using
immunoblots, as shown in Figure 5C, we found that BiP was
significantly increased at 12 h after the NMDA injection, and
that the increase persisted for the remainder of the 72 h obser-
vation period. Next, we investigated the distribution and time-
course of changes in GRP78/BiP and CHOP, a proapoptosis
protein, after NMDA injection. In the non-treated control
retina, slight immunoreactivities for BiP and CHOP were ob-
served in a number of cells in GCL and IPL (Figure 5D). In-
creases in these immunoreactivities were observed in retinal

ganglion cells at 12 h after NMDA injection, and time-depen-
dent increases were noted in the inner retina (Figure 5D).

DISCUSSION
In the present study, we could detect pathological changes
and time-dependent changes related to ER stress in retinal
flatmount and transverse sections and in the retinas of living
mice after retinal damage. Moreover, we demonstrated that
ER stress signals were activated in the retina in vivo after
tunicamyein, elevating IOP, or NMDA treatment.
Agents or conditions that adversely affect ER protein fold-
ing lead to an accumulation of unfolded or misfolded proteins
in the ER, & condition defined as ER stress. ER stress can be
induced by agents or conditions that interfere with (a) protein
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glycosylation (e.g., glucose starvation, tunicamycin, glu-
cosamine), (b) disulfide-bond formation (e.g., DTT, homocys-
teine), (¢) Ca® balance (A23187, thapsigargin, EGTA), and/
or (d) a general overloading of the ER with proteins (e.g., vi-
ral or non-viral oncogenesis) [1,13,14]. However, little is
known about any involvement of ER stress in retinal damage.
In the present study, we found that tunicamycin induced the
ER stress-associated proteins BiP, p-elF2«, and CHOP in cul-
tured RGC-5 cells. These protein levels started to increase at
210 6 h afier the start of tunicamycin treatment, and increased
time-dependently until 24 h afier the start of the treatment,
while apoptotic cell death with condensation and fragmenta-
tion of nuclei was observed 24 h later. BiP acts as an ER resi-
dent molecular chaperon that is induced by ER stress, and this
protein refolds the unfolded proteins, thereby tending to main-
tain homeostasis in the ER [15,16]. Since CHOP is a member
of the CCAAT/enhancer-binding protein family that is induced
by ER stress and participates in ER-mediated apoptosis, CHOP
may be a key molecule in retinal cell death [17]. In the present
study, the phosphorylation of e[F2a was increased concomi-
tantly with the increases in the expression of BiP and CHOP
proteins, even through p-elF2a might be expected to suppress
protein synthesis. Boyce et al.[18] reported that sclective in-
hibition of elF2a dephosphorylation increases both p-clF2a
and CHOP protein. These data suggest that during ER stress,
p-¢lF2a (inactive form) is still able to stimulate the Lransla-
tion of ATF4 mRNA, thereby increasing the transcription of
BiP or CHOP mRNA, but that cnough unphosphorylated-
elF2a (active form) may remain to translate BiP and CHOP
mRNAs to proteins. On the other hand, we found that
staurosporine, which mediates mitochondrial dysfunctions
resulting in apoptotic cell death, did not induce eny increases
in BiP and CHOP proteins in RGC-5 [unpublished data]. Taken
together, these findings suggest that persistent ER stress may
induce apoptotic cell death through the elF2a-CHOP signal
pathway in RGC-5.

Next, we tried to determine whether tunicamycin could
induce retinal damage in vivo. Intravitreal injection of low-
dose tunicamycin induced a significant loss of cells in the reti-
nal ganglion cell layer (GCL), but no thinning of the inner
plexiform layer (IPL). These findings suggest that retinal gan-
glion cells are more sensitive 1o ER stress-induced cell death
than other retinal cells. High-dose tunicamycin significantly
decreased both the cell count in GCL and the thickness of
IPL. The concentration of tunicamycin in the vitreous body
after an intravitreal injection of low-dose tunicamycin was es-
timated to be 10 pg/ml. The tunicamycin concentration
achieved within the reting will have been less then this. Inter-
estingly, in the present in vitro study, tunicamycin at 1 to 4
pg/ml induced cell death with an increase in ER-stress sig-
nals, suggesting that the in vivo concentration of tunicamycin
in the retina was roughly similar to that employed in vitro,
Use of tunicamycin at a high dose also led to decreases in
IPL, INL (inner nuclear layer), and ONL (outer nuclear layer)
in the retina. In guinea pigs, a single subcutaneous injection
of tunicamycin at 0.4 mg/kg has been reported to induce hepa-
totoxicity with dilation of the cisternae of the ER [19]. Fur-
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Figure 5. Increases in GRP78/BiP and CHOP in retinal extracts following stimulation by intravitreal injection of N-methyl-D-gspartate (NMDA)
in mice. A, B: Representative photographs showing retinal cross-sections stained with bematoxylin and cosin after NMDA injection at 40
amolfeye. C, upper punel: Rep tative i blots showing the time-course of changes in GRP78/BiP proiein levels afler intravitreal
injection of NMDA. C, lower panel: Quantitative analysis of GRP78/BiP band densitics. Datn arc cxpressed &s mean=SEM (n=6) of valucs (in
arbitrary units) obtained for single band density. Double asterisks represents p<0.01 versus vehicle-treated control group (Dunnett’s test). .
Immunestainings for GRPTS/RBIP and CHOP in mouse retina after NMDA injection at 40 nmol. The scale bar represents 25 pm
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thermore, Zinszner et al.[20] noted that in mice, a single sub-
lethal intraperitoneal injection of tunicamycin (1 mg/kg) in-
duces CHOP expression and subsequent severe histological
damage with an increase in TUNEL-positive cells, and a char-
acteristic transient renal insufficiency. They also found that
CHOP-deficient mice show an attenuated increase in TdT-
mediated dUTP nick-end labeling (TUNEL)-positive cells
during the renal damage induced by tunicamycin. These find-
ings suggest that in vivo, tunicamycin-induced retinal cell death
is due, at least in part, to an ER-stress mechanism.

NMDA receptors may participate in the processes of
excitotoxicity and neuronal death in the retina [21,22]. Previ-
ous studies have found that TUNEL-positive cells can be ob-
served in the GCL and INL of the mouse relina at an early
stage (within 24 h) after an intravitreal injection of NMDA
[23,24]. The hallmark of NMDA-induced neuronal death is a
sustained increase in the intracellular Ca* concentration ac-
companied by overactivation of vital Ca™-dependent cellular
enzymes [25]. Thus, the signal-transduction pathways for
NMDA-mediated cell death in the retina are well studied, but
not yet fully understood.

Toilluminate the role and distribution of ER stress in vivo,
we focused on the retina of ERAI mice. Information about the
status of ER stress during the course of a given disease might
be obtained by crossing an ERAI transgenic mouse (the indi-
cator mouse for ER stress in living cells) with a mouse model
of the human disease of interest. In flatmounted retinas, fluo-
rescence was detected following various stimulations
[tunicamycin, NMDA, and intraocular pressure (I10P) eleva-
tion]. To our knowledge, this is the first report demonstrating
that NMDA and ischemic insult (elevating IOP), in addition
to tunicamycin, can activate the ER stress signal (measured as
the splicing of the XBP-1 and venus fusion gene in ERAI
transgenic mice) in the retina in vivo. Interestingly, ER stress
was also induced in the retina after a transient I0P elevation,
defined as an ischemia-reperfusion model. It has been reported
that this model exhibits retinal cell damage similar to that in-
duced by NMDA, and that both of these examples of damage
are protected against by MK-801, an NMDA receptor antago-
nist, and by NO synthetase-inhibitor treatment [8,26]. Although
little is known about the precise mechanisms responsible for

activation of ER stress after NMDA or 10P clevation (is-
chemia-reperfusion), both stimuli cause intracellular Ca™ over-
load and increased NO production, resulting in apoptotic cell
death. Several lines of study suggest that intracellular Ca®*
overload and excessive production of NO deplete Ca* in the
ER, thereby resulting in ER stress [27,28]. Recently, Uchara
et al.[10] reported that NO induces S-nitrosylation of protein-
disulphide isomerase (PDI), an éenzyme that assists in the matu-
ration and transport of unfolded sccretory proteins and thereby
helps to prevent the neurotoxicity associated with ER stress.
S-nitrosylated-PDI exhibits reduced enzymatic nctivity and
induces cell death through the ER stress pathway. These mecha-
nisms may contribute to the activation of ER stress in the retina
after NMDA stimulation or IOP elevation. Accordingly, our
findings may provide important ncw insights into the mecha-
nisms underlying the retinal cell damage induced by NMDA
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and by ischemia-reperfusion. In transverse retinal sections, we
observed an increase in fluorescence intensity within the cells
of the ganglion cell layer (GCL) and inner plexiform layer
(IPL) at 12 and 24 h, respectively, afier NMDA injection. The
cells displaying increased fluorescence were ganglion cells
(at 12 h after the injection), amacrine cells in IPL (at 24 h),
and microglia in GCL (at 72 h). These data indicate that gan-
glion cells may be more sensitive to ER stress than the other
retinal cells examined.

To further clarify the participation of ER stress, we ex-
amined the changes in BiP and CHOP in the retina after
NMDA-induced injury. We found (a) that NMDA induced BiP
proteins in the retina at 12 h after its injection (on the basis of
immunoblots), and (b) that, NMDA induced both BiP and
CHOP in the retina (especially within retinal ganglion cells
and INL) at 12 h after its injection (on the basis of our
immunostaining results). The expression of the CHOP gene
reportedly increases in the rat retina after intravitreal injec-
tion of NMDA [29]. Furthermore, Awai et al.[30] found that
treatment with MK-801, an NMDA receptor antagonist, in-
hibited the increases in CHOP mRNA and protein in the mouse
retina that are observed after intravitreal injection of NMDA,
and moreover that CHOP-deficient mice were resistant to
NMDA-induced retinal damage. However, CHOP-deficient
mice partially suppressed the NMDA-induced cell death, and
therefore other pathways, such as mitochondrial dysfunction,
may be engaged in the retinal cell death. Collectively, the above
results indicate that NMDA can cause ER stress in the retina,
and that the neurotoxicity induced by NMDA is due in part to
a mechanism dependent on CHOP protein induction through
excessive ER stress.

In conclusion, we have identified a close association be-
tween ER stress and retinal damage, and our results suggest
that the ER stress-signal pathway might be a good target in
the treatment of retinal diseases.
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Involvement of Double-Stranded RNA-Dependent
Protein Kinase in ER Stress-Induced Retinal
Neuron Damage

Masamitsu Shimazawa, Yasusbi Ito, Yuta Inokuchi, and Hideaki Hara

Puwpose. To clarify whether the activation of doublestranded
RNAdependent protein kinase (PKR) participates in the cell
death induced by endoplasmic reticulum (ER) stress, the au-
thors used cultured retinal ganglion cells (RGC-5, a rat ganglion
cell line transformed with the E1A virus) in vitro and the effect
of a PKR inhibitor (an imidazolo-oxindole derivative) on N-
methyl-p-aspartate (NMDA)-induced retinal damage in mice in
vivo.

Memioos. In RGC-5 culture, ccll damage was induced by tuni-
camycin (an ER stress inducer), and cell viability was measured
by Hoechst 33342, YO-PRO-1, or propidium iodide (PT) double
staining or by the resazurinreduction test. Levels of glucose-
regulated protein (GRP) 78/BiP, activating transcription factor
4 (ATF4), C/EBP-homologous protein (CHOP) and the phos
phorylated form of PKR were analyzed by immunoblot. The
PKR inhibitor and two siRNAs that recognize nonoverlapping
sequences of rat PKR were tested for their effects on tunica-
mycin-induced cell death. In vivo, retinal cell damage was
induced by intravitreal injection of NMDA (20 nmol/eye) in
mice. To examine its effect in vivo, the PKR inhibitor (1
nmol/cye) was intravitreally injected with NMDA, and ganglion
cell layer cell loss and inner plexiform layer thinning were
evaluated 7 days after NMDA injection.

ResuLTs. Treatment with tunicamycin at 1, 2, and 4 pg/ml for
24 hours increased the number of YO-PRO-1 and Plpositive
(apoptosis or necrosis indicator) cells in a concentration-de-
pendent manner. Immunoblotting analysis showed that tunica-
mycin at 2 pg/ml induced BiP, ATF4, and CHOP protein
production and PKR phosphorylation. Both the PKR inhibitor
(0.03-1 uM) and the PKR knockdown (using siRNA) inhibited
tunicamycin-induced RGC-S cell death. The same inhibitor also
reduced NMDA-induced retinal damage in vivo. The PKR in-
hibitor reduced the tunicamycin-induced increase in CHOP but
not that in BiP protein production.

Conausions, These results indicate that inhibiting PKR activation
is neuroprotective against ER stressinduced retinal damage, sug:
gesting that PKR activation may be involved in the mechanisms
underlying ER stressinduced cell death. (Invest Opbthalmol Vis
Sci. 2007:48:3729-3736) DOL:10.1167/i0vs 061122
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Endophsmm‘ reticulum (ER) stress has recently been linked
10 the pathogenesis of scveral diseases, including vascular
and neurodegenerative diseases such as stroke, Alzheimer dis-
ease, and Parkinson disease.’ Little is known about any role
of ER stress in retinal damage.

Retinal ganglion cell (RGC) death is a common feature of
many ophthalmic disorders, such as glaucoma, optic neuropa-
thies, and of various retinovascular diseases (diabetic retinop-
athy, retinal vein occlusions). A varicty of fctors, mc!udmg
oxidative stress,* excitatory amino acids,® and nitric oxide
have been reported to induce retinal cell death. These reports
emphasize the importance of a better understanding of the
precise mechanisms underlying retinal discascs,

Recently, it has been reported that one of the proapoptotic
proteins involved in ER stressmediated apoptosis (tunicamy-
cininduced apoptosis) is a doublestranded RNA-dependent
protein kinase (PKR), as identified using 2 randomized ri-
bozyme library.” PKR, an interferondnduced protein kinase
identified initially in a study of responses to viral infection, is
activated by the extensive sccondary structure of viral RNA.®
On binding to doublestranded RNA, PKR is autophosphory-
lated, and it then increases the cellular sensitivity 10 apoptotic
stimuli through a number of putative pathways, including
the phosphorylation of eukaryotic initiation factor 2a (p-
elF2a).”'° Thus, PKR is involved in the apoptosis induced not
only by viral infection but also by ER stress. Hence, the pur-
pose of the present study was to examine whether a PKR
inhibitor (an imidazolo-oxindole derivative that acts as an ATP-
binding site-directed inhibitor of PKR) or PKR silencing (by
means of siRNA) might inhibit the retinal neuronal death in-
duced by cither ER stress (tunicamycin) or N-methyl-p-aspar-
tate (NMDA).

MATERIALS AND METHODS

All experi were perfs d in accordance with the ARVO State-
ment for the Use of Animals in Ophthalmic and Vision Research and
were approved and i d by the nal Animal Care and Use
C of Gifu Pt ical University.

Dulbecco modified Eagle medium (DMEM) was purchased from
Sigma-Aldrich (St Louis, MO). The drugs used and their sources were
as follows: doubie jed RNA-dependent protein kinase (PKR) in-
hibitor {8-[imidazol-4-ylmethylene]-6H-azolidino| 5,44 benzothiazol-7-
1) and tunicamycin were obtained from Calbiochem (San Diego, CA)
and Wako (Osaka, Japan), respectively; isoflurane was acquired from
Nissan Kagaku (Tokyo, Japan), and feial bovine scrum (FBS) was
obtained from Valeant (Costa Mesa, CA).

Retinal Ganglion Cell Line Culture

Cultures of RGC-5 were maintained in DMEM supplemented with 10%
FBS, 100 U/mL penicillin (Mciji Scika Kaisha, L1d., Tokyo, Japan), and
100 pg/ml streptomycin (Meiji Seika Kaisha, Lid) in 3 humidified
atmosphere of 95% air and 5% CO; at 37°C. RGC-S cells were passaged
by trypsinization every 3 days, as described in a previous report.?
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Cell viability Assay after Tunicamycin

RGC-5 cells were plated at a density of 1000 cellsfwell in 96-well
culiure plates (Falcon 3072; Becton Dickinson Labware, Uxnard, CA)
mmr-l‘mu hours later, cells were washed twice with DMEM and then
d in DMEM suppl d with 1% FBS One¢ hour later,
tunicamycin at 1 1o 4 pg/ml was added 1o the media. Vehicle or PKR
inhibitor at 003 to | pM was added to the media | hour before,
concomitantly with, or 6 hours afier tunicamycin treatment. Twenty-
four hours after the additon of mnicamycin, cell viability was mea
sured according 1o onc of two methods. The first was a singlecell
digital imaging-based method using fluorescent staining of nuclei
Bricfly, vell death was assessed on the basis of combination staining
with B dyes, y, Hoechst 33342 (Molecular Probes,
Eugene, OR) and YO-PRO-1 (YO; Molecular Probes) or propidium
lodide (PI; Molecular Probes), observations made using an inverted
epifluorescence microscope (IX70; Olympus, Tokyo, Japan). At the
end of the culture period, Hoechst 33342 and YO-PRO-1 or P dyes
were added 1o the culiure medium (B uM, 0.1 uM, and 1.5 pM,
pectively) for 30 Images were collected with a digital
camera (Coolpix 4500; Nikon, Tokyo, Japan). At least 400 cells per
condition were counted by 3 masked observer who used image-pro-
cessing software (Image], version 1 33f; National Institutes of Health,
Bethesda, MD). Cell mortality was quantified by expressing the number
of YO-PRO-1- or Plpositive cells as a percentage of the number of
Hocchst 33342-positive cells.
As the second method for measuring cell viability, the effect on cell
\nabihnr of tumcamycin I.ltllmtﬂl was quantitatively assessed by ex-
g the fI induced by the cellul
rtducllon of resazurin o momﬁu Thene experiments were per-
formed in DMEM at 37°C. Cell viability was asscssed by the use of 10%
resazurin solution for 3 hours at 37°C, and then cells were examined
for Auorescence al $60/590 nm. Fl ence was expressed as a
percentage of that in control cells in DMEM containing 1% FBS (after
subtraction of background fluorescence).

BNA Interference

For rat PKR and ncgative control siRNAs, we uscd a duplex (Stealth
PKR RNAi; Invitrogen, Carlsbad, CA) and a control duplex (Stealth
RNAi Negative Control Duplex; no. 12935 to 200; Low GC Duplex;
Invitrogen), respectively. Sense and antisense strands of rat PKR
siRNA were: sequence 1, 5 -UACUUUGUGUAUCUGGGAGUAUL-
UG-3' (sense) and 5'-CAAAUACUCCCAGAUACACAAAGUA-3 (anti-
sensc); scquence 2, SAAUUCCAUUUGGAUAAAGAGGCACC-3'
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in 70% N,0 and 30% Oy, delivered through an animal general anesthe-
sia machine (Soft Lander, Sin-ci Industry Co Ltd, Saitama_ Japan). Body
temperatures were maintained between 37.0°C and 37.5°C with the
aid of a heating pad and a heating lamp. Retinal damage was induced
by injection (2 ul/cye) of NMDA (Sigma-Aldrich) at 10 mM dissolved in
0.01 M phosphate-buffered saline (PBS) injected into the vitreous body
of the lefi eye under the anesthesia described. One drop of levofloxa-
¢in ophthalmic solution (Santen Pharmaccuticals Co. Lid, Osaka, Ja-
pan) was applicd topically 1o the i cye after the intravitreous
injection. The PKR inhibitor (1 nmol/eye) or an identical volume of
vehicle (0.5% DMSO in PBS) was coadminisiered with NMDA injeciion
at 20 amol/eye

Immunoblotting

RGC-S cells were lysed using a celHysis buffer (RIPA buffer [RO278,;
Sigma) with protcase [P8340; Sigma] and phosphatase inhibitor cock-
tails [P2850 and P5726; Sigma]; and 1 mM EDTA). Cell lysates were
solubilized in SDS-sample buffer, separated on 10% SDS-polyacrylamide
gels, and transferred to PVDF membrane (Immobilon-P; Millipore,
Bedford, MA). Transfers were blocked for 1 hour ai room temperature
(5% Blocking One-P; Nakaral Tesque, Inc., Kyoto, Japan) in 10 mM
Tris-buffered saline with 0.05% Tween 20 (TBS-T) and were incubated
overnight at 4°C with the primary antibody, Transfers were then rinsed
with TBS-T and incubated for 1 hour at room temperature in horserad-
ish peroxidase goat anti-rabbit or goar anti-mouse (Pierce, Rockford,
IL) diluted 1:2000. Imm were d with chemitummea-
cence (Super Signal West Femto Maxi Sensiti

Pierce) and visuslized with :he:idohtlwlﬂim;h;syucmcms
1000, Toyobo Co., L., Osaka, Japan). Primary anlibodies used were as
follows: mouse anti-BiP (BD Bioscience, San Jose, CA), rabbit anti-
ATF4 (Santa Cruz Biotechnology, Santa Cruz, CA), rabbit anti-phospho-
PKR (Abcam, Cambridge, MA), rabbit anti-PKR (Ccll Signaling, Bev-
crly, MA), mouse anti-CHOP (Santa Cruz Biotechnology), and rabbit
anti-actin (Santa Cruz Biotechnology).

Immunostaining

To clarify whether NMDA or tunicamycin induced PKR phosphoryla-
tion in the mouse retina in vivo and whether a PKR inhibitor would
prevent PKR phosphorylation, | yrochemistry was p !
At 12 or 24 hours after intravitreal injection of NMDA (20 mmol/eye)
or tunicamycin (1 wm).whwﬁthommmﬂmW(lnmu

eye), cyes were enucleated, fixed in 4% parali 1d at
4°C, immersed in m:wrw«ﬂn{nmmam
P cutling temy (OCT) ¢ d (Sakura Finctechnical

(sense) and 5" -GGUGCCUCULNUAUCCAAAUGGAAUU-3' (anti ).

Transfection with siRNA In Vitro

RGC-5 cells were sceded at a density of 1000 cells/well into 96-well
plates (for cell viability assay) or at a density of 5000 celis/well into
24-well plates (for asscssment of the effects of PKR silencing) using the
standard medium. Twenty-four hours later, cells were washed rwice
with medium (Opti-Mem |, Invitrogen) suppl d with 1% FBS
without antibiotics and then were immersed in the same medium.
Reagent (Lipofectamine 2000; Invitrogen) was used as the wransfection
agent. PKR and control siRNAs, each a1 a concentration of 10 nM, were
transfected by incubation for 6 hours, accordi tothc facturer's
instructions (Invitrogen). Subseq ly, the ining siRNA
and complex (Lipofectamine 2000, mmmsen) was replaced b'_r DMEM
supplemented with 1% FBS. Fortycight hours after the infection, (uni
camycin was added to each well, and incubation continued for another
24 hours.

In Vivo NMDA-Induced Retinal Damage

Male adult ddY mice weighing 36 1o 43 g cach (Japan SLC, Hamamatsu,
Japan) were used for these experiments and were kept under con-
trolied lighting conditions (12 hours light/12 hours dark). Anesthesia
was induced with 3.0% isoflurane and maintained with1.5% isoflurane

mp
Co, Lid,, Tokyo, Japan). Transverse, 10-um-thick cryostat sections
were l:ul and phcedontodidu(}!u(:m) Sections were subse-

pre d for i ytochemistry using antibodics against
phmp'h&l‘*lt (Abcam) diluted 1:500 in i action enhancer
solution A (CanGet signal immunostain; Toyobo Co., Lid.). Sections
were incubated with biotin j d sccondary antibody for 1 hour
at room temperature and were visualized with an immunodetection kit
(Vector MOM | Vector, Burlingame, CA),

Histologic Analysis of Mouse Retina

Seven days afier the NMDA or tunicamycin injection, eyeballs were
enucleated for histologic analysis. In mice under ancsthesia produced
by iniraperitoneal injection of sodium pentobarbital (80 mg/kg), each
eye was enucieated and kept immersed for at least 24 hours at 4°C in
a fixative solution containing 4% paraformaldchyde. Six paraffincm-
hedded sections (3-um thick) cut through the optic disc of each eye
were prepared in @ st and were d with

ylin and eosin. Retinal damage was evaluated as described previously,
with three sections from each m used for the morphometric analysis.
Light microscope i were p phed, and the cell counts in

the ganglion cell layer (GCL), :t 3 d.iuan:c berween 350 and 650 pm
from the optic disc, were measured on the photographs in a masked
fashion by a single observer (Y.1.). Data from three sections (sclecied
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randomly from the six sections) were averaged for cach €ye, and the
valucs obtained were used 10 evaluate the cell count in the GCL

Statistical Analysis

Daia are presented as the mean + SEM. Swuatistical comparisons were
made, using a Student’s i4est or a Dunnett test (by means of Stat View
version 5.0; SAS Insticate Inc., Cary, NC). P < 0.05 was considered
statistically significant

Resurrs

Retinal Cell Death and Changes in Endoplasmic
Reticulum Stress-Related Protein Induced

by Tunicamycin

The time-course of the changes in cell morphology occurring
after tunicamycin treatment at 2 pg/mL are shown in Figure
1A. An increase in nonadherent cells was observed 12 hours
after tunicamycin treatment compared with that in nontreated
control cells. Representative fluorescence stainings of nuclei—
using Hoechst 33342, YO-PRO-1, and propidium iodide (PI)
dyes—are shown in Figure 1B. Nontreated control cells dis
played normal nuclear morphology and negative staining with
YO-PRO-1 dye (which stains early apoptotic and laterstage
cells) and PI dye (which stains late-stage apoptotic cells) (Fig
1B, upper panels). Treatment with tunicamycin led to shrink-
age and condensation of nuclel and to positive staining with
cach of these dyes (Fig. 1B, lower panels).

PKR and ER Stress-Induced Retinal Damage 3731

Changes in the protein levels of BiP, pATF4, and CHOP 24
hours after tunicamycin treatment at 1-4 pg/mL are shown in
Figure 1C. BIP, ATF4, and CHOP were all concentration de-
pendently increascd, whereas actin levels remained un-
changed

Phosphorylation of a PKR in RGC-5 Cells Is
Induced by Tunicamycin

Although no phosphorylated PKR was observed in vehicle-
treated normal cells, marked and slight increases in phosphor-
yvlated PKR were noted at 6 and 24 hours, respectively, after
tunicamycin treatment (Fig. 2A),

Effects of a PKR Inhibitor and PKR Silencing on
the RGC-5 Cell Death Induced by Tunicamycin

Representative fluorescence stainings of nuclei with Hoechst
33342 and YO-PRO-1 dyes arc shown in Figure 2B. Nontreated
cells showed normal nuclear morphology and negative staining
with YO-PRO-1 dye (which stains eardystage apoptotic and
necrotic cells). Treatment with tunicamycin at 2 pg/ml for 24
hours led to shrinkage and condensation of nuclei and to
positive staining with YO-PRO-1 dye. Treatment with a PKR
inhibitor at 0.3 and 1 uM reduced the tunicamycin-induced
morphologic changes in nuclei and the number of cells stained
with YO-PRO-1. The number of cells exhibiting YO-PRO-1
fluorescence was counted, and the positive cells were ex-
pressed as the percentage of YO-PRO-1- to Hoechst 33342-

A Tunicamycin C Tunicamycin
Control 12h C 1 2 4 pgmi
---- b
<+ ATF4
< Actin

vy

Hoechst

Tunicamycin Control

Frouse 1,

RGC-S ccll death and changes in ER-stress related proteins induced by tunicamycin, (A) Representative phasecontrast microscopy

showing time-course of changes in RGC-5 cells afier addition of tunicamycin at 2 pg/mL (ufiper panels, low power, lower panels, high p(}b\';r}
Bar = 250 pmm. (B) Representative fluorcscence microscopy showing nuclear stainings for Hoechst 33342, YO-PRO-1, and PI 24 hours after
tunicamycin treatment at 2 pg/ml. (C) Representative immunoblots showing protein levels (BiP, ATF4. CHOP, and actin) 24 hours after

tunicamycin treatment at 1-4 ug/ml
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Fiume 2. Phosphorylation of 2 PKK and its inhibitory effect on tunicamycin-induced cell damage in RGCS cells. (A) Phosphorylation of PKR in
RGC-5 cells is induced by tunicamyein. Ref ive band images show activity toward phosphorylated PKR and total PKR. (B-D)
Effects of a PKR inhibitor on the RGC-S cell death induced by tunicamycin. (B) Representative fluorescence microscopy showing nuclear stainings
for Hoechst 33342 and YO-PRO-1 after 24-hour tunic in nt. The PKR inhibitor was added 1 hour before the tunicamyvin. (C) Number
of cells exhibiting YO-PRO-1 fluorescence was counted, and positive cells were expressed as the percentage of YO-PROY1 1o Hoechst 33342, Each
column represents the mean *+ SEM (n = 8). “£ < 0.01 versus tunicamycin alone (Dunnett test). (D) The PKR inhibitor ar 1 uM was added | hour
before, concomitantly with, or 6 hours after tunicamycein at 2 yg/mL. Number of cells exhibiting YO-PRO-1 fluorescence was counted, and the
positive cells were expressed as the percentage of YO-PRO-1 1o Hoechst 33342, Each column represents the mean = SEM (n = 8). **P < 0.01 versus
runicamycin alone (Dunnett test)

positive cells (Fig. 20). After treatment with tunicamycin for 24
hours, the percentage of YO-PRO-1-positive cells was 8.2% =
0.5% (n = 8), whereas in the control group (supplemented
with 1% FBS) it was 0.5% * 0.1% (n = 8). Treaument with the
PKR inhibitor at 0.03 o 1 uM significantly reduced the in-
crease in YO-FRO-1-positive cells induced by tunicamycin (in

A

-
[T
=4

PKR siRNA
Control
siRNA #1 #2

g

PKR

(% of control)
8

Actin

Fluerescence intensity

Contrel #1 #2
siRNA

a concentration-dependent manner). Treatment with the PKR
inhibitor at 1 uM, either concomitantly with or 6 hours after
tunicamycin, protected against RGCS cell death at 24 hours
after tunicamycin (Fig. 2D). As shown in Figures 3A and 3B,
cach of the PKR siRNAs (#1 and #2) that recognize nonover-
lapping sequences of rat PKR decreased the PKR protein ex-

OVehicle

1 < Ficume 3,  Effect of PKR siRNAS on o
B Tunicamycin

nicamycirinduced RGCS cell death. (A)
Representative band images show inr
munoreactivitics wward PKR and actin
PKR protein was decreased by 48-hour
trearment with one of two PKR siRNAs
(B) RGCS cells were transiently trans
feced with control siRNA of one of Two
PKR siRNAs. Alter 48 hours, cells were
treated with 2 pg/ml unicamycin and
maintained in this coodition for an
other 24 hours. Each column repre
sents the mean = SEM (n = 8) "P <
0.0% and =P < 001 versus control

PKR siRNA siRNAtreated group (Dunnett test)
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pression and led to a significant level of resistance to the
tunicamycin-induced decrease in cell viability. Some standard
siRNAs have been reported to induce the activation of PKR/
interferon pathways as nonspecific stress responses resulting
in growth inhibition and cytotoxicity.!* To avoid such unde
sirable responses, we used duplex and control duplex siRNA
(Stealth; Invitrogen) with chemical modifications to enable the
climination of nonspecific stress response affecting the PKR/
interferon pathways.'® In the present study, negative control
siRNA (Stealth; Invitrogen) at 10 oM did not increase PKR
protein at 48 hours after treatment compared with the non-
treated control (Shimazawa et al., unpublished data, 2006).
This result indicates that under our experimental conditions,
Stealth siRNA does not induce the activation of PKR/interferon
pathways.

Effects of a PKR Inhibitor on the in-
Induced Increases in BiP and CHOP Proteins in
RGC-5 Cells

To determine the mechanism underlying the action of tumica-
mycin, we examined the effect of the PKR inhibitor on the
increases in BiP and CHOP proteins induced in RGC-S cells by
treatment with tunicamycin at 2 pg/ml for 24 hours. Tunica-
mycin induced BiP and CHOP proteins in such cells (Fig. 4)
Pretreatment with the PKR inhibitor at 1 uM significantly
reduced the increase in CHOP protein but not that in BiP
protein. On the other hand, treatment with the same PKR
inhibitor alone (at 0.3 or 1 gM) had little effect on the produc-
tion of these proteins (vs. vehicle-treated controls). Staurospor-
inc (200 nM), an apoptosis inducer, did not increase BiP or
CHOP protein, but it did induce apoptotic cell death in this
condition,

Phosphorylation of a PKR in Mouse Retina after
NMDA or Tunicamycin

No phosphorylated PKR was observed in the vehicle-treated
normal retina, but phosphorylated PKR was observed in both
the GCL and the inner plexiform layer (IPL) at 12 and 24 hours
after intravitreal injection of NMDA (Fig. 5). Phosphorylated
FPKR was also observed in GCL and IPL at 12 and 24 hours afier
tunicamycin injection (Fig. 5). The PKR inhibitor (1 nmol),
when coadministered with NMDA or tunicamycin, inhibited

A

GRP78/BIP

CHOP

BiP

]
=]

Fioume 4. Effect of a PKR inhibivor
on the tunicamycindnduced in-
creascs in BiP and CHOP proteins in
RGC-S cells. (A) Representative band
images show immunoreactivitics
against BiP and CHOP. Quantitative
analysis of band densities for BiP (B)
and CHOP (C). Data are expressed as
mean = SEM (n = 4) of values (in
arbitrary units) obained from cach
band **P < 0.01 versus tunicamycin
alone (Dunncit test)

g

Optical density
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the increases in phosphorylated PKR in mouse retina induced
by NMDA and tunicamycin (Fig §).

Effect of a PKR Inhibitor on the Retinal Damage
Induced by Intravitreal Injection of NMDA

Intravitreal injection of NMDA at 20 nmol/eye decreased the
cell count in the GCL (vs. nontreated normal retinas; Figs. 6A,
6B). Coadministration of the PKR inhibitor at 1 nmol/eye sig-
nificantly reduced the NMDA-induced loss of GCL cells (Figs,
6GA, 6B).

Discussion

In the present study, we demonstrated a close association
between PKR and ER stressinduced retinal damage and
showed that the inhibition of PKR reduced such damage

Nutrient deprivation and agents that cause unfolded or
misfolded proteins in the ER can activate the ER stress re-
sponse, though the cell normally survives the insult.' However,
excessive or prolonged ER stress can induce cell death, usually
in the form of apoptosis. In the present study, we found that
tunicamycin induced the ER stressassociated proteins BiP,
ATF4, and CHOP in cultured RGCS cells. In our previous
study, the phosphorylation of eukaryotic translation initiation
factor 2 kinasc (elF2a) was increased concomitantly with the
increases in the expressions of BiP, ATF4, and CHOP proteins
from 6 hours onward.'* BiP, ATF-4, and the phosphorylation of
elF2a increased time-dependently throughout the 24-hour tu-
nicamycin treatment period, whereas actin levels remained
unchanged. CHOP was first detected 6 hours afier the addition
of tunicamycin, and it persisted thereafter. On the other hand,
a slight increase in cell death was observed 12 hours after
tunicamycin treatment, and it was time-dependently increased
thereafter.'® BiP acts as an ER-resident molecular chaperone
induced by ER stress, and this protein refolds the unfolded
proteins, thereby ling to intain ho is in the
ER.'*'" CHOP is a member of the CCAAT/enhancer-binding
protein family that is induced by ER stress and panticipates in
ER-mediated apoptosis; hence, CHOP may be a key molecule in
retinal cell death,**

PKR is involved in the phosphorylation of ¢IF2a.'%2® Over-
expression of PKR leads to apoptosis.*' In recent years, PKR

Tunicamycin {2pg/ml)

PKR inhibitor
03 1

Staurosporine

0.3 uM

ng CHOP
30/
20|
sieiaial | 1
0 qm *PKR +PKR PKR PKR
1 03 1w 03 1 03 1um
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Tunicamycin

Normal

NMDA
+PKR inhibitor

24h 12h 24 h

Ficume 5. Phosphorylation of a PKR
in mouse reting is induced by NMDA
and by wnicamycin, Retinal crosssec-
tons were labeled with antibody
against phosphorylated PKR. Phospho-

Tunicamyein
+PKR inhibitor

has been reported to be involved in Alzheimer disease,”2224
Huntington disease,** Parkinson disease,™ and amyotrophic
lateral sclerosis,” indicating that PKR may be implicated in the
neuronal damage induced by ER stress in these neurologic
discascs. In the presemt study, PKR phosphorylation was ob-
served in RGC-5 cells 6 and 24 hours after tunicamycin treat-
ment. We therefore tested, both in vitro and in vivo, whether
the activation of PKR might participate in the retinal neuron
death induced by ER stress. In the in vitro study, both the PKR
inhibitor and the knockdown of PKR (using siRNA) inhibited
tunicamycin-induced RGC5 cell death, and the inhibitor atten-
uated the tunicamycin-induced increase in CHOP protein but
not the tunicamycinvinduced BIP protein production. In our
previous study, we reported that the same PKR inhibitor pro-
tects against the cell death induced by tunicamyein in a differ-
ent cell line, SHSYSY cells.”® Furthermore, treatment with the

A

NMDA
+Vehicle

m *e

:
E
i
£
g
8

Normal Vehicle PKR inhibitor

NMDA

PER-like immunoreactivity was in-
creased in the inner retina 12 and 24
hours afier intravitreal injection of
NMDA (20 nmol/cye) or of tunicamy-
cin (1 pgfcye) Coadministravion of
PER inhibitor (1 nmol/cye) with the
NMDA or tunicammycin inhibited the
increase in  phosphorylated PER
"Bar = 25 um

PKR inhibitor at 1 uM, cither concomitantly with or 6 hours
after tunicamycin, protected against RGC-S cell death 24 hours
after tunicamycin, This result suggests that PKR may operate in
the late phase. In this study, prefreatment with the PKR inhib-
itor at | uM reduced the expression of CHOP protein 24 hours
after tunicamycin. However, treatment with the PKR inhibitor
(1 uM) 6 bours after wnicamycin, when CHOP protein was
being induced, also protected against RGC-5 cell death. This
result suggests that CHOP production docs not necessarily
have to be decreased for cell survival to be enhanced. Indeed,
pretreaunent with the PKR inhibitor at 0.3 uM also inhibited
tunicamycininduced RGCS cell death, but it did not reduce
the increase in CHOP protein. Although CHOP-deficient mice
have been reported to show resistance to ER stressinduced
cell death, a dimerization partner such as C/EBPB is needed for
the induction of such cell death.* In addition, CHOP protein

NMDA
+PKR inhibitor

Ficme 6. Effect of a PKR inhibitor
an the mouse retinal demage induced
by Intravitreal injoction of NMDA. (A)
Representative photographs showing
nontreated pormal reting, NMDA-in-
jecied  vehiclewreated  retina,  and
NMDAdnjected PKR inhibitor4rested
retina. PKR inhibitor 2t 1| nmol/eye or
vehicle was coadministered with the
NMDA (20 nmol/eye). Cruantitative
analysis of cell number in the GCL (B).
Each column represents the mean +
SEM (n = 12), P < 00! verss
NMDA plus vehicletreated group (Sos
dent's f4est). Bar = 2% um
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undergoes stress-inducible phosphorylation by stress-inducible
members of the p38 mitogen-activated protein kinase (MAPK)
family, and such phosphorylation is associated with an en-
hancement of transcriptional activation by CHOP. > Takizawa
et al > reported that a dominant-ncgative mutant of PKR in-
hibited the apoptosis and the p38 MAPK activation induced by
apoptosis signal-regulating kinase 1 (ASK1), 2 member of the
MAPK kinase kinase (MAPKKK) family, which is activated by a
variety of apoptosisinducers. Both ASK1 and PKR are known
tobmdpminsaﬁociucdwnhdcﬁhmpmmmm
mor necrosis factor (TNF) receptor-associated protein 2
(TRAF2).**** During ERstress, ASK1 is recruited to oligomer-
ized inositol-requiring enzyme-1 (IRE1) complexes containing
TRAFZ, thereby activating this kinase and causing downstream
activation of cjun N4erminal kinase NK) and p38 MAPK. ™
Thus, PKR may activate the ASK1-p38 MAPK/JNK signaling
pathways to execute apoptosis. Furthermore, aggregated
pamyloid peptide has been reported to activate PKR through
its phosphorylation or cleavage through calcium release from
the ER, with activation of caspase-8 and caspase-3 as upstream
signals.” In another possible mechanism, the elF 2o phosphor-
ylation induced by activated PKR might result in an upregula-
tion of CHOP, a proapoptotic transcription factor. In addition,
excessive ER stress leads Lo activation of PKRJike ER kinase
(PERK), just as it does to activation of PKR.**2® The luminal ER
stresssensing domains of PERK regulate its dimerization, and
this leads to activation of its protein kinase activity under ER
stress. Activation of PERK induces phosphorylation of elF2a,
contributing to a suppression of protein translation after the
initiation of ER stress. Therefore, even when PKR activation is
inhibited by a PKR inhibitor or by PKR downregulation (using
siRNA), the phosphorylation of elF2a may not be reduced.
Accordingly, elFZa may not be a target molecule through
which activated PKR executes cell death, at least in ER stress.
However, further studics will be needed to clarify the precise
mechanisms. Regarding the specificity of the PKR inhibitor
against PKR. we must consider the possibility of cffects on
other targets as a limitation.

The present results were obtained in cultured RGC-S cells,
and it coulkd be agreed that the protective effect observed in
vitro cannot be extrapolated directly to animal models in vivo,
However, we have already confirmed that intravitreal injection
of NMDA leads to increases in X box binding protein (XBP-1)
mRNA splicing and in BiP and CHOP proteins in the mouse
retina, representing activation of the unfolded protein re
sponse (UPR) signaling pathway.'> Morcover, expression of
the CHOP gene is reportedly increased in the rat retina after
intravitreal injection of NMDA.*” Furthermore, Awai et al.*®
found that treatment with MK-801, an NMDA-receptor antago-
nist, inhibited the increases in CHOP mRNA and protein in the
mouse retina observed after intravitreal injection of NMDA and
that CHOP-deficient mice were resistant to NMDA-induced
retinal damage. However, CHOP-deficient mice partially sup-
pressed NMDA-induced retinal cell death; therefore, other
pathways (e.g., leading to mitochondrial dysfunction) may be
engaged in the induction of this cell death. These findings
indicate that NMDA can cause ER stress in the retina and that
the neurotoxicity induced by NMDA is caused in part by a
mechanism dependent on the induction of CHOP protein
through excessive ER stress. On the other hand, the neuropro-
tective effect of the PKR inhibitor on tunicamycininduced
RGC5 cell death did not appear to depend on CHOP suppres-
sion. Although little is known about the precise mechanisms
responsible for the NMDA-induced activation of ER stress,
NMDA is known to cause intracellular Ca** overload and
increased NO production, resulting in apoptotic cell
death >4 Several lines of study suggest that intracellular Ca**
overload and excessive production of NO deplete Ca** in the

m:.ndﬂlsn'm-lndunedaeﬁnalﬂsm&gc 3735

ER, thereby resulting in ER stress.*'** Recently, Uchara et al
reported that in primary cortical culture, even mild exposure
to NMDA induces apoptotic cell death through an accumula-
tion of polyubiquitinated proteins and increases in XBP.1
mRNA splicing and CHOP mRNA, represcnting activation of
_tthPasimqugpmhm Furthermore, they found that NO
induces S-nitrosylation of protein-disulfide isomerasc (PDD), an
enzyme that assists in the maturation and transport of unfolded
secretory proteins and thereby helps to prevent the neurotox-
icity associated with ER stress. S-nitrosylated PDI exhibits re-
duced enzymatic activity and induces cell death through the ER
stress pathway. These mechanisms may contribute to the acti-
vation of ER stress in the retina after NMDA stimulation. Col-
lectively, the results indicate that NMDA can cause ER stress in
the retina and that the neurotoxicity induced by NMDA is
caused in part by a mechanism dependent on ER stress.

In the present study, the phosphorylation of PKR was in-
creased in the inner retina in mice in vivo after intravitreal
injection of either NMDA or tunicamycin. The PKR inhibitor,
when coadministered with NMDA or tunicamycin, inhibited
the increase in phosphorylated PKR. This result indicates that
PKR may be activated in the mouse retina in vivo during ER
stress. The PKR inhibitor also reduced NMDA-induced retinal
damage in micc in vivo, but this was a partial effect. Possibly,
the observed difference in potency between the in vitro and in
vivo situations may be atwributed to the poor distribution or
rapid excretion in ocular tissues of the PKR inhibitor after its
intravitreal injection. Taken together, our results indicate that
ER stress plays a role in retinal ganglion cell death and that PKR
activation forms part of the underlying mechanisms.

In conclusion, we have identified a close association be
tween PKR and ER stress-induced retinal damage, and our
results suggest that PKR might be a good target in the scarch
for better treatments for retinal diseases.
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3. ER-associated degradation (ERAD)
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A molecular chaperone inducer protects neurons from
ER stress

T Kudo*", S Kanemoto™>®, H Hara*, N Morimoto®, T Morihara', R Kimura', T Tabira®, K imalzumi*? and M Takeda'

The endoplasmic reticulum (ER) stress response s a defense system for dealing with the accumulation of unfolded proteins in
the ER lumen. Recent reports have shown that ER stress s Involved in the pathology of some neurodegenerative diseases and
cerebral ischemia. In a screen for compounds that induce the ER-mediated chaperone BiP (immunoglobulin heavy-chain binding
proteinyGRPT8 (78 kDa glucose-regulated protein), we Identified BIP inducer X (BIX). BIX preferentially induced BIP with slight
inductions of GRP94 (94 kDa glucose-regulated protein), calreticulin, and C/EBP protein. The induction of BiP
mRNA by BIX was mediated by activation of ER stress response elements upstream of the BIP gene, through the ATFS (activating
transcription factor 6) pathway. Pretreatment of neuroblastoma cells with BIX reduced cell death induced by ER stress.
Intracerebroventricular pretreatment with BIX reduced the area of Infarction due to focal cerebral ischemia in mice. In the
penumbra of BIX-treated mice, ER stress-Induced apoptosis was suppressed, leading to a reduction In the number of apoptotic
cells. Considering these results together, it appears that BIX induces BiP to prevent neuronal death by ER siress, suggesting that

it may be a potential therapeutic agent for cerebral diseases caused by ER stress.
Cell Death and Differentiation (2008) 15, 364-375; doi:10.103&/s}.cdd.4402276; published online 30 November 2007

The endoplasmic reticulum (ER) Is an ‘assembly plant’ for the
manufacture of secretory and membrane proteins. However,
from time to time ‘inferior goods', that is, unfolded/misfolded
proteins in the ER are inevilable. Under normal physiological
conditions, unfolded proleins are degraded; under conditions
of ER stress, however, unfolded proleins can accumulate in
the ER lumen. Eukaryotes utilize the unfolded protein
response (UPR) to overcome the critical status induced by
ER stress.' The UPR consists of the following three pathways:
(1) suppression of protein transiation to prevent the genera-
tion of more unfolded proteins; (2) facilitation of refolding of
unfolded proteins by the induction of ER chaperones; and (3)
activation of ER-associated degradation (ERAD) lo degrade
the unfolded proteins accumulated in the ER, by the ubiquitin—
proteasome pathway. If these strategies are unsuccessiul,
cells go into ER stress-induced apoptosis.

Recent reports show thal dysregulation of the UPR is
implicated in much important palholow incdluding some
neurodegenerative diseases and cerebral Ischemia. Pre-
viously, the ER transducers inositol-requiring kinase 1 (IRE1),
PKR(protein kinase regulaled by ANA)-ike ER-associated

kinase (PERK), and aclivating lranscription factor € (ATF6)
were reported to be downregulated In presenilin-1 mutant
neurons, causing the vulnerability to ER stress seen in cases of
familial Aizheimer disease (AD).** Caspase 4, the human
homologue of murine caspase 12, was also reporied lo play a
critical role in ER siress-induced neuronal cell death in AD.®
One inherited form of Parkinson's disease Is associated with
the accumuiation of the protein Parkin-associated endothelin
receptor-like receptor in the ER of dopaminergic neurons as a
result of defective ERAD by mutant Parkin, a ubiquitin protein
ligase (E3).%7 Analysis of the polyglutamine tract associated
with the spinocerebrocellular atrophy protein (spinocerebellar
ataxia type 3) in Machado-Joseph disease suggests that
cytoplasmic accumulation of this protein can inhibit protea-
some function, thereby interfering with ERAD and eliciting ER
stress-induced apoptosis.®® It was also reported that cerebral
ischemia activates the UPR.'™"" These findings show that
many cerebral disorders are related o an impaired UPR and
ER stress-induced apoptosis.

These accumulated data conceming the involvement of ER
siress in cerebral disorders encouraged us to investigate this
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field in an effort to identify therapeutic targets for the treatment
of these disorders. We speculate that a therapeutic strategy
that induces the UPR might prevent neuronal death induced
by ER stress. According to the UPR pathway, we could try to
(1) induce the expression of ER molecular chaperones; (2)
block transiation of proteins; or (3) artificially stimulate the
degradation of misfoided proteins by the proteasome, as
therapeutic approaches. Indeed, some chemical compounds
that induce particular UPR pathways have been developed.
For example, Boyce et al.'* identified salubrinal, a sslective
inhibitor of cellular complexes that dephosphorylates
eukaryotic translation initiation factor 2 subunit « (elF2a),
and thereby blocks translation. They concluded that salubrinal
might be useful in the treatment of diseases involving ER
stress.’? Kim et al'® reported that valproate, a widely
prescribed drug for epilepsy and bipolar disorder, increases
the expression levels of the ER chaperones immunoglobulin
heavy-chain binding protein (BiP), GRP94 (94 kDa glucose-
regulated protein), protein disulfide isomerase, and calreticu-
lin as well as the cytosolic chaperone HSP70 (70kDa
heat-shock protein). They also showed that valproate induces
these chaperones without evoking the UPR, and speculated
that inhibition of glycogen synthase kinase-3 by valproate
might lead to the induction of chaperones.'®

Previous reporis have shown that induction of BIP, an ER
molecular chaperone, prevents neuronal death induced by
ER stress.*'*"® By contrast, inhibition of GRP78 (78kDa
glucose-regulated protein) mRNA induction increases cell
death in response to calcium release from the ER, oxidative
stress, hypoxia, and T-cell-mediated cytotoxicity.'”~'® There-
fore, in this paper, we searched for a chemical compound that
induces BiP for possible use as a neuroproteclive agent
against ER stress. We have identified such a chemical
compound, BIP Inducer X (BIX), and shown its protective
effect against ER stress-induced apoptosis in vivoand in vitro,
suggesting thal this compound might be useful in the
treatment of cerebral disorders associated with ER stress,
such as cerebral ischemia.

Results

BIX preferentially induces BIP. To Identify chemical
compounds thal induce BiP mRNA, we utilized high-
throughput screening (HTS) with a BIP reporter assay
system. Of the screened compounds, 1-(3,4-dihydroxy-
phenyl)-2-thiocyanate-ethanone (Figure 1a) showed the
highest level of induction of BiP mRNA; thus, we named
this compound BIP inducer X (BIX).

First, we examined whether BIX does indeed induce the
expression of BIP mRNA. Northern blot analysis and real-time
PCR of SK-N-SH neuroblastoma cells treated with BIX
showed that BIX induces BIP mANA in a dose-dependent
manner; however, the level of BIP mRNA Induced by BIX is
less than that induced by thapsigargin (Tg) (Figure 1b).
Additionally, treatment of cells with 50 uM BIX caused the
highest induction of BIiP and little toxicity to cells. Because BIX
generated cytotoxicity at higher dosages, we did not use it
at concentrations greater than 50 uM in further analyses.
Semiquantitative RT-PCR and real-time PCR showed that the
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BiP signal peaked at 4h after the addition of 5uM BIX
and remained at that level until 6h after treatment, with a
subsequent reduction in level after this point (Figure 1c). To
determine whether the induction of BiP mRNA by BIX results
in an increase in the level of BiP protein, we caried out
iImmunoblot analysis. As shown in Figure 1d, the level of BiP
protein was increased by 5uM BIX in a time-dependent
manner, consistent with the changes in mRNA levels.

Next, we performed semiquantilative RT-PCR analysis
to Investigate whether BIX affects the expression of any
other ER stress response-related genes, such as GRP34,
calreticulin, X-box binding protein 1 (XBP1), ER-localized
DnaJ 4/microvascular differentiation gene 1 (ERdj4/MDG1),
ER degradation-enhancing «-mannosidase-like protein
(EDEM), protein kinase inhibitor of 58kDa (p58'""), C/EBP
homologous protein (CHOP), and asparagine synthetase
(ASNS) (Figure 2a). According to the time-course study of BIP
induction by BIX (Figure 1c), a € h treatment of cells with BIX
was adopted into this study. XBP1 mRNA, which is spliced
under ER stress induced by 1uM Tg or 1 ug/ml tunicamycin
(Tm), was not processed In cells treated with 5uM BIX.
C with a control sample, ERd4/MDG1, EDEM,
p58'7*, and ASNS were scarcely induced by BIX. On the
other hand, GRP94, calreticulin, and CHOP were induced
by BIX, but their inductions were not as prominent as that
of BiP. We also performed time-course analyses on the
expressions of ER stress response-related genes by real-time
PCR in SK-N-SH cells treated with 50 M BIX as well as 5 uM
BIX. A 5 M portion of BIX induced GRPS4, calreticulin, and
CHOP mRNA as well as BiP. However, BIP was definitely
induced from 2 to 6 h (Figure 2b). The time courses for EDEM,
p58'7%, and ASNS were not changed by treatment with 5 uM
BIX (Figure 2b). A 50 M portion of BIX also induced BIF from
4 to 6 h and transiently induced calreticulin and CHOP. Even
50 1M BIX did not induce EDEM, p58'™, or ASNS (Figure 2b),

Moreover, we performed immunoblot analysis of GRPS4
and phosphorylated elF2x o examine whether BIX affects
other signaling pathways that paricipate in the ER stress
response. Treatment of SK-N-SH celis with BIX caused very
slight induction of GRP84 protein compared with its induction
by 1 4M Tg (Figure 2¢). This result was consistent with that of
semiquantitative RT-PCR analysis of the GRP84 mRNA leval.
Treatment of cells with 1uM Tg increased the level of
phosphorylated elF2x, but BIX did not cause its
tion (Figure 2c). These results indicate that BIX invokes little
ER siress, but aimost preferentially induces BiP.

The induction of BIP by BIX is mediated by activation
of ERSEs through the ATF6 pathway. To investigate the
mechanism by which BIP is Induced by BIX, we performed
reponer assays using 132 bp BiP-pGL3 reporter plasmids as
described in the Materials and Methods section. A BIP (132)-
pGL3 plasmid (Figure 3a) was transfected into SK-N-SH
cells and the cells were treated with 5 uM BIX, 300nM Tg, or
0.5 ug/m! Tm for either 6 or 16h. The reporter activities in
transfeclants were elevated in response to stimulation with
Tg or Tm, and maintained at a long-lasting high level
(Figure 3b). By contrast, reporter activities in cells treated
with BIX were transiently induced &t 6h after stimulation and
then downregulated to basal levels by 16 h (Figure 3b). This
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