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Abstract Endoplasmic reticulum (ER) stress has been impli-
cated in various neurodegenerative diseases, including
Alzheimer’s disease. We have previously observed amyloid
production in the retina of the Tg2576 transgenic mouse
model of Alzheimer’s disease. In this study, we used
tunicamycin-induced ER stress in RGC-5 cells, a cell line
identical to the photoreceptor cell line 661W, to investigate
the effect of ER stress on production of amyloid-beta (Abeta)
peptides. We found that the mRNA level of amyloid-beta
precursor protein (APP) remained stable, while the protein
level of amyloid-beta precursor protein (APP) was decreased,
the amyloid-beta precursor protein cleaving enzymes beta-site
APP-cleaving enzyme 1 and presenilin 1 were upregulated,
Abeta1–40 and Abeta1–42 production were increased, and reac-
tive oxygen species production and apoptosis markers were
elevated following induction of ER stress. The protein level of
Abeta degradation enzymes, neprilysin, endothelin-
converting enzyme 1, and endothelin-converting enzyme 2
remained unchanged during the prolonged ER stress, showing
that the generation of Abeta did not result from reduction of
proteolysis by these enzymes. Inclusion of group II caspase
inhibitor, Z-DEVD-FMK, increased the ER stress mediated
Abeta production, suggesting that they are generated by a
caspase-independent mechanism. Our findings provided

evidence of a role of ER stress in Abeta peptide overproduc-
tion and apoptotic pathway activation in RGC-5 cells.
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Introduction

The endoplasmic reticulum (ER) is a cell organelle that forms
an interconnected network of folded membranes (cisternae)
where proteins are synthesized, posttranslationally modified,
and properly folded. Various factors, such as excessive mutant
proteins, energy or nutrient deprivation, and alteration in the
redox status, can compromise the protein folding capacity of
the ER, resulting in ER stress (Beer et al. 2013; Gorlach et al.
2006). Upon ER stress, accumulated unfolded proteins in the
ER lumen compete for binding ER chaperone binding immu-
noglobulin protein (BiP), resulting in dissociation of BiP from
the ER stress transducers (Pandol et al. 2011; Pincus et al.
2010), leading to their activation and triggering downstream
protective cellular responses which attenuate the aggregation
of unfolded or misfolded proteins and promote cell survival
(Haynes et al. 2004; Paschen and Frandsen 2001; Yoshida
2007). However, prolonged or overwhelming ER stress will
result in activation of an apoptotic cascade, leading to cell
death (Jing et al. 2012; Katayama et al. 2004; Paschen and
Frandsen 2001; Rao et al. 2004).

ER stress is implicated in a number of neurodegenerative
diseases or aging-related disorders, such as Alzheimer’s dis-
ease (Ansari and Khodagholi 2013; Ghribi 2006; Hoozemans
et al. 2012; Katayama et al. 2004), Parkinson’s disease
(Brown and Naidoo 2012; Hoozemans et al. 2012;
Lindholm et al. 2006), macular degeneration (Salminen et al.
2010), and diabetic retinopathy (Jing et al. 2012; Zhang et al.
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2011). Alzheimer’s disease (AD) is a progressive neurodegen-
erative disorder characterized by cognitive decline, memory
loss, and neuronal loss in the brain. Increased production,
oligomerization, and aggregation of toxic Abeta peptides are
the crucial factors in the pathogenesis of AD (Selkoe 2001a;
Selkoe 2001b; Tanzi and Bertram 2005). Abeta peptides are
produced by sequential cleavage of the amyloid-beta precur-
sor protein, a transmembrane glycoproteinwhich is folded and
modified in the ER, by beta-site amyloid-beta precursor pro-
tein (APP)-cleaving enzyme 1 (BACE1, beta-secretase) and
gamma-secretase complexes (Selkoe 2001a; Thinakaran and
Koo 2008; Vetrivel et al. 2008; Zheng H, 2006). Inhibition of
beta- or gamma-secretase could reduce amyloid-beta peptide
production and subsequent aggregation in the brain, which
could be a major therapeutic strategy (Basi et al. 2010; Ghosh
et al. 2012; Panza et al. 2011).

We have previously found marked accumulation of Abeta
peptides in the retina of Tg2576 AD transgenic mice and in
hypoxia-treated RGC-5 cells (Li et al. 2011; Liu et al. 2009).
The most senile plaque-like staining patterns were detected
from the ganglion cell layer to the outer nuclear layer
(photoreceptor) (Liu et al. 2009). ER stress has been shown
to play a role in the accumulation of Abeta peptides in AD
(Ghribi 2006), presumably through upregulating the APP-
cleaving enzymes, BACE1 (O’Connor et al. 2008), and
presenilin1 (PS1), a major component of gamma-secretase
intramembrane protease complex (Ohta et al. 2011).

ER stress has also been reported to be associated with
retinal cell death following chronic ocular hypertension in
rat (Doh et al. 2010). Treatment with ER stress inducer
tunicamycin caused apoptotic cell death in RGC-5 and also
elevated production of ER stress-related proteins (Shimazawa
et al. 2007). However, it remains unclear whether or not ER
stress directly induces Abeta accumulation in the RGC-5 cells.
In this study, we sought to investigate the effect of ER stress
on production of Abeta peptides in RGC-5 cells, a cell line
which was recently proved to be identical to 661W, a mouse
SV-40 T antigen transformed photoreceptor cell line.

Materials and methods

Materials

The RGC-5 cells were kindly provided byDr. Zhiqun Tan at the
University of California Irvine School of Medicine in the
Department of Neurology (Irvine, CA, USA). Low glucose
Dulbecco’sModified EagleMedium (DMEM) and fetal bovine
serum (FBS) were purchased from Gibco Life Technologies
(Carlsbad, CA, USA). Tunicamycin, cell lysis buffer, and pro-
tease inhibitor cocktail were purchased from Sigma-Aldrich (St
Louis, MO, USA). Mouse anti-Abeta1–40 was purchased from
Abcam (Cambridge, UK). Primary antibodies [rabbit anti-APP,

rabbit anti-BiP, rabbit anti-BACE1, rabbit anti-p-eIF2α, rabbit
anti-total eIF2α, mouse anti-CHOP, and rabbit anti-cleaved
caspase 3 (Asp175)], rabbit anti-full length caspase 3, were
purchased from Cell Signaling Technology (Boston, MA,
USA), and corresponding secondary antibodies conjugated to
horseradish peroxidase (HRP) or fluorescein isothiocyanate
(FITC) were purchased from Multisciences Biotech (Hang-
zhou, Zhejiang, China). Rabbit anti-CD10 (neprilysin) was
purchased from Epitomics (CA, USA). Rabbit anti-
endothelin-converting enzyme 1 (ECE1) was purchased from
Boster (Wuhan, Hubei, China). Goat anti-endothelin-
converting enzyme 2 (ECE2) was purchased from Santa Cruz
Biotechnology (Dallas, TX, USA). Polyvinylidene difluoride
(PVDF) membranes were purchased from Bio-Rad (Hercules,
CA, USA). Enzyme-linked immunosorbent assay (ELISA) kits
for Abeta1–40 and Abeta1–42 were purchased from Wako (Osa-
ka, Japan). The 2′,7′-dichlorodihydrofluorescein diacetate
(H2DCFDA) fluorescent probe for flow cytometric detection
of cellular reactive oxygen species (ROS) was purchased from
InvitrogenMolecular Probes. The group II caspase inhibitor, Z-
D(OMe)E(Ome)VD(OMe)-FMK (Z-DEVD-FMK) was pur-
chased from EMD Millipore (MA, USA).

Cell treatment and sample preparation

The RGC-5 cells were cultured in low glucose DMEM supple-
mented with 10% FBS in 25 mm cell culture flasks, or six-well
cell culture plates with cover slips for 24 h and then treated with
2 μg/ml tunicamycin or vehicle DMSO in replenished fresh
culture medium. Cell lysates were collected at 2, 4, 8, 12, 24,
and 48 h after tunicamycin treatment for western blot analysis
and Elisa analysis of Abeta1–40 and Abeta1–42. For experiments
involving caspase inhibition, cells were pretreated with 10 μM
Z-DEVD-FMK or 20 μM Z-DEVD-FMK in normal culture
media for 2 hours prior to induction of ER stress. Cells were
then exposed to 2 μg/ml tunicamycin in the presence of the
inhibitor. Cell lysates were collected at 4, 24, and 48 h after
tunicamycin treatment for Elisa analysis of Abeta1–40 and
Abeta1–42. Cells from separate culture flasks were trypsinized
and resuspended for flow cytometric analysis of reactive oxy-
gen species (ROS), and cells cultured on cover slips in 24-well
plates were fixed in 4 % paraformaldehyde for immunocyto-
chemical staining of APP, and Abeta1–40.

RT-PCR analysis

RGC-5 cells treated with either tunicamycin or vehicle were
rinsed with cold phosphate-buffered saline (PBS). Total RNA
was then isolated from the cells using Trizol Reagent
(Invitrogen) according to manufacturer’s instructions. cDNA
was synthesized with a SuperScript™ One-Step RT-PCR Sys-
tem (Invitrogen) in a GeneAmp PCR System (PerkinElmer,
Shelton, CT). Glyceraldehyde 3-phosphate dehydrogenase
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(GAPDH) was used as an internal control. Endpoint PCR
amplifications for APP, and GAPDHwere carried out in 30 cy-
cles using primers with the following sequences: mouse APP
forward CAGAATGGAAAGTGGGAGTCA and reverse
TAGGCAACGGTAAGGAATCAC and GAPDH forward
ACCACAGTCCATGCCATCAC and reverse TCCACCAC
CCTGTTGCTGTA. The amplified products were visual-
ized on 1 % agarose gels stained with ethidium bromide
and photographed under UV illumination for analysis of
the bands.

Western blot analysis

Cells treated with either tunicamycin or vehicle were rinsed
with phosphate-buffered saline (PBS) and lysed with cell lysis
buffer containing protease inhibitors. Cell lysates with equal
amount of protein were loaded and resolved by SDS–PAGE,
and transferred onto a polyvinylidene difluoride (PVDF)
membrane. The PVDF membrane was blocked with 5 %
bovine serum albumin (BSA) for 1 h and incubated with the
primary antibody rabbit anti-APP (1:500 dilution), rabbit anti-
BiP (1:1000 dilution), rabbit anti-BACE1 (1:1000 dilution),
rabbit anti-p-eIF2α (1:500 dilution), rabbit anti-total eIF2α
(1:1000 dilution), mouse anti-CHOP (1:500 dilution), rabbit
anti-cleaved caspase3 (Asp175) (1:500 dilution), rabbit anti-
full length caspase 3 (1:500 dilution), rabbit anti-neprilysin
(1:1000 dilution), rabbit anti-ECE1 (1:250 dilution), or
goat anti-ECE2 (1:500) in 5 % BSA at 4 °C overnight,
followed by incubation with corresponding HRP-
conjugated secondary antibody before visualized by
chemiluminescence. The intensity of target bands on
the blot was analyzed with Image J software and nor-
malized to that of housekeeping control beta-actin or
GAPDH. The intensity data from blots of three inde-
pendent experiments were presented as mean±SEM and
further analyzed by one-way ANOVA (SPSS) (p<0.05
was conceived as statistically significant).

Immunocytochemical staining

Cells cultured on coverslips in 24-well plates were fixed with
iced cold 4 % paraformaldehyde for 30 min at 0, 2, 4, 8, 12,
and 24 h after tunicamycin treatment, permeabilized with
0.2 % Triton X-100 in PBS for 5 min, blocked with 5 %
BSA, and incubated overnight at 4° C with rabbit anti-APP
(1:200 dilution) and mouse anti-Abeta1–40 (1:250 dilution) in
1 % BSA in PBS, followed by two washes with PBS and
incubation with FITC-conjugated goat anti-mouse IgG or goat
anti-rabbit IgG secondary antibody (1:50 dilution) in 1 %
BSA. The cells were then counterstained with DAPI
and mounted with anti-fade fluorescence mounting me-
dium. Images were obtained with a Zeiss LSM 510
confocal microscope.

ELISA analysis of Abeta1–40 and Abeta1–42

The levels of Abeta1–40 and Abeta1–42 were examined by
ELISA according to the manufacturer’s protocols (Wako,
Japan). One hundred microliters of cell lysate (1:10 dilution)
from each sample was assayed in the study, with equal volume
of standard solution as internal control. The data were pre-
sented as Abeta peptides (pmol) per gram (g) of total cell
lysate protein (pmol/g), and the tunicamycin treated groups
were compared with control by one-way ANOVA (p<0.05
was conceived as statistically significant).

Measurement of intracellular ROS by flow cytometry

Intracellular ROS was detected by using oxidation-sensitive
fluorescent probe 2′,7′-dichlorodihydrofluorescein diacetate
(H2DCFDA), as described previously (Chen et al. 2011). Cells
were harvested at 12, 24, and 48 h after tunicamycin or vehicle
treatment, incubated with 1 μM H2DCFDA at 37ºC for
30 min in the dark, rinsed twice with PBS, and analyzed
immediately by Becton Dickinson FACSAria™ flow
cytometer (BD Biosciences, San Jose, CA, USA) using exci-
tation and emission wavelengths of 488 and 530 nm, respec-
tively. The fluorescent probe H2DCFDA is deacetylated by
nonspecific esterase and further oxidized by ROS in the cell to
highly fluorescent 2′,7′-dichlorofluorescein (DCF), which
then serve as an indicator for intracellular ROS. Ten thousand
cells were analyzed for each sample, and data from three
independent experiments were collected.

Results

ER stress is induced by tunicamycin in RGC-5 cells

Inhibition of N-linked glycosylation will lead to protein
misfolding and cause ER stress (Elbein 1987). In this study,
we sought to create a cellular model to study the effect of ER
stress on Abeta peptide accumulation by using tunicamycin,
an inhibitor of N-linked glycosylation (Elbein 1987), to in-
duce ER stress in RGC-5 cells. Upon stimulation of unfolded
or misfolded proteins, ER stress transducer IRE1 is activated
to splice the mRNA of the transcription factor XBP1 and
produce the active form XBP1s, which then upregulates ER
chaperones to enhance the protein folding capacity of the ER
(Beer et al. 2013). On the other hand, activation of the ER
stress transducer PERK increases phosphorylation of eIF2α,
leading to a global attenuation of protein synthesis and hence
decreasing the protein load to the ER. Here, we examined the
protein expression levels of the ER chaperone BiP/GRP78
and phosphorylated eIF2α (p-eIF2α) by western blot to assess
ER stress induced by tunicamycin treatment of the cells and
found that significant ER stress was induced by treating RGC-
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5 cells with 2 μg/ml tunicamycin. Western blot analysis
showed that the ER stress markers BiP/GRP78 and p-eIF2α
were upregulated in a time-dependent manner following
tunicamycin treatment. The expression level of BiP/GRP78
and p-eIF2αwas significantly increased 2 h after tunicamycin
treatment (Fig. 1a, b). These data showed that ER stress has
been successfully induced in the RGC-5 cells, which we then
used as a cellular model to study the effect of ER stress
on APP-cleaving enzymes, Abeta production, and other
downstream targets.

ER stress decreases protein level of APP and promotes
Abeta1–40 and Abeta1–42 production in RGC-5 cells

Our results revealed that BACE1 was significantly upregulat-
ed 2 h after tunicamycin treatment, then dramatically de-
creased at 4 h, and decreased to undetectable level after 8 h
(Fig. 1c). PS1 was upregulated from 2 h after tunicamycin
treatment and gradually decreased after 24 h (Fig. 1d). We
then asked whether the upregulation of APP-cleaving en-
zymes increases the cleavage of APP. We checked the protein
level of full-length APP by immunocytochemical staining
following tunicamycin treatment and found that APP level
was gradually decreased after tunicamycin treatment (Fig. 2a

upper panel). RT-PCR showed that the mRNA level of APP
remained stable during the 48 h tunicamycin treatment, sug-
gesting that the protein synthesis of APP was not inhibited by
the prolonged ER stress (Fig. 2b). Further western blot anal-
ysis confirmed the observation from immunostaining analysis
and revealed APP was significantly decreased 2 h after
tunicamycin treatment, reached its lowest level at 4 h, and
remained low until the longest observation time of 48 h
(Fig. 2c–d). Immunocytochemical staining showed that ER
stress increased production of Abeta1–40 following
tunicamycin treatment, which was in accord with the de-
creased level, or increased cleavage of APP (Fig. 2a, lower
panel). ELISA analysis showed that the production of both
Abeta1–40 (Fig. 2e) and Abeta1–42 (Fig. 2f) was significantly
increased. Abeta1–40 was found to be at a much higher level
compared with Abeta1–42.

ER stress did not change the protein levels of Abeta
degradation enzymes

Given that sustained ER stress may eventually lead to inhibi-
tion of protein synthesis and cell death, we asked whether the
Abeta degradation enzymes were inhibited by the prolonged
ER stress. We found that the protein levels of Abeta

Fig. 1 ER stress upregulates BACE1 and PS1. Western blot analysis of
ER stress markers GRP78/BiP (a) and p-eIF2α (b) and APP cleavage
enzymes BACE1 (c) and PS1 (d). Right panel shows densitometric
analysis of corresponding bands. The band of p-eIF2α of individual time

points was normalized to corresponding band of total eIF2α. Others were
normalized to beta-actin. The data were presented as Mean±SEM (one-
way ANOVA, *p<0.05, **p<0.01)
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degradation enzymes, neprilysin, ECE1, and ECE2 all
remained stable during the time points observed (Fig. 3).
The results suggested that the elevation of Abeta level was
not achieved by reducing the neprilysin, ECE1, or ECE2
related proteolysis.

ER stress increases production of ROS in RGC-5 cells

We detected the intracellular ROS by flow cytometry using
oxidation-sensitive fluorescent probe H2DCFDA, which is ox-
idized by ROS to give out fluorescence. The result showed that
the percentage of ROS-positive fluorescent cells were signifi-
cantly increased at 12 h after tunicamycin treatment, and reached
the peak at 24 h, compared to the vehicle control (Fig. 4).

ER stress increases expression of CHOP and cleaved
caspase-3 in RGC-5 cells

Here, we aimed to examine whether apoptotic signaling path-
ways are activated upon ER stress in RGC-5 cells. Western
blot analysis revealed that CHOP expression was increased
8 h after tunicamycin treatment (Fig. 5a). Caspases, such as
caspase-3, are well-known proapoptotic components in the
ER stress-induced cell death signaling pathways and are a
family of the cysteine-aspartic acid proteases (caspases) that
are synthesized as inactive precursors that have to be cleaved
at key aspartate residues to be activated. Following induction
of apoptosis, proteolytic cleavage of procaspase-3 occurs to
generate an active 17 kDa caspase-3 fragment, which targets

Fig. 2 ER stress decreases full-length APP and increases Abeta1–40 and
Abeta1–42 production. a. Immunofluorescence staining of APP (upper
panel) and Abeta1–40 (lower panel). The antibody was FITC-labeled
(green fluorescence). Nuclei were counterstained with DAPI (blue
fluorescence). Scale bar=10 μm. b. RT-PCR analysis of APP. c. Western

blot analysis of APP. d. Densitometric analysis of APP normalized to
corresponding beta-actin. The data were presented as Mean±SEM, and
analyzed by one-way ANOVA (*p<0.05). e. ELISA analysis of Abeta1–40.
f. ELISA analysis of Abeta1–42. The Abeta data were presented as Mean±
SEM (pmol/g) (one-way ANOVA, *p<0.05, **p<0.01)
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key modulators of the apoptotic pathway, including poly-
ADP-ribose polymerase and other caspases, for cleavage,
leading to apoptotic cell death. Cleaved caspase-3 is therefore
a useful marker for apoptosis. Western blot analysis showed
that cleaved caspase-3 was increased 8 h following
tunicamycin treatment (Fig. 5b), which was in accord with
the increase of CHOP level.

Z-DEVD-FMK promotes the ER stress-mediated production
of Abeta1–40 and Abeta1–42 in RGC-5 cells

Activation of caspase 3 was reported to be associated with
APP cleavage and Abeta production. We then asked whether
the activation of caspase-3 is responsible for the generation of
Abeta in the tunicamycin treated RGC-5 cells. Elisa analysis
showed that the group II caspase inhibitor, Z-DEVD-FMK, a
potent, cell-permeable, and irreversible inhibitor of caspase-3
as well as caspase-6, caspase-7, caspase-8, and caspase-10,
significantly promoted the ER stress-induced generation of
Abeta1–40 and Abeta1–42 in a dose-dependent manner (Fig. 6),

Fig. 3 ER stress did not change the protein levels of Abeta degradation
enzymes. a. Western blot analysis of neprilysin. b. Western blot analysis
of ECE1. c. Western blot analysis of ECE2. Densitometric analysis of
neprilysin, ECE1, and ECE2 normalized to corresponding GAPDH by
one-way ANOVA showed that there were no significant changes between
the group means (p>0.05)

Fig. 4 ER stress increases the number of ROS-positive cells by flow
cytometry. a. Scatter plot of flow cytometry in RGC-5 cells treated with
2 μg/ml tunicamycin or vehicle. Quadrant 4 (Q4) represents ROS-positive

cells. Quadrant 3 (Q3) represents ROS-negative cells. b. Quantitative anal-
ysis of flow cytometric data. The ratio of ROS-positive cells to total number
of cells was calculated for each time point and plotted as Mean±SEM
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indicating a caspase-independent mechanism in the produc-
tion of Abeta in our cellular model.

Discussion

In this study, we found that the ER stress markers BiP/GRP78
and p-eIF2α were significantly increased in a time-dependent
manner following tunicamycin treatment, indicating that ER
stress has been successfully induced in the RGC-5 cells. Inter-
estingly, we found that upon induction of ER stress, both
BACE1 and PS1 were increased immediately and then

decreased following tunicamycin treatment. We then examined
whether the upregulation of APP-cleaving enzymes decreases
the APP level and found that the mRNA level remained un-
changed, while the protein level of APP was gradually de-
creased after tunicamycin treatment and remained low until
the longest observation time 48 h. Further analysis revealed
increased production of both Abeta1–40 and Abeta1–42 peptides,
which was in accord with the increased cleavage of APP by
enzymes BACE1 and PS1. After the initial upregulation, the
decrease of BACE1was very fast, while the decline of PS1was
more gradual. On the other hand, the protein level of Abeta
degradation enzymes, neprilysin, ECT1, and ECE2 remained

Fig. 5 ER stress increases apoptosis markers CHOP and cleaved cas-
pase-3. Western blot analysis of CHOP (a), cleaved caspase-3, and full-
length caspase 3 (b). Right panel shows densitometric analysis of corre-
sponding bands. The band of CHOP of individual time points was

normalized to corresponding band of beta-actin. The cleaved caspase-3
was normalized to corresponding full-length caspase 3. The data were
presented as Mean±SEM (one-way ANOVA, *p<0.05, **p<0.01)

Fig. 6 Z-DEVD-FMK promotes
the ER stress mediated production
of Abeta1–40 and Abeta1–42. a.
ELISA analysis of Abeta1–40. b.
ELISA analysis of Abeta1–42. Tm
tunicamycin; 1×CaI, 10uM Z-
DEVD-FMK; 2×CaI, 20uM Z-
DEVD-FMK. The data were
presented as Mean±SEM
(pmol/g) (one-way ANOVA,
*p<0.05, **p<0.01)
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stable in the time points examined, suggesting that the degen-
eration of Abeta peptides was not inhibited by the prolonged
tunicamycin treatment. These results may indicate that upreg-
ulation of BACE1 and PS1 may contribute to increased Abeta
peptide production and APP cleavage, while PS1may also play
a role in sustaining these effects. We speculate that there might
be a positive feedback loop to regulate the levels of APP and
BACE1/PS1 (Li et al. 2013), in which the decreased APP level
or the cleaved APP fragments may account for the subsequent
decrease of BACE1 and PS1 levels following induction of ER
stress in the RGC-5 cells. This may also indicate a protective
mechanism to break the vicious circle and mitigate the detri-
mental effect of sustained ER stress.

Recently, the origin of the RGC-5 line has been
recharacterized (Van Bergen et al. 2009). The RGC-5 line, des-
ignated as a transformed rat retinal ganglion cell line, is actually
of mouse origin. Using cryopreserved RGC-5 cells obtained
from the laboratory where the original cell line was established,
Krishnamoorthy and colleagues report that the RGC-5 cells are
virtually identical to the photoreceptor cell line 661W
(Krishnamoorthy et al. 2013). Thus, our results might represent
in vitro cellular response of photoreceptor cells to ER stress.

ER has an oxidizing environment that is necessary for
disulfide bond formation for protein folding, and ER stress
will result in overproduction of ROS, which will in turn
exacerbate protein misfolding and amplify ER stress response
(Malhotra and Kaufman 2007). Here, we found that the per-
centage of ROS-positive fluorescent cells were significantly
increased in the RGC-5 cells 12 h after tunicamycin treatment,
indicating that oxidative stress is also involved in our cellular
model. ER directly communicates with mitochondria through
close contacts that promote calcium transfer from ER to
mitochondria thus maintaining mitochondrial metabolism
and cell survival (Giorgi et al. 2009; Rizzuto et al. 1998).
ER stress and increased production of ROS can lead to mito-
chondrial dysfunction, which is intimately linked to further
production of ROS (Costa et al. 2012; Richter et al. 1995). On
the other hand, it may be indicated that oxidative stress could
also contribute to increased APP cleavage and Abeta peptide
generation, based on previous observations that oxidative
stress stimulates amyloid peptide production by enhancing
BACE1 and gamma-secretase activities (Tamagno et al.
2008; Xiong et al. 2007). Taken together, ER stress and
correlated oxidative stress increase Abeta peptide production
by upregulating BACE1/PS1, and overproduction of Abeta
peptides will exacerbate ER stress by overloading the ER,
which will then further boost ROS production. Therefore,
there seems to be a vicious circle encompassing ER stress,
Abeta production, and oxidative stress (Ferreiro et al. 2012),
which may ultimately culminate into apoptotic cell death.

In response to prolonged ER stress, the PERK-ATF4-
mediated and the ATF6-mediated signaling pathways will be
activated to upregulate the proapoptotic transcription factor

CHOP and initiate signal transduction resulting in apoptotic cell
death (Ferreiro et al. 2012;Malhotra andKaufman 2007). In this
study, we found that both CHOP and cleaved caspase-3, a well-
known apoptosis marker downstream of CHOP, were both
upregulated in the RGC-5 cells following induction of ER
stress. The relationship between caspase-3 activation and Abeta
production remains unclear. Abeta-mediated toxicity initiates
caspase-3 related APP cleavage at the C-terminus and genera-
tion of a 31 amino acid fragment, C31 (Lu et al. 2003). Recently,
apoptosis in H4 neuroglioma cells was shown to be associated
with a decrease in the generation of Abeta, as well as an increase
in the formation of alternatively processed APP fragments (25–
35 kDa) (Fiorelli et al. 2013). Co-localization of cleaved
caspase-3 and amyloid plaques with caspase-cleaved APP has
been observed in the brain of AD (Gervais et al. 1999); how-
ever, this correlation does not necessarily prove that caspase-
initiated cleavage of APP increases Abeta production, given that
the internalization of APP could be reduced by caspase medi-
ated truncation which may in fact decrease Abeta generation as
endocytosis is required for APP cleavage via the amyloidogenic
pathway (Soriano et al. 2001). Our data support this hypothesis
and showed that treatment with the group II caspase inhibitor,
Z-DEVD-FMK, was associated with an increase of Abeta40 and
Abeta42 generation, indicating a caspase independent mecha-
nism in the ER stress mediated Abeta production. The associa-
tion between caspase activation and APP cleavage and Abeta
generation warrants further investigation in our model.

In this study, we investigated the effect of ER stress on
Abeta accumulation in RGC-5 cells by using an induced ER
stress cellular model and found increased BACE1 and PS1
levels, increased APP cleavage, increased Abeta peptides
generation, increased ROS production, and increased apopto-
tic markers, indicating that ER stress plays an important role in
Abeta peptides overproduction and apoptotic pathway activa-
tion in RGC-5 cells.
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