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Abstract
Endoplasmic reticulum (ER) stress is linked to several pathological conditions including age-
related macular degeneration. Excessive ER stress initiates cell death cascades which are
mediated, in part, through mitochondrial dysfunction. Here, we identify αB crystallin as an
important regulator of ER stress-induced cell death. Retinal pigment epithelial (RPE) cells from
αB crystallin (−/−) mice, and human RPE cells transfected with αB crystallin siRNA, are more
vulnerable to ER stress induced by tunicamycin. ER stress-mediated cell death is associated with
increased levels of reactive oxygen species, depletion of glutathione in mitochondria, decreased
superoxide dismutase activity, increased release of cytochrome c and activation of caspases 3 and
4. The ER stress signaling inhibitors, salubrinal and 4-(2-aminoethyl) benzenesulfonyl fluoride,
decrease mitochondrial damage and reduce RPE apoptosis induced by ER stress. Prolonged ER
stress decreases levels of αB crystallin, thus exacerbating mitochondrial dysfunction.
Overexpression of αB crystallin protects RPE cells from ER stress-induced apoptosis by
attenuating increases in Bax, CHOP, mitochondrial permeability transition, and cleaved caspase 3.
Thus, these data collectively demonstrate that αB crystallin provides critical protection of
mitochondrial function during ER stress-induced RPE apoptosis.
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INTRODUCTION
Age-related macular degeneration (AMD), a progressive degenerative retinal disease, is the
leading cause of blindness among the elderly in developed countries. Retinal pigment
epithelium (RPE) cells offer essential nutritional and metabolic support for light sensitive
photoreceptors, and are a major pathologic target in the early and late stages of AMD [1].
Multiple cellular mechanisms are involved in the dysfunction and death of RPE cells in
AMD, including accumulation of toxic metabolites, oxidative stress and inflammation [1, 2].
Recent studies suggest that endoplasmic reticulum (ER) stress also participates in the
pathogenesis of RPE dysfunction in retinal degenerative disorders including AMD [3, 4].

Accumulation of unfolded proteins in the ER lumen results in “ER stress” and initiates a
complex cellular response known as the unfolded protein response (UPR) [5]. This response
is mediated through three ER transmembrane receptors: PRK (RNA-dependent protein
kinase)-like ER /pancreatic eukaryotic translation initiation factor 2 subunit (eIF2) kinase
(PERK/PEK), activating transcription factor-6 (ATF6), and the inositol-requiring enzyme
1(IRE1). Once UPR is triggered, cells first establish adaptive responses such as induction of
ER chaperone GRP78 or global inhibition of protein synthesis. However, if this
transcriptional program fails to reestablish ER homeostasis, signaling switches to a pro-
apoptotic pathway [6].

The specific mechanisms involved in ER stress-induced apoptosis remain to be fully
elucidated. The available evidence suggests that transcriptional induction of CHOP is
critical in ER stress induced apoptosis [7]. Overexpression of CHOP can lead to cell cycle
arrest and apoptosis, while CHOP (−/−) cells attenuated apoptosis in response to ER stress
[7]. Activation of caspase cascades also occurs in ER stress. In rodents, earlier studies
proposed that caspase 12 played a role in ER stress-induced apoptosis [6, 8], even though
deletion of caspase 12 provides only partial protection against cell death [9]. However, a
caspase 12-like protein in human cells contains a polymorphism that results in a truncated
non functional protein [10]. Thus, recent studies have focused attention on caspase 4, which
has been proposed to fulfill the function of caspase 12 in humans [11]. Caspase-dependent
pathways of ER stress-induced apoptosis that are independent of caspase 4/12 have also
been identified [12].

Mitochondria are recognized as the central regulator of apoptotic cell death and ER-
mitochondrial crosstalk may mediate stress signals between these compartments [13].
Indeed, mitochondrial changes including loss of mitochondrial membrane potential (MPT),
release of cytochrome c, and activation of caspase 9 and caspase 3 have been observed in
ER stress [14]. A link between ER stress and reactive oxygen species (ROS), decrease in
glutathione (GSH) and increase in calcium influx in the mitochondria has also been shown
[15-17]. It has also been reported that CHOP, the ER stress induced transcription factor, not
only down regulates Bcl-2 expression but also leads to translocation of Bax from cytosol to
mitochondria [7, 18, 19]. The activation and mitochondrial localization of Bax [20, 21] and
Apaf 1 (Apoptotic Protease-Activating Factor 1), which is required in post-mitochondrial
apoptotic cascades, have been identified to contribute to mitochondrial impairment in ER
stress induced apoptosis [22]. Thus, mitochondria are clearly linked to the development of
ER stress-induced apoptosis.

Recently, the small heat shock protein αB crystallin has been identified as an important
regulator of mitochondrial apoptosis; it inhibits oxidant-induced apoptosis in RPE and
progression of retinal degeneration in animal models [23, 24, 25]. Expression of αB
crystallin has also been linked to AMD, where its increased expression has been suggested
to be a biomarker for the disease [26]. Expression of αB crystallin in RPE and its secretion
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from the apical surface of human polarized RPE mediates neuroprotection to adjacent cells
[23]. αB crystallin has been localized to several intracellular compartments including the
mitochondria [24] but, little is known about its effect on ER stress and mitochondrial
dysfunction. In the present study, we evaluate the role of αB crystallin in ER stress-
mediated apoptosis in RPE, and demonstrate that αB crystallin provides critical protection
of mitochondrial function in this process.

MATERIALS AND METHODS
Chemicals and Materials

Tunicamycin (TM) and AEBSF were obtained from Sigma Aldrich (St. Louis, MO).
Salubrinal was obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Caspase 4
inhibitor was obtained from BioVision (Mountain View, CA).

The αB crystallin knockout mice on 129S6/SvEvTac background were obtained from the
National Eye Institute (courtesy of Dr. Eric Wawrousek, PhD), while 129S6/SvEvTac
control mice were purchased from Taconic Farms (Germantown, NY). Isolation, culture and
characterization of primary cultured RPE from knockout mice were performed as described
[24]. All animal studies were conducted with adherence to the Association for Research in
Vision and Ophthalmology (ARVO). Statement for the Use of Animals in Ophthalmic and
Vision Research and protocols were approved by the USC Institutional Animal Care and
Use Committee (IACUC) under protocol # 11135 (continuing review approved January 25,
2012).

Studies using cultured human RPE (hRPE) were approved by the Institutional Review Board
of the University of Southern California under protocol #HS-947005 (continuing review
approved April 25, 2012) and adhered to the Declaration of Helsinki. hRPE cells were
isolated from fetal human eyes from donors with written consent and were obtained from
Advanced Bioscience Resources Inc. (Alameda, CA). Five donors were used for
experiments, and donor to donor variation had a negligible effect on the results. The hRPE
cells were cultured to 80-90% confluence in Dulbecco’s modified Eagle medium (DMEM,
Fisher Scientific, Pittsburgh, PA, USA) with 10% fetal bovine serum (FBS, Gibco BRL,
Gaithersburg, MD, USA). They were changed to serum free media for 24 h before TM or
other treatment. Cells were fully confluent at the time of treatments. Second to fourth
passage cells were used in all experiments.

Generation of αB crystallin overexpressing stable cell line
αB crystallin overexpressing stable ARPE-19 cell line (αB+) and control cell line
(pcDNA3.1+) were established using pcDNA3.1 plasmid [25]. Full length human αB
crystallin cDNA was PCR-amplified and the PCR products were cloned into a pcDNA3.1
mammalian expression vector bearing the neomycin-resistance gene. The expression levels
of αB crystallin were determined by immunoblot.

siRNA transfection
Human αB crystallin siRNA and scrambled control siRNA duplexes were prepared as
described [27]. Briefly, 10 nM sense primer 5′-CCA GGG AGU UCC ACA GGA
AdTdT-3′ and corresponding antisense primer 5′-UUC CUG UGG AAC UCC CUG
GdTdT-3′ for αB crystallin; sense primer 5′-UUC UCC GAA CGU GUC ACG UdTdT-3′
and antisense primer 5′-ACG UGA CAC GUU CGG AGA AdTdT-3′ for scrambled
control, were mixed respectively in 50 μl of water with 5 μl annealing buffer (Ambion).
Forty-eight hours after transfection, cells were exposed to 3 μg/ml TM for 24 h and then
harvested or fixed for further analysis.
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Apoptosis assays
DNA cleavage of RPE cells from αB crystallin (−/−) mice and wild type mice, and of hRPE
cells and transfected hRPE cells was measured by TdT-mediated dUTP nick-end labeling
(TUNEL; In Situ Cell Death Detection Kit, Roche). After TM treatment, floating and
adherent cells were collected and the assay was performed following manufacturer’s
protocol. Cells were analyzed by flow cytometry (Epics XL Flow Cytometer , Beckman
Coulter; Brea, CA) or confocal microscopy (LSM510, Carl Zeiss, Thornweed, NY). Further
differentiation between apoptotic versus necrotic types of cell death was studied by Annexin
V and propidium iodide (PI) staining (Annexin V-FITC Apoptosis Kit, BioVision Inc.,
Mountain View, CA). Annexin V+/PI- cells indicated early stage apoptosis.

Mitochondrial membrane permeability transition
To assess MPT, a cell permeable cationic dye (Mito Flow; Cell Technology, Mountain
View, CA) was added for 30 min to hRPE cells or αB crystallin overexpressing ARPE-19
cells pretreated with TM (3μg/ml) for 24 h and then analyzed by flow cytometry. Ten
thousand events were recorded in each analysis. In this assay, healthy cells retain the
reagent, while apoptotic cells exhibit a lower fluorescence signal due to loss of the dye.

Isolation and fractionation of proteins
Cells were harvested after the specified experimental period and total cellular protein was
extracted from the cells [24]. Mitochondrial and cytosolic proteins were isolated using a
commercial Mitochondria/Cytosol Fractionation Kit following manufacturer’s protocol
(BioVision Inc., Mountain View, CA). To check the efficiency of homogenization,
suspensions were observed under a microscope. A shiny ring around the cell indicated intact
cells, and 35 strokes with a dounce homogenizer lysed 90% of the cells. The lysates were
first spun for 10 min at 700xg to remove cellular debris and then at 10,000xg for 30 min to
pellet the mitochondria. The resulting supernatant was saved as the cytosol portion while the
mitochondrial pellet was lysed with a mitochondria specific buffer. Harvested samples were
collected for further analysis.

Immunoblot analysis
Immunoblotting was performed using the following antibodies: rabbit and mouse anti-αB
crystallin antibody (Stressgen; San Diego, CA and Abcam, Cambridge, MA); rabbit anti-
active caspase 3 and rabbit anti-caspase 4 (Cell Signaling Technology, Danvers, MA);
mouse anti-tubulin, rabbit anti-COXIV, rabbit anti-caspase 3 (pro-and active-form), rabbit
anti-Bcl-2 and rabbit anti-Bax (Santa Cruz Biotechnology, Santa Cruz, CA); rabbit anti-
peIF2 and rabbit anti-ATF6 (GeneTex, Irvine, CA); mouse anti-cytochrome c (Abcam,
Cambridge, MA); rabbit anti-GRP78 and rabbit anti-CHOP (Sigma-Aldrich, St. Louis, MO).
After incubation with the secondary antibody (Vector Laboratories, Burlingame, CA),
protein bands were detected by chemiluminescence (Thermo Scientific, Rockford, IL). To
verify equal loading of proteins, PVDF membranes were stripped and incubated with
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody (Millipore, Temecula, CA).

Immunoprecipitation
Binding of αB crystallin to caspase 3 was assessed by immunoprecipitation using anti-αB
crystallin (Stressgen) and anti-caspase 3 (Santa Cruz Biotechnology) antibodies. In brief,
100 μg of total cell lysate from αB crystallin overexpressing cells or control cells were
incubated with mouse monoclonal anti-αB crystallin antibody overnight at 4°C.
Immunoprecipitates were then incubated with 2 mg/ml protein G-Sepharose (Invitrogen,
Carlsbad, CA) for 2 h at 4°C, followed by centrifugation at 2000 rpm for 10 min.
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Immunoprecipitates were then subjected to immunoblotting with rabbit anti-caspase 3
antibody and immunoreactive bands detected as described above.

Real-time PCR analysis
Quantitative expression of αB crystallin mRNA was examined using real-time PCR
(LightCycler 480; Roche, IN). Trizol (GIBCO BRL, Rockville, MD) was used to extract
RNA. One μg of total RNA was added to oligo (dT) 15 primer and AMV reverse
transcriptase (Promega, Madison, WI) for the reverse transcriptase reaction. PCR was
performed using SYBR Green Master Mix and GAPDH served as the internal control.
Human primers were designed using Primer Express software (Applied Biosystems, Foster
City, CA) and purchased from Qiagen (Valencia, CA): αB crystallin 5′-TCC CCA GAG
GAA CTC AAA GTT AAG-3′ (278-301) and 5′-GGC GCT CTT CAT GTT TCC A-3′
(327-347); GAPDH 5′-CCA CAT CGC TCA GAC ACC AT-3′ (85-104) and 5′-GGC
AAC AAT ATC CAC TTT ACC AGA GT-3′ (150-169). Relative change in mRNA
expression was calculated to obtain the ΔΔCT values. Four separate sets of RNA were
isolated and examined, and each set was tested in duplicate. Results were reported as fold
change over controls.

Confocal microscopy
hRPE cells were grown on chamber slides and exposed to TM. To visualize the
mitochondria and ER, mitochondria tracker or ER tracker (Molecular Probes, Eugene, OR)
was added to samples for 30 min, prior to fixation with 4% paraformaldehyde. Cells were
permeabilized with 0.1% TritonX-100 for 15 min, and then blocked with goat serum
(Invitrogen, Carlsbad, CA) for 15 min. Primary antibodies were added to cells for 2 h at
room temperature prior to addition of Texas Red-conjugated or fluorescence-conjugated
secondary antibody (Vector Laboratories, Burlingame, CA) for 30 min. Slides were
examined using a confocal microscope (LSM510, Thornwood, NY).

GSH analysis and SOD activity
GSH-Glo™ Glutathione Assay (Promega, WI) was utilized to measure unbound GSH
according to manufacturer’s protocol. Briefly, after isolation of mitochondria and cytosolic
fractions as described above, the pellet containing whole mitochondria was suspended in
100 μl PBS in a 96-well plate. Luciferin-NT and Glutathione S-Transferase were added to
GSH-Glo™ Buffer to make GSH-Glo™Reagent, which was then added to the plate
containing mitochondrial and cytosolic fractions. After 30-minute incubation, reconstituted
Luciferin Detection Reagent was added to the plate. Following 15-minute incubation, the
plate was read in a luminometer and results were expressed as percent of control.

Mitochondrial superoxide dismutase (MnSOD) activity was measured in 20 μg total protein
from RPE cells after inhibiting the cytosolic Cu-Zn SOD with potassium cyanide using a
commercial kit (Cayman Chemical, Ann Arbor, MI). SOD activity was expressed as percent
of control [28].

ROS assay
Levels of cytosolic reactive oxygen species (ROS) were assessed by adding 5 μM 2′,7′-
dichlorodihydrofluorescein diacetate (H2-DCFH-DA) (Molecular Probes) for 20-30 min.
The cells were then incubated with Mitotracker (Invitrogen, Carlsbad, CA) at a final
concentration of 500 nM for 30 min to determine the compartmentalized distribution of ROS
in mitochondria; cells were imaged with a confocal microscope.
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MitoSOX assay
Mitochondrial superoxide production was measured by using MitoSOX Red Kit (Invitrogen,
Carlsbad, CA) as described previously [29]. All experiments were performed in CO2
incubator at 37 °C. For confocal microscopy, MitoSOX was added at 5 μM in the medium
after treatment for 20 min and cells were washed before imaging. For flow cytometry
measurement, cells were trypsinized for 2 min after 20 min MitoSOX loading and 10,000
cells were evaluated per condition.

Caspase 3 substrate cleavage assay
Caspase 3 was measured using colorimetric assay kits (BioVision). Cells were collected and
washed with ice-cold PBS and then resuspended in chilled lysis buffer for 20 min on ice.
The supernatant was collected by centrifugation at 10,000 g for 5 min. Cell lysates (20 μg
protein) were incubated with 0.5 mM Ac-DEVD-pNA (caspase 3) in a final volume of 100
μl. The release of the chromogenic compound pNA from the incubated lysates was
measured by absorbance at 405 nm using a micro plate reader (Bio-Rad, Irvine, CA).

Statistical analysis
All experiments were performed at least three times. Statistical analyses were performed
using Tukey’s or Dunnett’s tests for multiple comparisons. All of the tests were two-sided
and p<0.05 was accepted as significant. The statistic and graphic software GraphPad Prism
(Version 5, GraphPad Software, Inc., La Jolla, CA) was used for all statistical and graphic
analysis.

RESULTS
Pilot studies were conducted with several pro-apoptotic agents that specifically induce ER
stress. They included tunicamycin (an inhibitor of N-linked glycosylation), brefeldin (BFA,
an inhibitor of ER-Golgi transport) and thapsigargin (TG, an inhibitor of ER Ca2+ uptake).
These studies showed that in the absence of αB crystallin, all three ER stressors induced cell
death when compared to wild type RPE cells (data not shown). We chose TM to induce ER
stress in RPE cells since TM has been used in some in vivo ocular studies [30, 31].

ER stress induces GRP78, CHOP, caspase 4 and caspase 3 activation
In preliminary experiments, hRPE cells were exposed to 100 ng/ml-20 μg/ml TM for
specified time periods namely, 30 min, 1h, 2h, 6h, 12h, 24h and 48h. 0.1-1% DMSO vehicle
was used for control cells. Cell viability as determined by trypan blue exclusion showed that
higher TM concentrations (>10 μg/ml) and longer treatment (>24h) resulted in significant
loss of viability of hRPE cells. Thus, for subsequent experiments we induced ER stress with
3 and 10 μg/ml TM for 6 and 24h; at these concentrations and time points, viability
remained at 65% or greater (Supplementary Figure 1). As shown in Fig.1A, expression of
ER stress marker proteins such as GRP78 and CHOP was significantly elevated with TM
treatment after 6, 12 or 24 h of incubation.

Immunoblot analysis and immunofluorescent staining showed proteolytic activation of
caspase 4 in a time dependent manner upon exposure to 3 μg/ml TM (Fig.1B, C). Further,
double labeling of cleaved caspase 4 with ER tracker confirmed localization of this caspase
to the ER (Fig. 1B). In addition, TM treatment (3μg/ml 24h) resulted in accumulation of
active caspase 3 in the perinuclear region (Fig.2A). Immunoblot analysis revealed that
activation of caspase 3 cleavage was only modest with 3 μg/ml TM for 6h, but higher
dosage (10 μg/ml) or longer treatment (3 μg/ml 24h) resulted in a significant induction (Fig.
2B). These results show that caspase 3 and caspase 4 are activated by ER stress in hRPE
cells.
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ER stress leads to ROS formation, depletion of GSH and decreased MnSOD activity in
hRPE cells

To determine whether ROS contribute to apoptotic cell death under ER stress, generation of
ROS was measured in cells with or without TM treatment. In hRPE cells treated with 3 μg/
ml TM, ROS formation was seen at 6h and 24h, and the ROS-associated DCF fluorescence
partially co- localized with mitochondria (Mitotracker) (Fig.3A), indicating that ROS
generated by ER stressor can cause oxidative damage to mitochondria and potentially
perturb mitochondrial homeostasis. In addition, MitoSOX was used to specifically quantify
the formation of mitochondrial ROS. MitoSOX Red is a fluorogenic dye recently developed
and validated for highly selective detection of superoxide in the mitochondria of live cells
[30]. Confocal microscopic imaging demonstrated a prominent increase in mitochondrial
fluorescence of MitoSOX in hRPE cells treated with 3 μg/ml TM at 6h and 24h (Fig. 3B).
Consistent with this finding, MitoSOX analysis by flow cytometry revealed a significant
increase in mean intensity of fluorescence in hRPE treated with TM for 24 h (Fig.3C). The
effect of TM on MnSOD activity was also determined. As shown in Fig. 3D, MnSOD
activity decreased significantly (p<0.05 vs untreated controls) in cells treated with 3 μg/ml
TM for 6 h and 24 h. The measured activity represents MnSOD activity in mitochondria
since Cu-Zn SOD present in the lysate was inhibited prior to analysis [28]. ER stress may
promote oxidative stress by disturbance of redox status through depletion of GSH [32]. In
TM-treated hRPE cells, cytosolic GSH was significantly reduced at 24 h, while
mitochondrial GSH was significantly decreased at both 6 and 24h (Fig.3E). These
observations suggest that disturbance of redox status at the mitochondrial level participates
in the process of ER stress-mediated cell damage in hRPE cells.

Upregulation of Bcl-2 and Bax under ER stress in hRPE
Bcl-2 family proteins has been suggested to regulate the homeostatic function of
mitochondria in ER stress-initiated apoptosis [33]. In the present study, we found that TM
increased expression of pro-apoptotic Bax and anti-apoptotic Bcl-2 protein in hRPE cells
(Fig.4). The Bcl-2/Bax ratio showed a significant increase with 10μg/ml TM for 6h. Since
the ratio of Bcl-2 to Bax is generally considered to determine susceptibility to cell death
following an apoptotic stimulus, these observations suggest an early protective response of
hRPE cells to apoptotic stimuli at 6 h that is lost by 24 h of incubation.

Release of cytochrome c from mitochondria in hRPE cells under ER stress
Release of cytochrome c is a critical apoptotic event at the level of the mitochondria and can
in turn promote programmed death by activating apoptotic cascades. We therefore studied
whether ER stress could lead to cytochrome c release from mitochondria. As shown in Fig.
5A, control cells retained cytochrome c in mitochondria. After 10 μg/ml TM treatment for
6h or 3 μg/ml TM treatment for 24h, cytochrome c was released from mitochondria,
resulting in increased cytosolic staining. Consistent with the confocal imaging, immunoblot
analysis of mitochondrial and cytosolic cytochrome c further revealed that cytosolic
cytochrome c increased approximately 2.5 fold in TM treated cells compared to the control
(Fig.5B).

ER stress inhibitors attenuate TM-induced mitochondrial dysfunction and cell death
Small molecules have been identified with inhibitory effects on ER stress in vitro and in
vivo. Salubrinal is found to protect cells from TM induced apoptosis by selectively
activating the peIF2α branch of the unfolded protein response [34]. 4-(2-aminoethyl)
benzenesulfonyl fluoride (AEBSF), a serine protease inhibitor, is reported to inhibit the ER
stress induced proteolysis of ATF6, resulting in inhibition of transcriptional induction of
ATF6-target genes by ER stress [35].
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To investigate whether Salubrinal and AEBSF have the ability to prevent mitochondrial
dysfunction and cell death induced by TM in hRPE cells, we treated hRPE cells with 25 μM
Salubrinal and 0-300 μM AEBSF for 2 h prior to TM treatment. As expected, the level of p-
elF2α was increased by 25 μM Salubrinal in TM (3μg/ml 24h) treated hRPE cells and 300
μM AEBSF inhibited the TM-induced nuclear translocation and proteolysis of ATF6
(Supplementary Fig2.A,B,C). Pretreatment with Salubrinal and AEBSF significantly
inhibited MPT that was induced by TM (Fig 6A). In addition, TM-induced hRPE cell death
as was significantly reduced by pretreatment with 25 μM Salubrinal and 300 μM AEBSF
(Fig 6B).

Lack of αB crystallin expression augments the vulnerability of RPE cells to ER stress-
induced cell death

To determine whether deficiency of αB crystallin during ER stress renders RPE cells more
vulnerable to lethal insult, αB crystallin (−/−) RPE and hRPE transfected with αB crystallin
siRNA were evaluated for their sensitivity to TM. RPE cells isolated from αB crystallin (−/
−) and wild-type mice were treated with 50 ng/ml or 100 ng/ml TM for 24 h. Adherent and
detached cells were harvested and stained by TUNEL and then analyzed by flow cytometry.
αB crystallin (−/−) RPE cells showed a dose dependent increase in apoptosis after TM
treatment compared to wild type cells (left panel in Fig.7A). Following the induction of ER
stress, we also observed an increase in the proteolytic cleavage of caspase 3 in TM treated
RPE cultured from αB crystallin (−/−) animals compared with wild type controls (right
panel in Fig.7A). hRPE cells transfected with αB crystallin siRNA showed a 70% decrease
in the basal level of αB crystallin protein expression, compared with non-silenced and
scrambled siRNA control cells, while the basal level of GRP78 did not change (Fig.7B). αB
crystallin siRNA transfected cells showed increased sensitivity to TM-induced apoptosis at
both 6 and 24 h (Fig.7C). Analysis of cell death by Annexin V and PI assay in siRNA
transfected cells with TM treatment for 24h showed that >90% of the dead cells were
AnnexinV positive/PI negative, confirming that cell death from TM treatment in siRNA
transfected cells was predominantly by apoptosis (Fig.7D). It is noteworthy that under these
conditions, basal and ER stress-induced expression of GRP78 were unaffected by knockout
or knockdown of αB crystallin (data not shown). Together, these results indicate that αB
crystallin has a significant effect on cell death induced by ER stress, which may be
independent of GRP78.

Overexpression of αB crystallin protects RPE cells against ER stress-induced cell death
by inhibiting caspase 3 activation and increased MPT

To determine the effects of elevated αB crystallin protein levels on ER stress, we developed
a stable cell line overexpressing αB crystallin in ARPE-19 cells. The level of αB crystallin
protein in stably transfected cells was 4-8 fold higher than the transfected control cells
(ARPE-19 pcDNA+) (upper panel in Fig.8A). Upon exposure to 3μg/ml TM for 6h and 24h,
ARPE-19αB+ cells showed reduction in TM-induced cell death by 50% (lower panel in Fig.
8A). Caspase 3 activation induced by TM was significantly inhibited in αB crystallin stably
transfected cells compared with control cells (upper panel in Fig.8B). To explore how αB
crystallin repressed caspase 3 activity, immunoprecipitation assays were performed. In anti-
αB crystallin immunoprecipitates from cell lysates of ARPE-19αB+ cells and control cells,
procaspase 3 expression was much more abundant in ARPE-19αB+ cell immunoprecipitates
than in ARPE-19 pcDNA+ cell immunoprecipitates (lower panel in Fig.8B), indicating one
of the mechanisms by which αB crystallin regulates caspase 3 activation is through binding
of αB crystallin to procaspase 3. To explain the possibility that the protective action of αB
crystallin is mediated by changes in the level of the unfolded protein response, we analyzed
the levels of GRP78 in ARPE-19αB+ cells and controls treated by TM. Basal and up
regulated levels of GRP78 in ARPE-19αB+ cells were comparable to those in control cells,
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indicating that αB crystallin overexpression alone does not influence this ER stress specific
chaperone (Fig.8C). However, we observed that ER stress-induced CHOP expression was
suppressed in ARPE-19αB+ cells (Fig.8C). Thus, the αB crystallin mediated RPE protective
effect seems to be independent of GRP78, but cell death may be directly or indirectly
influenced by CHOP.

Apoptosis triggered by ER stress may involve mitochondrial alterations that include Bax
translocation, and induction of MPT [19, 36]; αB crystallin may interact with Bcl-2 family
members to regulate these cell death cascades [37-40]. Therefore, we evaluated MPT in
ARPE 19 cells following exposure to 3μg/ml TM for 24 h. TM induced MPT in ARPE-19
cells and this effect was significantly attenuated in ARPE-19αB+ cells (Fig.8D,E). This
demonstrates that αB crystallin could also protect mitochondrial membrane permeability
during ER stress.

ER stress downregulates expression of αB crystallin in hRPE cells
Based on the above observations that lack of αB crystallin enhanced the sensitivity of RPE
cells to ER stress-induced apoptosis while overexpression of αB crystallin protected hRPE
cells, we hypothesized that expression of αB crystallin might be regulated during prolonged
ER stress. Indeed, αB crystallin expression at both the protein and mRNA level showed a
small but not significant increase upon low dose TM treatment. In contrast, with high dosage
and longer treatment, there was a significant decrease in αB crystallin protein and mRNA
level (Fig. 9A and B). The decrease in αB crystallin was observed in mitochondria as
evidenced by co-localization with Mitotracker (Supplementary Fig.3). In addition, when ER
stress was mitigated by ER stress inhibitors Salubrinal and AEBSF through inhibition of
PERK and ATF6 signaling pathways respectively, the decrease in αB crystallin expression
was attenuated (Fig 9C). Thus in the presence of severe ER stress, deficiency of αB
crystallin further incapacitates the RPE to defend against ER stress. Our finding that
Salubrinal and AEBSF also reduced TM-induced RPE mitochondrial dysfunction and
apoptosis indicates that preventing the loss of αB crystallin could be one of the mechanisms
of their protective effect.

DISCUSSION
Our data show that ER stress activates caspase 4 and the cell death that results also involves
several mitochondrial apoptotic events. Further, we also show that deficiency of αB
crystallin renders RPE susceptible to ER stress-induced cell death while overexpression
results in protection. We have recently reported that deficiency of αB crystallin protects
against development of choroidal neovascularization (CNV) in mice [27]. Here we are show
that αB crystallin protects RPE cells from both oxidative and ER stress-induced apoptosis.
The resulting apparent paradox is that while high levels of αB crystallin would be protective
for stressed RPE, low levels of αB crystallin would be protective against pathologic
angiogenesis. However, αB crystallin has many other effects that are also anti-angiogenic,
especially its strongly anti-inflammatory effects [41]; therefore αB crystallin deficiency may
protect against CNV, while increased αB crystallin expression could also inhibit CNV based
on its anti-inflammatory effect. Further experimentation is warranted to evaluate this
apparent paradox.

Activators of ER stress-induced apoptosis have been described in many retinal cell types
including photoreceptors, ganglion cells, and endothelial cells [30, 42, 43]. In this study, we
characterized ER stress by the upregulation of ER stress markers GRP78 and CHOP when
RPE cells were treated with TM. The mechanism of ER stress-induced apoptosis is mediated
through ER resident caspase 4 [14, 37]. Caspase 4 has a CARD domain through which
caspase 9 and Apaf-1 interact and form an apoptosome complex [44].The caspase 4 inhibitor
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Z-LEVD-fmk or knockdown of caspase 4 effectively inhibits ER stress-induced apoptosis in
many cell types [45]. Accordingly, in the present study we observed that TM caused early
activation of caspase 4 and inhibition of caspase 4 activity attenuated ER stress induced RPE
cell death, an observation in corroboration with a recent study in RPE cells [37].

Unfolded protein response (UPR) is initiated with three ER stress inhibitors; IRE-1, ATF6
and PERK-elF2α known to result from upregulation of molecular chaperones which prevent
further accumulation of unfolded proteins [35]. We found that salubrinal (inhibitor of PERK
pathway) and AEBSF (inhibitor of ATF6 pathway) decreased the apoptotic cells and
inhibited the increase in MPT from TM treatment indicating that PERK-elF2α and ATF6
might be involved in ER stress induced mitochondrial dysfunction in RPE cells. The specific
mechanisms how each of these signaling pathway influences the mitochondrial function
need to be further clarified.

Apart from ER specific apoptotic pathway, the capacity of ER stress to induce cell death
through a series of events at the mitochondrial level has been suggested [36]. Release of
cytochrome c from mitochondria during ER stress-induced apoptosis is mediated by MPT
[20, 46, 47]. Consistent with this, release of cytochrome c in hRPE cells under ER stress was
accompanied by an increase in MPT in this study.

The redox status of a cell can also influence mitochondrial function. GSH can potentially
confer protection against apoptotic insults to mitochondria [48]. Changes in free GSH in
cytosol and mitochondria under ER stress could partly offset mitochondrial dysfunction
[16]. Moreover, ER stress-induced ROS production may also be initiated by ER, pushing
mitochondrial ROS above the cell survival threshold, leading to cell death [49]. It is likely
that mitochondrial ROS can impair ER function via enhancement of ER stress and UPR
[50]. Direct or indirect ROS action appears to largely mediate cytochrome c release from
mitochondria, which consequently triggers caspase activation [51]. We found in TM treated
hRPE cells, ER stress markedly decreased mitochondrial GSH and MnSOD activity. This
raises the possibility that under ER stress, supplementation of mitochondrial GSH or
overexpression of MnSOD can offer protection against oxidative damage that could
compromise the vital mitochondrial function.

αB crystallin has been shown to have antiapoptotic properties in RPE cells [25, 39]. In
AMD, αB crystallin is expressed in RPE in association with subretinal drusen deposits and
it is more prominently expressed in the late stage of the disease [26]. Deficiency of αB
crystallin sensitizes RPE cells and other cells to external stress [24, 52, 53]. Here, we report
that prolonged ER stress downregulates αB crystallin and pre-treatment with ER stress
inhibitors restored αB crystallin, suggesting its protective role in TM-treated RPE. In
support, ER stress was significantly elevated in calcineurin overexpressing conditional
transgenic mice, however, apoptosis was inhibited and proteomic studies identified
increased levels of αB crystallin as a potential mediator of this protective effect [54].
Selective disruption of UPR pathways (IRE1, XBP-1, ATF6) or knockdown of αB crystallin
significantly increased vascular endothelial growth factor (VEGF) proteolytic degradation
showing a crucial role of UPR/ αB crystallin in maintaining endothelial VEGF [55].

The protective mechanism of αB crystallin has been linked to the interplay with Bcl-2
family proteins [38, 39]. It is increasingly evident that Bcl-2 family members, have an
essential role in apoptotic pathways initiated by ER stress. Mitochondrial Bax is required for
ER initiated apoptosis [20]. Up-regulation of mitochondrial Bcl-2 has been shown to prevent
Bax activation and, as a result, preserve the integrity of mitochondria and maintain
cytochrome c in the organelles [56]. The re-localization of Bcl-2 and Bax to mitochondria
and increased Bcl-2/Bax ratio in hRPE cells under ER stress suggest an early protective
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response of hRPE cells to apoptotic stimuli by enhanced expression of Bcl-2 to counteract
the increase in pro-apoptotic protein Bax. In this context, the biphasic nature of Bax
translocation to mitochondria has to be recognized [57]. However, decreased αB crystallin
under ER stress may attenuate protective capacity of Bcl-2, which results in RPE apoptosis.
Notably, we found overexpression of αB crystallin in RPE cells could depress the up-
regulation of Bax induced by ER stress, suggesting a possible mechanism of αB crystallin to
defend ER stress. Besides, it is possible that αB crystallin can modulate other proteins to
regulate Bax. CHOP can regulate several Bcl-2 family proteins including Bax [58] and
accordingly we also found that the induction of CHOP is greatly abrogated by αB crystallin
overexpression.

The opening of MPT pores is a regulator in the crosstalk between ER and mitochondria [17,
46]. Loss of cytochrome c, leads the electron transport chain to produce more free radicals
[59]. Additionally, increasing permeability of mitochondria enables GSH to exit
mitochondria, reducing the organelles’ ability to neutralize superoxides and ROS. The
mitochondria thus play an important role to amplify the apoptotic signaling from ER through
MPT. Recently, αB crystallin has been reported to regulate the MPT pore opening [24, 60].
Our data show for the first time that overexpression of αB crystallin could restore MPT
affected by ER stress, suggesting that αB crystallin protects RPE cells against ER stress by
restoring mitochondrial function.

αB Crystallin exerts anti apoptotic effect via the disruption of proteolytic activation of
caspase 3 [61-62]. Furthermore, in astrocytes αB crystallin can bind to procaspase 3 to
inhibit activation and confer protection against oxidative stress [63]. We report in this study
that overexpression of αB crystallin in RPE cells can result in increased binding to
procaspase 3, and the activation of caspase 3 is greatly repressed in αB crystallin
overexpressing RPE cells.

We also found that the induction of CHOP is greatly abrogated by αB crystallin
overexpression. CHOP, which contains ER stress response element (ERSE) sequence, is a
highly inducible gene in ER stress and can be activated by the proapoptotic proteins, p38-
MAP kinase and JNK [5, 63]. In addition, mitochondrial ROS can positively control CHOP
expression [64]. The exact mechanism of CHOP regulation by αB crystallin in RPE cells
needs further investigation.

In conclusion, while the molecular mechanism involved in ER stress-mediated apoptosis is
complex, our study points to the mitochondria-interconnected pathways playing a critical
role in amplifying apoptotic signaling in RPE cells. Our study underlines the importance of
combinational treatment approaches for disease like AMD that manifest hallmarks of ER
stress and apoptosis. These approaches should target not only ER specific pathways, but also
pathways involving mitochondrial function, and molecules like αB crystallin, are therefore
potent candidates for such comprehensive treatment approaches [65].
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ER endoplasmic reticulum

AMD age-related macular degeneration

RPE retinal pigment epithelium

TM tunicamycin

ROS reactive oxygen species

GSH glutathione

MPT mitochondrial permeability transition

UPR unfolded protein response

BFA brefeldin

TG thapsigargin
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• ER Stress in retinal pigment epithelium (RPE) leads to mitochondrial
dysfunction

• ER stress in RPE results in apoptosis from activation of caspases -4 and -3

• ER stress mediated apoptosis in RPE involves PERK -eIf2α, ATF6 , and CHOP

• αB crystallin deficiency in RPE augment ER stress induced apoptosis

• αB crystallin overexpression protects RPE from ER stress induced apoptosis
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Fig.1. Induction of GRP78, CHOP and caspase 4 by TM treatment of hRPE cells
Confluent hRPE cells were treated with varying concentrations of TM for the duration
shown. A. Expression of GRP78 and CHOP in hRPE cells treated with 3μg/ml TM by
western blot analysis. Densitometric analysis showed a significantly increased expression of
GRP78 and CHOP (p<0.05 vs controls) with increased time of treatment with TM. Values
are the mean ± S.D. from three independent experiments. B, C. Effect of TM on cleaved
caspase 4 expression by confocal microscopy (B) and immunoblot analysis (C). Activation
of caspase 4 with increased duration of TM treatment is seen by western blot analysis which
is confirmed by immunofluorescence of cleaved caspase 4 (green) and ER tracker (red).
Double labeling is marked by white arrows. * p<0.05. Bar= 10 μm.
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Fig.2. Activation of caspase 3 by TM-induced ER stress in hRPE cells
A. hRPE cells were treated with 3μg/ml or 10μg/ml TM for 6 h or 24 h. Immunostaining
with active caspase 3 antibody showed the activation of caspase 3 (green) by confocal
microscopy (A). DAPI (blue) was used to counterstain the nucleus. B. Western blot analysis
of total cell lysates from hRPE cells treated with or without TM and probed with active
caspase 3 antibody showed increased expression of active caspase 3 with 3 μg/ml for 24 h
and 10 μg/ml for 6h TM treatments respectively. Bar= 10 μm for merged image and 5 μm
for enlarged image.
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Fig.3. TM treatment of hRPE cells results in increased ROS in mitochondria, decreased MnSOD
activity and depletion of mitochondrial GSH
A. hRPE cells were treated with 3 μg/ml TM for 6 h and 24 h. Carboxy-H2DCFDA and
Mito Tracker were added to the cultures 60 min and 30 min before the end of the treatment
respectively to achieve double labeling for ROS (green) and mitochondria (red). As seen in
merged confocal images in A (white arrows), TM treatment caused marked production of
ROS. The increased ROS mainly accumulated in mitochondria of RPE cells as shown by
MitoSOX (red) and MitoTracker (green) as shown in B. C. Representative tracings from
flow cytometric analysis demonstrating time dependent increase in mean fluorescent
intensity of oxidized MitoSOX following 3μg/ml TM treatment (upper panel). The bar
graphs (lower panel) show quantitation of time dependent changes in mean fluorescent
intensity of oxidized MitoSOX following TM exposure. D. Effect of ER stress on MnSOD
activity in RPE. SOD activity decreased significantly with 3μg/ml TM treatment at 6 h and
24 h. Data are expressed as % of control SOD values. E. Time dependent changes in
reduced glutathione (GSH) levels in cytosolic and mitochondrial pools after exposure to 3
μg/ml TM showing progressive depletion of mitochondrial GSH with exposure time to TM.
Data presented in the bar graphs are mean ± S.D. (n=3). * p<0.05. Bar: 10 μm.
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Fig.4. Up-regulation of Bcl-2 and Bax under ER stress
hRPE cells were cultured with or without TM (3 or 10 μg/ml) for 24h. Bcl-2 and Bax were
analyzed on the same immunoblot of the whole cell lysates from TM treatment following
stripping and reprobing. Normalization for Bcl-2 and Bax against GAPDH was made before
calculating the Bcl-2/Bax ratio. The left panel shows a western blot from a representative
experiment. The right panel shows the fold changes calculated by normalization of band
density with GAPDH from three independent experiments. Values are mean ± S.D. * p<
0.05.
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Fig.5. ER stress induces release of cytochrome c from hRPE mitochondria
A. hRPE cells treated with 3 μg/ml TM for 24 h and 10 μg/ml TM for 6 h were used for
analysis of cytochrome c by immunofluorescence and western blot. The distribution of
cytochrome c (green) and Mito Tracker (red) by confocal microscopy showed release of
cytochrome c into cytosol under ER stress. B. Western blot analysis of cytochrome c in
isolated mitochondrial and cytosolic fractions of hRPE cells exposed to 3 μg/ml TM for 24
h. The blot shows that especially after 24 h TM treatment, a significant amount of
cytochrome c is released from mitochondria to cytosol (upper panel). The lower panels show
the fold changes calculated by normalization of band density with anti-COX IV
(mitochondrial protein marker) and anti-Tubulin (cytosolic protein marker), which further
confirmed a >50% increase of cytochrome c in cytosol. Values are the mean±S.D.from three
independent experiments. * p< 0.05. Bar: 10 μm.
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Fig.6. Effect of Salubrinal and AEBSF on increased mitochondrial permeability transition
(MPT) and RPE cell death induced by TM
A. MPT was examined by flow cytometry of hRPE cells after indicated treatments.
Quantitative analysis from three independent experiments. Flow cytometry experiments
demonstrated that mean fluorescent intensity in mitochondria from TM-treated RPE
decreased as compared to controls. Bar graph shows quantitation of fluorescent density from
three independent experiments. Data presented are Mean ± S.D. *p<0.05. B. Quantitative
analysis of the effect of salubrinal and AEBSF on apoptosis induced by 3 μg/ml TM by
TUNEL assay. Pretreatment with 25 μM salubrinal, or 150 μM AEBSF, or 10μM caspase 4
inhibitor for 2 h significantly decreased the percent of apoptotic cells. *p<0.05. **p<0.01.
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Fig.7. Deficiency of αB crystallin augments ER stress induced apoptosis
A. RPE cells from αB crystallin (−/−) mice grown to confluence were treated with 50ng/ml
and 100ng/ml TM for 24 h and stained for apoptosis by TUNEL assay (left panel). Cell
lysates from RPE cells of αB crystallin (−/−) mice and control mice were probed with active
caspase 3 antibody (right panel). A dose dependent increase in apoptosis and active caspase
was found which was significantly higher in αB crystallin (−/−) RPE vs control RPE. B.
GRP78 and αB crystallin levels as determined by western blot analysis of αB crystallin
siRNA transfected RPE showed a significant decrease in αB crystallin while GRP78
remained essentially unaltered. C. Quantitation of apoptotic cell death by confocal
microscopy showing increased percentage of TUNEL positive cells in αB crystallin siRNA
group. (D) In the αB crystallin siRNA transfected hRPE at the maximum ER stress used (3μ
g/ml TM for 24h), >90% of the dead cell population was AnnexinV+/PI indicating an
apoptotic mechanism of cell death while <10% of cells were positive for both Annexin V
and PI indicating either necrosis or later stage apoptosis. Values are mean ± S.D. from three
independent experiments. *p<0.05.
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Fig.8. αB crystallin overexpression counteracts ER stress-induced apoptotic signaling cascades
by inhibiting caspase 3 activity and CHOP and attenuates ER stress-induced mitochondrial
defect
A. Western blots showing increased αB crystallin protein expression in the αB crystallin
overexpressing ARPE-19 cells (ARPE19-B+) as compared to transfection control cell line
(ARPE19-pcDNA+) (upper panel), The percentage of apoptotic cells after TM treatment by
TUNEL assay was higher is in ARPE19-pcDNA+ vs ARPE19-αB+ group (lower panel). B.
Caspase 3 activity in TM treated groups was higher than without TM and this activity in
ARPE19-pcDNA+ cells was found to be significantly higher (p<0.05) as compared to
ARPE19-αB+ cells (upper panel). Lower panel shows co Immunoprecipitation of αB
crystallin and caspase 3 from stably transfected ARPE19-pcDNA+ and ARPE19-αB+ cells.
C. Immunoblots showing the time course of CHOP expression in ARPE19-pcDNA+ and
ARPE19-α B+cells, demonstrating overexpression of αB crystallin inhibits CHOP
expression. D. Flow cytometric determination of MPT in ARPE19-pcDNA+ and ARPE19-
αB+ cells treated with 3 μg/ml TM for 24 h. Flow cytometry experiments demonstrated
more mean fluorescent intensity in mitochondria of ARPE19-αB+ cells following 3 μg/ml
TM treatment for 24 (left panel). Data shown in bar graphs are Mean ± S.D. (n=3). *p<0.05.
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Fig.9. Tunicamycin-induced ER stress down-regulates expression of αB crystallin in hRPE cells
A. Time and dose dependency of αB crystallin protein expression in hRPE cells exposed to
varying TM doses (0.1 – 10 μg/ml) for 24 h (left), and for varying durations (1 – 24 h) with
3μg/ml TM (right). In both time set and dose set conditions, the relative protein level of αB
crystallin in control and treated cells were quantified and corrected using GAPDH as an
internal control. Values are mean ± S.D from three independent experiments. B. Time and
dose relationships of TM on αB crystallin mRNA measured by quantitative PCR from RPE
cells. Transcriptional level of αB crystallin was expressed relative to internal GAPDH
mRNA. Values are mean ± S.D from three independent experiments. C. Changes in αB
crystallin protein expression in RPE cells under ER stress in the presence and absence of ER
stress inhibitors. Cell lysates from RPE cells treated with TM in the presence or absence of
Salubrinal (25 μM) and AEBSF (150 μM) for 24 h were analyzed by western blot analysis.
*p<0.05 where indicated.

Dou et al. Page 25

Free Radic Biol Med. Author manuscript; available in PMC 2013 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


