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PURPOSE. Endoplasmic reticulum protein 29 (ERp29) is a novel chaperone that was recently
found decreased in human retinas with AMD. Herein, we examined the effect of ERp29 on
cigarette smoke–induced RPE apoptosis and tight junction disruption.

METHODS. Cultured human RPE (HRPE) cells (ARPE-19) or mouse RPE eyecup explants were
exposed to cigarette smoke extract (CSE) for short (up to 24 hours) or long (up to 3 weeks)
periods. Expression of ERp29 was up- and downregulated by adenovirus and siRNA,
respectively. Endoplasmic reticulum stress markers, apoptosis, and cell death, the expression
and distribution of tight junction protein ZO-1, transepithelial electrical resistance (TEER),
and F-actin expression were examined.

RESULTS. Endoplasmic reticulum protein 29 was significantly increased by short-term exposure
to CSE in ARPE-19 cells or eyecup explants but was reduced after 3-week exposure.
Overexpression of ERp29 increased the levels of GRP78, p58IPK, and Nrf-2, while reducing p-
eIF2a and C/EBP homologous protein (CHOP), and protected RPE cells from CSE-induced
apoptosis. In contrast, knockdown of ERp29 decreased the levels of p58IPK and Nrf2, but
increased p-eIF2a and CHOP and exacerbated CSE-triggered cell death. In addition,
overexpression of ERp29 attenuated CSE-induced reduction in ZO-1 and enhanced the RPE
barrier function, as measured by TEER. Knockdown of ERp29 decreased the level of ZO-1
protein. These effects were associated with changes in the expression of cytoskeleton F-actin.

CONCLUSIONS. Endoplasmic reticulum protein 29 attenuates CSE-induced ER stress and
enhances cell viability and barrier integrity of RPE cells, and therefore may act as a protective
mechanism for RPE survival and activity.
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Endoplasmic reticulum protein 29 (ERp29) is an endoplasmic
reticulum (ER) luminal protein ubiquitously expressed

among tissues and cell types.1–5 Endoplasmic reticulum protein
29 is inducible under cellular stress, such as thapsigargin- or
tunicamycin-induced ER stress in rat hepatoma cells2 or
naloxone-induced ER stress in PC12 cells.6 Structural studies
have revealed that ERp29 contains a N-terminal thioredoxin
domain that resembles protein disulfide isomerase (PDI),7 and
may play a role in protein folding. Furthermore, ERp29 has
been shown to interact with and enhance the function of other
ER chaperones, such as GRP94, GRP78, ERp72, and calnexin.8

Additionally, ERp29 upregulates the chaperones involved in
stress response pathways, such as p58IPK, p-eIF2a, p38, or
Hsp27, promoting cell survival under stress conditions.2,8–11

Overexpression of ERp29 attenuates doxorubicin-induced cell
death of breast cancer cells,12 while silencing ERp29 expres-
sion increases the sensitivity of cancer cells to apoptosis
through regulation of Hsp27.13 These findings have implied an
important role of ERp29 in the regulation of cell survival and

apoptosis. In addition, a recent study reported that ERp29
suppresses the epithelial-mesenchymal transition (EMT) of
cancer cells, indicating a potential effect of ERp29 on
modulation of epithelial cell integrity.14

Age-related macular degeneration (AMD) is the leading cause
of blindness in elderly people in developed countries.
Clinically, AMD can be divided into two types in the late stage:
(1) neovascular AMD, which is characterized by choroidal
neovascularization (CNV) formation, and (2) geographic
atrophy (GA), which is characterized by the loss of the
choriocapillaries and overlying RPE.15,16 The RPE consists of a
monolayer of cuboidal pigmented epithelial cells, which play a
critical role in supporting photoreceptor cell survival, outer
segment renewal, and visual signal transduction. These cells
also form the outer blood–retinal barrier (BRB) to ensure the
homeostatic environment of the neural retina. Disturbances in
the RPE function and structure are considered a central event in
the pathogenesis of AMD.17 Furthermore, disruption of the RPE
integrity resulting in loss of epithelial cell property and EMT are
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believed to contribute to CNV formation.18 Interestingly, a
recent study shows that the expression of ERp29 is decreased
in the retina and RPE of human macula with AMD19; however,
the precise role of ERp29 in the development of AMD and RPE
injury has not been studied.

Among the risk factors identified to influence the develop-
ment and progression of AMD, cigarette smoke is the most
significant environmental factor.20–23 In fact, cigarette smoke–
induced RPE damage has been widely used in AMD-related
studies.24,25 Recent works by our group and others have
demonstrated that exposure to cigarette smoke or cigarette
smoke extract (CSE) induces ER stress and apoptosis in mouse
RPE or cultured human RPE (HRPE) cells.26–28 In the present
study, we investigate the role of ERp29 in CSE-induced RPE
injury. We hypothesize that CSE upregulation of ERp29 acts as
a protective mechanism that promotes RPE cell survival
through regulation of other ER chaperones and antioxidant
factors, thereby reducing ER and oxidative stress. Additionally,
we evaluate the potential effect of ERp29 on the regulation of
tight junction formation and cell barrier integrity in CSE-
challenged ARPE-19 cells.

MATERIALS AND METHODS

CSE Preparation

As previously described,29,30 CSE (dissolved in DMSO, 40 mg/
mL total particular matter, nicotine content 6%) was
purchased from Murty Pharmaceuticals (Lexington, KY,
USA) and was kept at �208C. Before each treatment, CSE
was freshly prepared into working solution with desired
concentrations.

Cell Culture

Human RPE cells (ARPE-19; American Type Culture Collection
[ATCC], Manassas, VA, USA) were cultured as previously
described.30 Briefly, ARPE-19 cells were cultured with Dulbec-
co’s modified Eagle’s medium (DMEM)/F12 medium containing
10% fetal bovine serum (FBS) and a 1% antibiotic/antimycotic
suspension. For general experiments, ARPE-19 cells were
cultured to 70% confluence, then starved overnight with
low-serum (1% FBS) DMEM/F12 medium, followed by desired
treatment. For experiments involving RPE tight junctions,
ARPE-19 cells were cultured to 100% confluence and
maintained with serum-free DMEM for 2 to 3 weeks before
CSE treatment.

Preparation and Culture of RPE Eyecup Explants

Retinal pigment epithelial eyecup explants containing sclera,
choroid, and RPE were prepared and cultured according to a
previously published protocol.31 Briefly, dissected mouse eyes
were placed in ice-cold PBS. The anterior segments and the
retinas were gently removed. The eyecups were cultured in
DMEM/F-12 containing 10% FBS and a 1% antibiotic/antimy-
cotic for 24 hours, and then exposed to CSE (320 lg/mL) for an
additional 24 hours. Proteins were extracted and subjected to
Western blot analysis.

Construction and Transduction of Adenoviruses

Recombinant adenovirus expressing human ERp29 was
constructed using the AdEasy system (Agilent Technologies,
Santa Clara, CA, USA).32 Briefly, full-length human ERp29 gene
was cloned using primers: forward primer AAACTCGAGGCCA
CATGGCTGCCGCTGTGCCCCGC; and reverse primer
CCCAAGCTTTTACAGCTCCTCTTTCTCGGC, and inserted into

the KpnI-XhoI sites of the vector pShuttle-CMV. The resultant
plasmid was cotransformed with pAdEasy-1 adenoviral vector
into BJ5183 Escherichia coli competent cells by electropora-
tion. The recombinant adenoviral plasmids were then trans-
fected into the packing cell line 293AD to generate
recombinant adenoviruses. Transduction of adenovirus ex-
pressing ERp29 to ARPE-19 cells was performed as previously
described.33 Adenovirus expressing green fluorescent protein
(GFP) was used as the control. After 24 hours of transduction,
cells were starved with 1% FBS DMEM/F12 medium, followed
by CSE treatment.

Small-Interfering RNAs (siRNAs)

ARPE-19 cells were transfected with siRNA against human
ERp29 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA)
using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA)
following the manufacturer’s instructions, as previously
described.34 A control siRNA (Santa Cruz Biotechnology, Inc.)
which does not recognize any known homology to mammalian
genes was set as the negative control. The knockdown
efficiency was detected by determining the protein level using
Western blot analysis.

Western Blot Analysis

Cells or eyecup explants were harvested using lysis buffer
(Santa Cruz Biotechnology, Inc.) containing 150 mM NaCl,
1% Igepal, 50 mM Tris, 1 mM EDTA, and 10% protease
inhibitor mixture. Protein quantification was performed
using the bicinchoninic acid (BCA) method (Thermo
Scientific, Rockford, IL, USA). Ten micrograms of total
cellular or eyecup protein was fractionated on 10% SDS-
PAGE gels, electroblotted onto an immunoblot polyvinyli-
dene difluoride membrane (Bio-Rad, Hercules, CA, USA), and
blocked with 5% nonfat dry milk TBST buffer for 1 hour.
After blocking, the membranes were blotted overnight at
48C with the following primary antibodies: anti-ERp29
(1:1000; Abcam, Cambridge, MA, USA); anti-GRP78
(1:1000; Abcam); anti-p-eIF2a (1:1000; Cell Signaling,
Danvers, MA, USA); anti–/EBP homologous protein (CHOP;
1:1000; Cell Signaling); anti-Nrf2 (1:1000; Santa Cruz
Biotechnologies, Inc.); anti-p58IPK (1:1000; Cell Signaling);
anti–cleaved caspase-3 (1:500; Cell Signaling); anti-PARP
(1:2000; Cell Signaling); and anti ZO-1 (1:1000; Cell
Signaling). After incubation with HRP-conjugated secondary
antibodies, the membranes were developed with chemilu-
minescence substrate (Thermo Fisher Scientific, Waltham,
MA, USA) using a Chemi Doc MP Imaging System (Bio-Rad).
The membranes were reblotted with anti–b-actin (1:20,000;
Abcam) for normalization. The bands were semiquantified
by densitometry using Bio-Rad imaging software.

TUNEL Assay

According to the manufacturer’s protocol and the existing
literature, the TUNEL assay was performed using the In Situ
Cell Death Detection TMR Red Kit (Roche Diagnostics Corp.,
Indianapolis, IN, USA), as previously described.35 Briefly, cells
were fixed with 4% paraformaldehyde (PFA) for 1 hour,
permeabilized in 0.1% citrate buffer containing 0.1% Triton
X-100 for 2 minutes on ice, then incubated in a TUNEL reaction
mix containing nucleotides and terminal deoxynucleotidyl
transferase (TdT) at 378C for 1 hour. Incubation without the
TdT enzyme served as a negative control. After incubation, the
coverslips were mounted onto slices using mounting medium
containing 40-6-diamidino-2-phenylindole (DAPI; Vector Labo-
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ratories, Burlingame, CA, USA), and observed under a
fluorescence microscope.

In Situ Trypan Blue Staining

Cultured ARPE-19 cells were stained in situ with 0.04% trypan
blue in DMEM/F12 media for 15 minutes.36 The number of
trypan blue–stained and total cells was counted under a
microscope.

Immunocytochemisty

ARPE-19 cells cultured on coverslips were fixed with 4%
paraformaldehyde (PFA) for 20 minutes, blocked, and
permeabilized in 5% BSA 0.3% Triton-X 100 PBS buffer. After
washing with PBS three times, cells were incubated at 48C
overnight with the following primary antibodies: anti-ERp29
(1:500; Abcam); anti–ZO-1 (1:400; Zymed, South San Francis-
co, CA, USA), anti-pan-cadherin (1:100; Thermo Scientific),
and anti–b-catenin (1:30; Thermo Scientific). Antibodies were
visualized using 488- or Cy3-conjugated secondary antibody
and observed under a fluorescence microscope. For phalloi-
din staining to detect F-actin, cells were incubated with
phalloidin staining solution (1:200; Invitrogen) at 208C for 30
minutes.

Tight Junction Morphologic Grading

The tight junction morphologic grading was modified based on
a previously described study.37 After ZO-1 staining, the slices
were observed under a fluorescence microscope and at least
five images on a 310 microscopic field were captured for each
slice. All the images were separated into 25 small grids using
ImageJ software (http://imagej.nih.gov/ij/; provided in the
public domain by the National Institutes of Health, Bethesda,
MD, USA). The different manifestations of tight junctions in
each small grid were graded as one of four levels: ‘‘smooth’’;
‘‘complete’’; ‘‘broken’’; and ‘‘disappeared.’’ ‘‘Smooth’’ indicat-
ed that greater than or equal to 70% of cells presented
complete, tight, and smooth tight junctions in one grid,
suggesting a very good tight junction. ‘‘Complete’’ indicated
greater than or equal to 70% of cells presented complete, but
rough tight junctions in one grid, suggesting a good tight
junction. ‘‘Broken’’ indicated greater than or equal to 70% of
cells presented broken, but visible tight junctions in one grid,
suggesting a mildly damaged tight junction. ‘‘Disappeared’’
indicated greater than or equal to 70% of cells lost tight
junctions in one grid, suggesting a severely damaged tight
junction. The total grid number of each grade in each picture
was counted, and the total ‘‘smooth’’ or ‘‘disappeared’’ grid
numbers were analyzed to compare the differences between
the ERp29 and GFP groups.

Transepithelial Electrical Resistance

Transepithelial electrical resistance (TEER) was measured with
an EVOMX voltohmmeter (World Precision Instruments,
Sarasota, FL, USA). The substrate for which the resistance of
cell-free collagen-coated Transwell inserts from each experi-
mental point is presented as absolute values (Ohm 3 cm2).

Statistical Analysis

The quantitative data were expressed as the mean 6 SD.
Statistical analyses were performed using unpaired Student’s t-
test when comparing two groups and 1-way ANOVA with
Bonferroni’s multiple comparison test for three groups or

more. Statistical differences were considered significant at a P

value less than 0.05.

RESULTS

CSE Alters the Expression of Erp29 in RPE Cells

Previously, we showed that exposure of ARPE-19 cells to 320
lg/mL CSE for 6 to 24 hours sequentially induced ER stress and
apoptosis.32 We determined whether or not induction of ER
stress by CSE affects ERp29 expression. As shown in Figure 1A,
CSE exposure induced a time-dependent increase in ERp29
expression in ARPE-19 cells. Immunostaining confirmed this
result and revealed a paranuclear localization of ERp29 in both
unstimulated and CSE-treated cells (Fig. 1B). To further confirm
the induction of CSE in the RPE, mouse eyecup explants were
exposed to CSE for 24 hours. Western blot analysis showed that
the level of ERp29 was significantly increased (>1.5-fold) in
CSE-stressed RPE explants, suggesting that CSE is a potent
inducer of ERp29 in the RPE (Fig. 1C). To determine how
chronic CSE treatment affects ERp29 expression, confluent
ARPE-19 cells were cultured with 10 to 40 lg/mL CSE in
serum-free medium for 10 days or 3 weeks. Endoplasmic
reticulum protein 29 expression was found unchanged after
CSE treatment for 10 days but dose-dependently decreased
after CSE treatment for 3 weeks. These changes are accompa-
nied by reduced levels of ZO-1 (a tight junction protein),
GRP78, and GRP94 (ER chaperones; Figs. 1D, 1E).

Overexpression of Erp29 Attenuates CSE-Induced
ER Stress in ARPE-19 Cells

Studies have shown that ERp29 can modulate the levels of ER
chaperones and other ER stress–inducible proteins, such as
p58IPK, thereby reducing ER stress.9 To determine if ERp29
regulates ER stress in ARPE-19 cells, we overexpressed ERp29
using adenovirus. Cells transduced with Ad-GFP were used as a
control. After adenoviral transduction, cells were exposed to
320 lg/mL CSE for 6 or 24 hours, and Western blot analysis
was performed to examine the expression of target proteins.
Our results showed that ERp29 significantly increased the
levels of GRP78 and p58IPK, but decreased CSE-induced
expression of p-eIF2a and CHOP, a major mediator of ER
stress-related apoptosis (Fig. 2). Interestingly, expression of
Nrf2, a central regulator of phase II detoxification enzymes and
antioxidant proteins, was also increased by ERp29. This result
suggests that overexpression of ERp29 attenuates CSE-induced
ER stress, which may function by promoting protein folding,
increasing expression of GRP78 and p58IPK, and modulating
the redox status by enhancing Nrf2.

Overexpression of Erp29 Suppresses CSE-Induced
Apoptosis and Promoted Cell Survival

To further examine whether overexpression of ERp29 affects
survival of RPE cells, adenoviral-transduced ARPE-19 cells were
exposed to 320 lg/mL CSE for 24 hours. Apoptosis was
examined by Western blot analysis to measure the activation of
caspase-3, and the TUNEL assay was used to detect apoptotic
cells. Cigarette smoke extract treatment significantly increased
the level of cleaved caspase-3, indicating activation of this
enzyme, which was almost completely blocked by ERp29 (Fig.
3A). The TUNEL assay revealed fewer apoptotic cells in the
ERp29 group after CSE treatment when compared with the
control group (Fig. 3B). Furthermore, trypan blue staining
confirmed that CSE significantly increased the number of dead
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cells in the control group, and to a lesser extent in the ERp29

group (Fig. 3C).

Knockdown of Erp29 Expression Exacerbates CSE-

Induced ER Stress and Apoptosis in ARPE-19 Cells

To determine the role of endogenous ERp29 in regulation of ER

stress, we applied ERp29 siRNA to downregulate the expres-

sion of ERp29. ARPE-19 cells were transfected with ERp29

siRNA or Ctrl siRNA for 48 hours, then treated with 320 lg/mL

CSE for 6 or 24 hours. Western blot was used to determine

target protein expression. Knockdown of ERp29 significantly

decreased CSE-induced expression of GRP78 and caused a

modest decrease in p58IPK expression (Fig. 4). Knockdown of

ERp29 increased phosphorylation of eIF2a in nonstimulated

cells, but not after CSE-treatment (Fig. 4), suggesting that a

reduced ERp29 level may slow down protein synthesis by

increasing eIF2a phosphorylation in resting cells. Downregu-

lation of ERp29 also enhanced CSE-induced CHOP expression

(Fig. 4), suggesting that ERp29-deficient cells may be vulner-

FIGURE 1. Exposure to CSE alters the expression of ERp29 in HRPE cells. (A) ARPE-19 cells were exposed to CSE at a dose of 320 lg/mL for 6 or 24
hours. Left: Western blot results of ERp29. Right: ERp29 level quantified by densitometry and normalized with b-actin. (B) Immunofluorescence
staining of ERp29 after exposure to CSE for 6 or 24 hours. Scale bars: 100 lm. (C) ERp29 expression of mouse eyecup explants after exposure to
CSE (320 lg/mL) for 24 hours. Left: Western blot result of ERp29. Right: ERp29 level quantified by densitometry and normalized with b-actin. (D, E)
ARPE-19 cells were exposed to 10 to 40 lg/mL CSE for 10 days (D) and 3 weeks (E). Lower: ERp29 levels quantified by densitometry and normalized
with b-actin. Data are expressed as the mean 6 SD from three independent experiments in (A–C, E) and two independent experiments in (D). *P <
0.05 versus control, **P < 0.01.
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able to ER stress-related apoptosis. In agreement with the
result that Ad-ERp29 treatment increases Nrf2 expression,
knockdown of ERp29 markedly reduced Nrf2 expression
induced by CSE (Fig. 4).

To further determine if downregulation of ERp29 affects
RPE cell survival, we examined apoptosis induced by CSE in
ARPE-19 cells transfected with ERp29 or Ctrl siRNA. Using
Western blot analysis, we noted a significant increase in the
cleavage of PARP, a hallmark of apoptosis, induced by CSE in
cells pretreated with ERp29 siRNA compared with cells
pretreated with control siRNA (Fig. 5A). Interestingly, there
was no further increase in caspase-3 activation in the ERp29
knockdown group (Fig. 5A). The TUNEL assay showed an
increased number of apoptotic cells in the ERp29 knockdown
group after exposure to CSE (Fig. 5B). This result was further
confirmed by trypan blue staining, which showed more dead
cells in the ERp29 knockdown group (Fig. 5C).

Erp29 Improves RPE Barrier Integrity and Protects
Against CSE-Induced Tight Junction Damage

Endoplasmic reticulum protein 29 has been reported to
regulate epithelial integrity in cancer cells.14 To determine
the role of ERp29 in RPE barrier integrity, we examined the
expression of the tight junction protein, ZO-1, in ARPE-19 cells
after overexpression or knockdown of ERp29. Overexpression
of ERp29 significantly attenuated CSE-induced ZO-1 reduction,
but did not alter the basal level of this protein (Fig. 6A). In
contrast, knockdown of ERp29 reduced the baseline level of
ZO-1 compared with control siRNA group (Fig. 6B). Cigarette
smoke extract induced a similar extent of reduction in the
ERp29 knockdown and control groups. To further ascertain if
ERp29 had an impact on ZO-1 protein distribution and tight
junction formation, we performed immunofluorescence stain-
ing of ZO-1 in ARPE-19 cells. Tight junction formation was
evaluated and graded into the following four levels: ‘‘smooth’’;

FIGURE 2. Overexpression of ERp29 alters the expression of ER stress factors and Nrf2 in HRPE cells. ARPE-19 cells were treated with Ad-ERp29 (20
multiplicity of infection, [MOI]) to induce ERp29 overexpression or Ad-GFP as control. The cells were then exposed to 320 lg/mL CSE for 6 hours
(for measurement of p-eIF2a) or 24 hours (for measurement of other factors). (A) Representative Western blot images of ERp29, Nrf2, GRP78,
p58IPK, p-eIF2a, and CHOP. (B) Densitometry results of ERp29, Nrf2, GRP78, p58IPK, p-eIF2a, and CHOP (normalized with b-actin) were analyzed.
All data are expressed as the mean 6 SD from three independent experiments. *P < 0.05, **P < 0.01 versus Ad-GFP; #P < 0.05, ##P < 0.01 versus
Ad-GFPþ CSE.
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‘‘complete’’; ‘‘broken’’; and ‘‘disappeared.’’ Overexpression of
ERp29 significantly improved tight junction formation, as
evidenced by smooth and or rough ZO-1 staining along cell
borders (Fig. 6C). Overexpression of ERp29 also alleviated
tight junction damage (discontinuous, disrupted, or absent ZO-
1 staining on the cell surface) in ARPE-19 cells after CSE
treatment for 6 (not shown) or 24 hours (Fig. 6C). In
agreement with these changes, the TEER assay, which
measures electrical resistance of the cell monolayer,38 showed
that CSE-induced time-dependent reduction in TEER was
attenuated by Ad-ERp29 in ARPE-19 cells (Fig. 6D).

Furthermore, immunostaining using phalloidin indicated
that CSE significantly reduced the expression of F-actin, which
was partially prevented by pretreatment with Ad-ERp29 (Fig.
7A). Given the important role of F-actin, we speculate that the

CSE-induced tight junction damage may be partly caused by the
CSE induced F-actin damage. To address the issue of CSE-
induced F-actin damage playing a more substantial role, we
examined adherens junction (AJ) markers using immunostain-
ing in ARPE-19 cells challenged with 160 lg/mL CSE for 24
hours. We found that CSE treatment altered distribution of AJ
markers, pan-cadherin (Fig. 7B) and b-catenin (Fig. 7C) and
substantially decreased ZO-1 staining (not shown), when
compared with controls. For both markers we found islands
of staining in the cytosol in many more CSE-treated cells than
in controls, perhaps indicative of a damaged F-actin network.
Furthermore, we found a decrease in consistent labeling of pan
cadherin around the periphery of CSE-treated cells, with many
cells displaying discontinuous labeling at apparent cell–cell
contacts.

FIGURE 3. Overexpression of ERp29 protects HRPE cells from CSE-induced apoptosis and cell death. ARPE-19 cells were treated with Ad-ERp29 (20
MOI) to induce ERp29 overexpression or Ad-GFP as control, and then exposed to 320 lg/mL CSE for 24 hours. (A) Protein level of cleaved caspase-3
was determined by Western blot analysis. Left: Western blot images, right: densitometry results normalized with b-actin. (B) Apoptosis was
examined by the TUNEL assay. Left: TUNEL assay images. Scale bars: 100 lm. Right: Quantification of TUNEL-positive cells. (C) Dead cells were
detected using in situ trypan blue staining. Left: Images of trypan blue staining. Scale bars: 100 lm. Right: Quantification of trypan blue staining. All
data are expressed as the mean 6 SD from three independent experiments. **P < 0.01 versus Ad-GFP; ##P < 0.01 versus Ad-GFPþ CSE.
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DISCUSSION

The chaperone protein ERp29 is induced by a variety of
cellular stressors,2,39,40 but is reduced in the retina of AMD
patients.5,19 Using cultured RPE cells and mouse eyecup
explants, we show that ERp29 was slightly upregulated by
transient CSE (320 lg/mL for 6 hours) but more substantially
(by 1.5-fold relative to controls) in response to longer CSE
exposure (320 lg/mL for 24 hours). Likewise, short-term CSE
treatment induces ER stress and increases expression of other
ER chaperones such as GRP78 and p58IPK32. These findings
are, however, contradictory to the observation of decreased
ERp29 level in human AMD. We speculate that this discrepancy
may be related to the difference in the model system (i.e.,
acute stress condition induced by CSE versus chronic or even
late-stage AMD where retinal damage is severe and the effects
outweigh that of ER stress on ERp29 expression). To address
this issue, we examined the ERp29 level in ARPE-19 cells after

long-term treatment of CSE. Our results show that 3-week, but
not 10-day, incubation with CSE reduced ERp29 expression,
suggesting that chronic stress condition may impair the ER
function by reducing the level of ER chaperones.

Our data suggest that ERp29 alleviates ER stress induced by
CSE and protects RPE cells from apoptosis. In response to ER
stress, the cell activates a set of signaling pathways known as
the unfolded protein response (UPR), which coordinates
multiple distinct programs to modulate protein synthesis,
folding, and ER-associated degradation (ERAD).41,42 Among the
UPR pathways is the PKR-like endoplasmic reticulum kinase
(PERK)–eIF2a–ATF4–CHOP branch. During the early stages of
ER stress, activation of PERK phosphorylates eIF2a reducing
the protein translation rate in the ER. In later stages, eIF2a
phosphorylation activates the downstream gene CHOP, which
may lead to apoptotic cell death.41,43,44 Expression of ERp29 is
closely related to that of PERK; ERp29 overexpression

FIGURE 4. Knockdown of ERp29 reduces intracellular levels of ER chaperones and Nrf2 but increases CHOP in human RPE cells. ARPE-19 cells
were transfected with siRNA targeting ERp29 (Si-ERp29) or Ctrl siRNA (Si-Ctrl), then treated with 320 lg/mL CSE for 6 hours (for measurement of p-
eIF2a) or 24 hours (for measurement of other factors). (A) Protein levels of ERp29, Nrf2, GRP78, p58IPK, p-eIF2a, and CHOP were determined by
Western blot analysis. (B) Densitometry results of ERp29, Nrf2, GRP78, p58IPK, p-eIF2a, and CHOP (normalized with b-actin) were analyzed. All data
are expressed as the mean 6 SD from three independent experiments. *P < 0.05, **P < 0.01 versus Si-Ctrl; #P < 0.05, ##P < 0.01 versus. Si-Ctrlþ
CSE.
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enhanced total PERK levels, while suppression of ERp29
expression or inhibition its function by a dominant-negative
mutant reduced the level of this protein.40 In addition, ERp29
also increased phosphorylation of MAPK p38 (p-p38) and
eIF2a phosphorylation.9 Furthermore, overexpression of
ERp29 increased expression of p58IPK, a cochaperone for
GRP78 that also functions as an inhibitor of PERK to suppress
eIF2a phosphorylation.45 Upregualtion of p58IPK may also
suppress the activation of p-p38, thereby repressing eIF2a
phosphorylation.9 These regulations could be important
mechanism for the feedback regulation of protein synthesis
by ER chaperones.

In agreement with previous findings that ERp29 regulates
other chaperone molecule expression, we observed that
overexpression of ERp29 increased the levels of GRP78 and

p58IPK, while knockdown of ERp29 decreased that of p58IPK in
RPE cells. Furthermore, enhancing ERp29 expression signifi-
cantly reduced CSE-stimulated p-eIF2a and CHOP expression
and protected RPE cells from apoptosis. In contrast, knock-
down of ERp29 exacerbated CSE-triggered CHOP activation
and apoptosis. This suggests that endogenous ERp29 is
important for RPE cells to protect against CSE-induced ER
stress and subsequent apoptosis. Additionally, we report a
novel function of ERp29 in regulation of Nrf2, a bZip
transcription factor that induces antioxidant responsive
element (ARE)-regulated genes encoding phase II detoxifica-
tion enzymes and antioxidant proteins, thereby protecting
cells from oxidative damage. Overexpression of ERp29
enhanced, while knockdown of ERp29 reduced, CSE-stimulat-
ed Nrf2 upregulation; yet in both conditions the basal level of

FIGURE 5. Knockdown of ERp29 exacerbates CSE-induced apoptosis and cell death in human RPE cells. ARPE-19 cells were transfected with siRNA
targeting ERp29 (Si-ERp29) or Ctrl siRNA (Si-Ctrl), then treated with 320 lg/mL CSE for 24 hours. (A) Protein levels of cleaved caspase-3 and cleaved
PARP were determined by Western blot analysis. Right: Western blot images. Left: Densitometry results normalized with b-actin. (B) Apoptosis of
ARPE-19 cells was examined by the TUNEL assay. Left: TUNEL assay images. Scale bars: 100 lm. Right: Quantification of TUNEL-positive cells. (C)
Dead cells were detected using trypan blue staining. Left: Images of trypan blue staining. Scale bars: 100 lm. Right: Quantification of trypan blue
staining. All data are expressed as the mean 6 SD from three independent experiments. **P < 0.01 versus Si-Ctrl; ##P < 0.01 versus Si-CtrlþCSE.
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FIGURE 6. Endoplasmic reticulum protein 29 enhances tight junction protein ZO-1 formation and protected the tight junction from CSE damage in
ARPE-19 cells. (A) ARPE-19 cells were treated with Ad-ERp29 (20 MOI) or Ad-GFP as control, and then exposed to 320 lg/mL CSE for 24 hours.
Protein level of ZO-1 was examined by Western blot. Left: Western blot images. Right: Densitometry results of ZO-1 (normalized with b-actin). (B)
ARPE-19 cells were transfected with siRNA targeting ERp29 (Si-ERp29) or Ctrl siRNA (Si-Ctrl), then treated with 320 lg/mL CSE for 24 hours. Protein
level of ZO-1 was examined by Western blot. Left: Western blot images. Right: Densitometry results of ZO-1 (normalized with b-actin). (C)
Immunofluorescence staining of ZO-1 in Ad-ERp29-transduced ARPE-19 cells after exposure to CSE (160 lg/mL) for 24 hours. Left:
Immunofluorescence staining results of ZO-1. Scale bars: 100 lm. Right: Qualification of ZO-1 morphologic changes in ‘‘smooth’’ and
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Nrf2 did not seem to change by ERp29 manipulation. This
suggests that ERp29 may regulate Nrf2 protein production,
likely through regulation of molecules induced by ER stress
and the UPR pathways; however, the exact mechanism remains
elusive and is beyond the scope of this study.

A recent study revealed that intravitreal injection of CSE
damages the mouse RPE tight junctions and potentially
promotes EMT.27 The RPE tight junctions are important in
maintaining retinal homeostasis and regulate the flow of
solutes from the fenestrated capillaries of the choroid to
retinal photoreceptor cells.46,47 The tight junction–associated
protein ZO-1 is a ubiquitous cytoskeletal-associated protein
belonging to the membrane associated guanylate kinase
(MAGUK) family.48 It provides a multidomain structure for
protein complexes to assemble on the cytoplasmic surface of
the plasma membrane and functionally couple transmembrane
proteins to the cytoskeleton.49 Moreover, the terminal of ZO-1
embeds into different functional areas of the tight junction and
interacts with multiple membrane proteins to regulate
interactions with the cytoskeleton.49 We confirmed that CSE

can effectively inhibit the expression of ZO-1, disrupt the
morphology of tight junctions, reduce the TEER value, and
diminish the cytoskeleton protein F-actin in cultured RPE cells.
We also found that overexpression of ERp29 attenuated the
CSE-induced reduction in ZO-1 level, while ERp29 knockdown
decreased ZO-1 expression. Immunostaining and TEER assays
showed that overexpression of ERp29 improved ZO-1 distri-
bution and attenuated CSE-induced tight junction disruption or
functional damage. Notably, we found that the changes in tight
junctions (as measured by ZO-1 Western blotting and staining)
may be understated due to cell to cell variability in ERp29
expression after adenoviral transduction (data not shown).
These results suggest a protective effect of ERp29 on RPE
barrier integrity, and also imply a potential role of ERp29 in
reducing EMT and preventing the development of CNV, which
will warrant future investigation.

Finally, our study verified that the CSE-induced structural
and functional damage to tight junctions may be partially
related to disruption of the F-actin cytoskeleton. The actin
cytoskeleton is considered a critical regulator of tight junction

FIGURE 7. Overexpression of ERp29 enhanced F-actin expression in human RPE cells. (A) Expression and distribution of F-actin was detected by
immunofluorescence staining in ARPE-19 cells challenged with CSE (160 lg/mL) for 24 hours. Left: Images of phalloidin (F-actin) staining. Scale

bars: 100 lm. Right: Quantification of F-actin, as measured by relative density. Data are expressed as the mean 6 SD from three independent
experiments *P < 0.05, **P < 0.01 versus Ad-GFP; #P < 0.05, ##P < 0.01 versus Ad-GFPþCSE. (B, C) ARPE-19 cells were treated with 160 lg/mL
CSE for 24 hours and stained for adherens junction markers pan-cadherin and b-catenin. In control conditions, most cells have strong, continuous
labeling of both markers around their entire periphery. (B) Cigarette smoke extract–treated cells reveal a reduced level of cadherin and the labeling
is often discontinuous around the periphery of the cell. In contrast to control, many cells under CSE treatment have patches of cadherin present
throughout the cell (asterisks). Strongly labeled fibrils between adjacent cells are also more prominent (arrows). (C) In CSE-treated cells, b-catenin
labeling includes patches present throughout the cell (i.e., not limited to the periphery or nucleus as in control; asterisks) with strongly labeled
fibrils between adjacent cells (arrows). DAPI labeling confirms a similar density of cells in each field.

‘‘disappeared’’ grades. (D) Transepithelial electrical resistance (TEER) of Ad-ERp29-transduced ARPE-19 cells at 0, 1, 3, 6, 12, and 24 hours after
exposure to CSE (160 lg/mL). All data are expressed as the mean 6 SD from three independent experiments. *P < 0.05, **P < 0.01 versus Ad-GFP;
#P < 0.05, ##P < 0.01 versus Ad-GFPþ CSE.
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assembly and many cytoplasmic constituents of tight junctions
are directly or indirectly associated with F-actin.50 In addition,
F-actin is important for microvilli formation and participates in
other types cell–cell and cell–matrix junctions such as
adherens junctions. To determine a potential role of F-actin
in CSE-induced RPE damage, we extended the experiments to
include staining for adherens junction markers in ARPE-19 cells
challenged with CSE. Our results show that CSE not only
disrupted tight junction formation, but also altered F-actin and
adherens junctions. Furthermore, overexpression of ERp29
upregulated F-actin expression in RPE cells and alleviated CSE-
induced F-actin disruption. These results suggest that CSE
alters F-actin and damages cell junctions, and enhanced F-actin
expression may be one mechanism through which ERp29
protects the RPE against ER stress. However, the mechanisms
by which CSE induces F-actin damage and the effects of ERp29
on protection of F-actin-related RPE structure and function
remain elusive.

In summary, in the present study we demonstrate that
ERp29 attenuates CSE-induced ER stress, reduces apoptosis,
and mitigates the damage of tight junctions in RPE cells. Our
findings indicate a protective role of ERp29 against cigarette
smoke–related RPE injury, which is pertinent to the develop-
ment of AMD. However, the mechanisms by which ERp29
regulates the prosurvival pathways such as Nrf2 and enhances
the RPE barrier integrity, as well as the exact role of ERp29 in
tight junction formation, remain to be investigated. Further-
more, animal studies using targeted deletion of ERp29 or
overexpression of the protein are needed to establish the
function of ERp29 in the RPE in vivo, and to provide more
definitive information on the role of ERp29 in the development
of AMD using relevant animal models.
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